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PRÉSENTATION DU DOCUMENT

Ce document fait la synthèse de mes recherches des dix dernières années. Au cours

de cette période 2005-2015, j’ai développé mes travaux selon deux axes principaux :

• l’obtention de contraintes cosmologiques avec les amas (traitée dans les chapitres

2 à 4),

• l’étude des propriétés physiques des amas (traitée dans les chapitres 6 à 8).

Ces deux axes sont liés par la mesure de la masse (abordée dans le chapitre 5). Les

compétences acquises m’ont permis d’étudier différents concepts de missions futures,

exposés dans le chapitre 9. Dans le chapitre 10, je résume en quelques lignes les

résultats importants et donne les perspectives scientifiques du domaine.

Si on souhaite survoler le document, on pourra consulter les figures et lire unique-

ment les trois cadres bleutés ("2005", "Avancées notables", "2015"), présents dans

chaque chapitre, qui mettent en évidence la progression scientifique sur la période

considérée.

Les annexes contiennent : des résultats non publiés sur l’algorithme de détec-

tion d’amas (annexe A), un résumé décrivant spécifiquement mes contributions (an-

nexe B), une liste des personnes que j’ai encadrées (annexe C), mon CV (annexe D),

l’ensemble des articles sur lesquels j’ai eu une contribution majeure (annexe E) et la

liste complète de mes publications (annexe F).
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Chapitre 1

INTRODUCTION

1.1 Cosmologie

Le modèle de concordance de la cosmologie est né au début des années 2000 suite à

l’observation successive de l’accélération de l’expansion de l’Univers (supernovæ Ia,

Riess et al., 1998; Perlmutter et al., 1999) et de sa "platitude" (premier pic acoustique

du fond diffus cosmologique, de Bernardis et al., 2000). Il a en particulier permis de

clore les débats de la décennie 1990 sur la valeur de la quantité de matière dans

l’Univers : Ωm vaut-il 1 comme le prédit naturellement l’inflation ou bien est-il de

l’ordre 0.3 comme l’indique les observations des amas1 ?

Les pièces du puzzle ont continué à s’assembler petit à petit. La détermination

de la valeur de la constante de Hubble à 72± 8 km/s/Mpc (Freedman et al., 2001) a

conduit à un âge de l’Univers satisfaisant, i.e. plus grand que celui des plus anciennes

étoiles. Enfin, le satellite WMAP, lancé en 2001, a confirmé avec une grande précision

le modèle de concordance dès les premières publications (Spergel et al., 2003) scellant

définitivement son succès. Le modèle de concordance peut être ajusté pour la première

fois par un jeu de seulement six paramètres cosmologiques qui n’a jamais été mis en

défaut par les données WMAP jusqu’à la fin de la mission (Hinshaw et al., 2013). La

figure 1.1 présente les premières mesures de précision effectuées avec WMAP sur la

géométrie de l’Univers.

1 voir le chapitre 4 de ce manuscrit qui détaille un peu plus cette période



2

Figure 1.1: Premières contraintes cosmologiques de WMAP sur la géométrie de

l’Univers (contours à 1 et 2σ). En haut à gauche : WMAP seul. En haut à droite :

WMAP et les expériences CBI et ACBAR (WMAPext). En bas à gauche : WMAPext

et HST Key Project (les contraintes supernovae sont indiquées séparément). En bas

à droite : combinaison WMAPext, HST Key Project et supernovae. La figure est

tirée de Spergel et al. (2003).
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En 2005, la première détection des oscillations acoustiques de baryons (BAO,

Eisenstein et al., 2005) a permis de conforter un peu plus le modèle et de

commencer à pouvoir le sur-contraindre.

2005

La figure 1.2 montre cette première détection des BAO dans le sondage de galaxies

Sloan Digital Sky Survey (SDSS), indiquée par la bosse dans la fonction de corrélation

à deux points pour une distance d’environ 100h−1 = 150 Mpc. Cette détection

a encouragé la poursuite du programme SDSS et le lancement d’autres sondages

optiques (par exemple, CFHTLenS, RCS2 ou DES). Ces sondages se sont aussi révélés

utiles pour les études d’amas comme je le montrerai dans les chapitres 4 et 6.

Les premiers résultats de cosmologie de Planck ont été publiés en 2013 (Planck

Collaboration XVI, 2014). Ceux-ci ont confirmé avec une précision toujours meilleure

que le modèle minimal à six paramètres est un excellent ajustement aux données

du fond diffus cosmologique (CMB). En parallèle, des détections de nouveaux effets

sont réalisées par Planck et les expériences concurrentes et complémentaires au sol

comme ACT, SPT et POLARBEAR : le spectre de lentilles gravitationnelles (Story

et al., 2014; Planck Collaboration XV, 2015) détecté à 40σ dans les données Planck,

les modes B de polarisation dus à l’effet de lentille gravitationnelle sur les modes

E (van Engelen et al., 2014; Hanson et al., 2013; Ade et al., 2014b; The Polarbear

Collaboration: P. A. R. Ade et al., 2014).

Début 2014, l’annonce de la détection des modes B primordiaux par l’expérience

BICEP2 (Ade et al., 2014a) a surpris la communauté scientifique et déclenché des

campagnes de vérifications sur les autres jeux de données disponibles. Quelques mois

plus tard, la collaboration Planck a montré l’importance de la prise en compte de

la poussière galactique pour cette étude (Planck Collaboration Int. XXX, 2014) :

cette dernière contamine significativement le signal BICEP2. Une étude jointe BI-
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Figure 1.2: Première détection des oscillations acoustiques de baryons sur l’échantillon

de galaxies rouges lumineuses (LRG) du sondage SDSS. La figure montre l’excès de

la fonction de corrélation de l’échantillon à une distance de 100h−1 Mpc. Les trois

lignes supérieures présentent des modèles (avec baryons) ayant différentes valeurs de

Ωm. Le quatrième modèle en bas ne contient pas de baryons, d’où l’absence de pic.

La figure est tirée de Eisenstein et al. (2005).
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CEP2/Planck donne désormais une nouvelle limite supérieure du rapport des pertur-

bations tenseur sur scalaire r < 0.12 (95% C.L.) (BICEP2/Keck and Planck Collab-

orations et al., 2015).

Quelques anomalies restent cependant présentes dans les données comme la valeur

basse du quadrupole, l’alignement des directions des quadrupole et octupole, ainsi

que le spectre de puissance en température du CMB qui est au-dessous du meilleur

ajustement dans l’intervalle de multipoles 20 < l < 30 (Planck Collaboration XXIII,

2014). Il existe aussi une tension entre la valeur de σ8 déterminée à l’aide du fond

diffus cosmologique et la valeur mesurée par les amas de galaxies de Planck. σ8 est

l’amplitude des fluctuations de densité de matière lissée à l’échelle de 8h−1 Mpc :

σ(R)2 =
1

2π2

∫
P (k)W (kR)2k2dk (1.1)

R = 8h−1Mpc

où P (k) est le spectre de puissance des fluctuations de densité de la matière etW (kR)

la transformée de Fourier de la fonction fenêtre sphérique

W (kR) =
3

(kR)2

[
sin(kR)

kR
− cos(kR)

]
. (1.2)

Les amas de galaxies favorisent une valeur de σ8 significativement plus basse que celle

du CMB primaire. Les détails de cette tension sont décrits dans le chapitre 4. Ce

résultat, déjà présent dans les données 2013, a été confirmé sur les données 2015. Il

existe plusieurs solutions (astrophysique ou cosmologique) au problème sans que l’on

puisse trancher entre elles aujourd’hui.

Le modèle de concordance minimal à six paramètres reste donc pour l’instant le

modèle standard de la cosmologie.
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Paramètres Planck 2015 [TT,TE,EE+lowP+lensing (68% limits)]

Ωbh
2 = 0.02226± 0.00016

Ωch
2 = 0.1193± 0.0014

100θMC = 1.04087± 0.00032

τ = 0.063± 0.014

ln(1010As) = 3.059± 0.025

ns = 0.9653± 0.0048

Avancées notables

Le cadre ci-dessus contient la meilleure estimation courante de ces six paramètres

basée sur les spectres de température et de polarisation auxquels on a ajouté le spectre

de lentilles gravitationnelles de Planck.

1.2 Amas de galaxies et effets Sunyaev-Zel’dovich (SZ)

Les amas de galaxies sont les plus grandes structures virialisées de l’Univers, situées

aux noeuds de la toile cosmique. Leur contenu en matière noire et baryonique est

proche de la valeur universelle : environ 85% de matière noire et 15% de baryons.

Parmi ces 15%, 10% se trouvent sous forme de gaz chaud ionisé (Te ∼ 5 keV) dans

le puits de potentiel gravitationnel et les autres 5% ont pris la forme d’étoiles et

galaxies.

Historiquement, les amas ont été détectés via l’émission optique des galaxies qu’ils

renferment puis grâce à l’émission Bremsstrahlung du gaz chaud vue par les satellites

X dès le début des années 1970. Au courant des années 1980, les premières détections

du gaz grâce à l’effet Sunyaev-Zel’dovich (SZ) ont été réalisées (voir par exemple

Birkinshaw et al., 1984; Meyer et al., 1984; Uson & Wilkinson, 1984). Il a été ensuite

possible de détecter l’effet de lentille gravitationnelle faible du halo de matière noire

sur les galaxies d’arrière-plan à partir des années 1990 (Tyson et al., 1990). La fin
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des années 2000 a vu les premières détections SZ en aveugle par les expériences SPT,

ACT et Planck que je décrirai plus en détail dans le chapitre 3.

L’effet SZ est la diffusion Compton inverse des photons du CMB par les électrons

du gaz chaud de l’amas. Cette diffusion crée une faible distorsion du spectre du

CMB dans la direction des amas, induisant une anisotropie secondaire. La figure 1.3

présente cet effet en ligne continue rouge. La forme de la dépendance en fréquence

ne dépend pas de l’amas considéré dans le cas où les électrons du gaz ne sont pas rel-

ativistes, avec un déficit d’intensité aux fréquences inférieures à 217 GHz et un excès

aux fréquences supérieures. C’est l’effet SZ thermique (causé par l’agitation ther-

mique des électrons), utilisé pour détecter les amas (voir chapitre 3). Le mouvement

relatif de l’amas dans le référentiel du CMB ajoute un second effet SZ, dit cinétique,

un ordre de grandeur plus faible que le précédent et représenté en tirets bleus dans

la figure. L’amplitude de l’effet SZ thermique dépend de sa pression, c’est-à-dire

du produit de sa densité électronique et de sa température alors que l’amplitude de

l’effet SZ cinétique dépend de la vitesse radiale de l’objet dans la référentiel du CMB

ainsi que de sa densité électronique. L’intensité du corps noir multiplié par 0.0005

est indiqué à titre de comparaison. Les six bandes de l’instrument Planck HFI sont

matérialisées en vert hachuré et couvrent de façon optimale les minima, maxima et

nul de l’effet SZ thermique.

Pour plus de détails sur les effets SZ, on pourra consulter les revues de Birkinshaw

(1999) et Carlstrom et al. (2002).

A partir de la fin des années 2000 et au début des années 2010, les différentes

communautés (optique, X et SZ) travaillant sur les amas de galaxies ont commencer

à disposer de données suffisamment nombreuses et précises pour que leurs confronta-

tions prennent sens. Les comparaisons des résultats et les analyses jointes ont com-

mencé à voir le jour. Ce passage d’une phase plutôt mono-longueur d’onde à une

phase multi-longueur d’onde a permis d’enrichir considérablement le domaine et de

faire des avancées significatives comme je le décrirai dans le chapitre 6.
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Figure 1.3: Dépendance spectrale des effets SZ et bandes de l’instrument HFI de

Planck. L’effet SZ thermique (ligne continue rouge) est négatif/positif aux fréquences

inférieures/supérieures à 217 GHZ. L’effet SZ cinétique (en tirets bleus) possède la

même dépendance que le CMB et son signe dépend du sens de la vitesse radiale

de l’amas par rapport à nous (ici l’amas s’éloigne). Les amplitudes des effets SZ

correspondent à un amas de 10 keV, un paramètre de Compton y = 10−4 et une

vitesse radiale particulière de 500 km/s. A titre indicatif, le spectre du CMB multiplié

par 0.0005 est indiqué en pointillés noirs. Les six bandes de l’instrument Planck HFI

sont représentées hachurées en vert. La figure est adaptée de Carlstrom et al. (2002).
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1.3 La mission Planck

Planck (Tauber et al., 2010) est une mission satellite de l’agence spatiale européenne

dédiée à l’observation du fond diffus cosmologique. Elle poursuit le travail des satel-

lites COBE2 et WMAP3.

Planck a été lancé en 2009 et a observé l’ensemble du ciel dans neuf bandes

de fréquence allant de 30 à 857 GHz. Ce domaine de fréquence est couvert par

deux instruments : LFI pour Low Frequency Instrument (trois bandes à 30, 44 et

70 GHz) et HFI pour High Frequency Instrument (six bandes à 100, 143, 217, 353 et

857 GHz, représentées dans la figure 1.3). La résolution des cartes obtenues varie avec

la fréquence de 30 à 5 arcmin. La résolution et la sensibilité de HFI étant meilleures

que celles de LFI, HFI a été exclusivement utilisé pour les études SZ au cours de la

mission.

Les instruments HFI/LFI ont fonctionné en continu de 2009 à 2012/2013. Ils ont

permis d’observer cinq/huit fois le ciel pour les fréquences de HFI/LFI respective-

ment, au delà des objectifs initiaux de la mission (deux relevés pour HFI). Au fur

et à mesure de l’accumulation des données, plusieurs séries de papiers ont été pub-

liées par la collaboration. Les "Planck early results", basés sur les dix premiers mois

de la mission, ont été publiés en 2011 (Planck Collaboration I, 2011). Les "Planck

2013 results" (Planck Collaboration I, 2014) correspondent aux premiers résultats

cosmologiques et sont basés sur les cartes construites avec quinze mois et demi de

données, soit la moitié environ (voir en particulier l’analyse cosmologique Planck Col-

laboration XVI, 2014). Entre 2011 et 2013, plusieurs papiers intermédiaires "Planck

intermediate results" ont été publiés. Enfin, les publications "Planck 2015 results" sur

l’ensemble des données Planck ont vu le jour (Planck Collaboration I, 2015). Elles in-

2 Lancé en 1989, il a mesuré avec precision le spectre de corps noir du CMB et détecté pour la

première fois ses anisotropies.

3 Lancé en 2001, il a fait la première mesure précise du spectre angulaire du CMB.



10

0

1000

2000

3000

4000

5000

6000

D
T
T

`
[µ

K
2
]

30 500 1000 1500 2000 2500
`

-60
-30
0
30
60

∆
D
T
T

`

2 10
-600
-300

0
300
600

Figure 1.4: En haut : spectre en température du CMB primaire obtenu sur les

données Planck 2015. En bas : résidus au meilleur ajustement du modèle d’Univers

plat minimal à six paramètres. La figure est tirée de Planck Collaboration XIII

(2015).

cluent une mise à jour des résultats cosmologiques (Planck Collaboration XIII, 2015)

et présentent aussi la mesure des spectres des anisotropies de CMB avec une très

grande précision. Le spectre en température est repris dans le figure 1.4. Les séries

de publications de 2013 et 2015 étaient accompagnées des cartes correspondantes,

mises à la disposition de la communauté scientifique.

J’ai participé activement à toutes les séries de papiers Planck comme je le décrirai

dans les chapitres suivants. Les outils que j’ai mis en place (filtres adaptés, estimateur

d’effet de lentille) ont été développés pour être appliqués aux données de Planck mais

ils sont suffisamment généraux pour pouvoir être utilisés avec n’importe quel jeu de

données millimétriques.

Dans le chapitre 2, je présenterai mon travail sur la simulation de l’effet SZ pour
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Planck dans le Planck Sky Model.

Je décrirai l’extraction des amas Planck dans le chapitre 3.

Dans le chapitre 4, j’exposerai les contraintes cosmologiques obtenues avec les

amas de galaxies de Planck. En particulier, je montrerai que

les contraintes cosmologiques avec les amas sont limitées par la précision

sur la loi d’échelle flux-masse, incertitude systématique majeure des analy-

ses aujourd’hui. Les études multi-longueur d’onde de catalogues de plus en

plus grands pourraient permettre de réduire ces systématiques et conduire à

l’avènement des contraintes cosmologiques avec les amas.

2015

Dans le chapitre 5, je développerai l’estimation de la masse des amas de galaxies

par effet de lentille sur le CMB.

Les études des lois d’échelle SZ-X et SZ-optique seront décrites dans le chapitre 6.

Les recherches des effets SZ cinétique, relativiste et polarisé dans les données

Planck seront présentées dans le chapitre 7.

Dans le chapitre 8, je rapporterai brièvement les études de suivi des amas Planck

à d’autres longueurs d’onde.

Enfin, je parlerai de mon travail pour la définition de missions futures dans le

chapitre 9 et je conclurai dans le chapitre 10.



Chapitre 2

SIMULATIONS DES EFFETS SZ

DANS LE PLANCK SKY MODEL

2.1 Le Planck Sky Model (PSM)

Le Planck Sky Model (PSM) est l’outil de référence pour la simulation du ciel mil-

limétrique. Il est utilisé au sein de la collaboration Planck mais aussi par l’ensemble

de la communauté CMB. Il tire son origine dans les études de phase A de Planck (en-

tre 1993 et 1996) et dans la réponse à l’appel d’offre de l’ESA (entre 1996 et 1998),

étapes pour lesquelles un premier modèle de ciel complexe a été conçu (Bouchet

& Gispert, 1999), auquel a été adjoint des premières méthodes de séparations de

composantes (Hobson et al., 1998; Bouchet et al., 1999). Ces travaux ont aussi

débouché sur des premières études spécifiques, en particulier celle de la composante

SZ (Aghanim et al., 1997). En 2006, Jacques Delabrouille a repris l’effort de simula-

tion au sein PSM et a pensé son développement.

Le PSM est désormais utilisé à trois niveaux :

• la simulation de l’ensemble du ciel entre 3 GHz et 3 THz, pour la mise au point

de codes d’analyse ou la préparation des futures missions CMB ;

• l’analyse de données millimétriques, pour la modélisation des différentes émis-

sions ;

• la diffusion des connaissances, car il concentre dans un code unique les modèles

les plus à jour de chacune des composantes.

Le PSM est l’équivalent pour la communauté CMB du Monte Carlo pour la

physique des particules (cf. les deux premiers niveaux décrits ci-dessus : simula-
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tion et analyse). La différence essentielle est que le Monte Carlo repose sur le modèle

standard de la physique des particules unanimement adopté et possédant peu de

paramètres. Ce n’est pas le cas pour le PSM car il n’existe pas de modèle standard

des émissions astrophysiques. Chaque composante possède une modélisation spéci-

fique qui évolue ou peut être remise en cause avec l’avancée des connaissances. D’où

l’importance du troisième niveau qui permet à chaque utilisateur d’avoir accès aux

dernières modélisations de chaque composante même lorsqu’il n’est pas spécialiste.

Le succès du PSM repose sur plusieurs ingrédients :

• un contenu scientifique excellent grâce à l’implication de spécialistes de chaque

composante pour le codage des émissions du ciel ;

• une bonne interfaçabilité avec les autres codes de simulation ou d’analyse, fa-

cilitée par l’adoption du langage IDL ;

• une grande modularité : il est simple de modifier des composantes ou de n’en

simuler qu’une partie ;

• une utilisation facile via un fichier de configuration par défaut bien commenté ;

La première version du PSM a été mise en place à partir de morceaux de codes

apportés par des spécialistes de chaque composante qui ont été interfacés avec IDL.

Chaque composante a ensuite évoluée au sein du PSM en fonction des besoins des

utilisateurs et des avancées scientifiques. Une couche de modélisation instrumentale

(bandes d’observations, lobes optiques, bruit instrumental inhomogène) s’est enfin

ajoutée à l’ensemble. Aujourd’hui, le PSM permet de simuler le ciel millimétrique

contenant : CMB, émissions de notre galaxie (synchrotron, poussière, free-free, pous-

sière en rotation, raies de CO), sources ponctuelles non résolues (essentiellement radio

et infrarouges) et les composantes SZ.

Pour plus de détails sur le concept du PSM et les différentes composantes simulées,

on pourra consulter le chapitre 6 de l’HDR de Jacques Delabrouille ainsi que le papier
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référence Delabrouille et al. (2013).

J’ai pris en charge le développement et le codage des composantes SZ dans le

PSM depuis 2006. A ce moment, trois types de cartes SZ et leurs catalogues associés

étaient disponibles au sein de la collaboration Planck :

• Trois cartes de tSZ et catalogues associés fournies par P. Mazzotta basées sur

un modèle semi-analytique (Colafrancesco et al., 1997; de Zotti et al., 2005).

• Deux cartes de tSZ+kSZ et catalogues associés fournies par M. Reinecke, B.

Schaefer et K. Dolag basées sur simulations N-corps (z > 0.025) et hydro (z <

0.025) (Dolag et al., 2005; Schäfer et al., 2006a).

• Une carte de tSZ+kSZ et catalogue associé fournie par J. Delabrouille, J.-B.

Melin et J. Bartlett basées sur un modèle semi-analytique (fonction de masse et

modèle β, proche de celui de P. Mazzotta). Les cartes ont été produite à l’aide

du code DMB décrit dans Delabrouille et al. (2002) que j’avais fait évoluer des

cartes tangentielles aux cartes tout le ciel, fin 2005 - début 2006.

Le problème principal était qu’il n’y avait pas consensus sur la modélisation des amas

et sur les paramètres cosmologiques à adopter si bien que ni les comptages d’amas,

ni les spectres de puissance des cartes n’étaient compatibles. Les cartes pouvaient

donc être uniquement utilisées pour commencer à mettre au point des algorithmes

pratiques d’extraction mais on ne pouvait pas déterminer la dépendance du nombre

d’amas extrait avec la physique des amas adoptée ou les paramètres cosmologiques.

A partir de 2006, j’ai donc poursuivi le développement du code semi-analytique DMB

et l’ai mis à disposition de la collaboration Planck au sein du PSM avec un nombre

de fonctionnalités croissant. Dans la partie suivante (2.2), je décris les évolutions

que j’ai réalisées depuis le code de base (Delabrouille et al., 2002) en 2005 jusqu’à la

version actuelle 2015 du modèle DMB dans le PSM. Dans la partie 2.3, je détaille les

limitations actuelles du code et décris les manières de les surmonter.
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Trois types de cartes et catalogues SZ associés disponibles au sein de la

collaboration Planck incluant des physiques d’amas différentes mais pas de

consensus et pas de code partagé. Besoin, au sein du PSM, d’un code de

simulation rapide de ciel SZ étant donné un jeu de paramètres cosmologiques

et un modèle d’amas donnés.

2005

2.2 Implémentation des composantes SZ dans le PSM

2.2.1 Code Delabrouille-Melin-Bartlett (DMB)

En 2005, je disposais du code développé avec Jacques Delabrouille et Jim Bartlett

au cours de ma thèse entre 2001 et 2004 (Delabrouille et al., 2002). Etant don-

nés un jeu de paramètres cosmologiques et une surface de ciel (carte tangentielle

de quelques dizaines de degrés carrés), ce code réalise un tirage aléatoire d’un cata-

logue d’amas en redshift et masse virielle (z,M∆c) à l’aide d’une fonction de masse :

Press-Schechter (Press & Schechter, 1974), Sheth-Tormen (Sheth & Tormen, 1999;

Sheth et al., 2001) ou Jenkins (Jenkins et al., 2001). Un modèle simple de profil

β (King, 1962; Cavaliere & Fusco-Femiano, 1976) est adopté pour décrire la densité

électronique des amas supposés isothermes. Leur température est estimée via la re-

lation M∆c − T de Pierpaoli et al. (2003) normalisée à l’aide de l’abondance locale

des amas de galaxies. Les amas du catalogue peuvent alors être placés aléatoirement

sur la carte ou suivant le contraste densité obtenu par tirage d’une "boîte univers" à

partir du spectre de puissance P(k) de la matière. De même, leurs vitesses peuvent

être tirées aléatoirement selon une distribution gaussienne de moyenne nulle et de

variance calculée à l’aide du P(k), ou directement à partir de leur position dans la

"boîte univers". Pour plus de détails sur le code DMB de 2005, on pourra consulter

Melin (2004).
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Figure 2.1: Simulation tout le ciel de l’effet SZ thermique pour le Challenge SZ

(exercice de détection en aveugle d’amas au sein de la collaboration Planck décrit

dans le chapitre 3). Les amas sont tirés selon la fonction de masse de Jenkins et al.

(2001) et sont modélisés à l’aide du profil de pression de Arnaud et al. (2010). La

simulation contient les amas locaux connus en X.
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J’ai porté les progrès du code DMB dans le PSM essentiellement entre 2005 et

2011 (date des premières publications de Planck). Mes efforts se sont ensuite con-

centrés sur l’analyse des données, en particulier l’extraction d’amas (chapitre 3) et la

détermination des paramètres cosmologiques (chapitre 4). Matthieu Roman, en thèse

avec J. Delabrouille entre 2011 et 2014, a pris le relai. En particulier, il a codé les

cas "univers non plat" et "paramètre de l’équation d’état de l’énergie noire w 6= −1",

l’utilisation de CAMB ou CLASS pour le calcul du spectre P (k) de matière, et il

a amélioré l’interface avec les autres parties du PSM. Je ne décris pas son travail

ici et renvoie le lecteur à la partie 6.3.2 de Roman (2014). Je cite ci-dessous les

améliorations principales du code, plus anciennes, que j’ai réalisées :

• Fin 2005 - début 2006, possibilité de faire des simulations tout le ciel (adoption

de la pixelisation Healpix (Górski et al., 2005), amas placés selon une densité

de probabilité uniforme car "boîte univers" trop lourde à simuler pour tout le

ciel) ;

• Mi 2007, possibilité de produire des simulations contraintes contenant les amas

X NORAS (Böhringer et al., 2000) et REFLEX (Böhringer et al., 2004) ;

• Mi 2008, adoption d’un modèle d’amas basé sur les observations XMM/Chandra

récentes (profils GNFW de Arnaud et al. (2010) préliminaire ou de Nagai et al.

(2007) pour la pression au lieu du profil β, utilisation de M500 au lieu de M∆c)

[avec Alexandre Boucaud (stage L3)] ;

• Mi 2009, utilisation par défaut de la fonction de masse de Tinker (Tinker et al.,

2008) ;

• Fin 2010, possibilité de simuler les amas selon une paramétrisation GNFW

quelconque ;

• Début 2011, possibilité de produire des simulations contraintes contenant l’ensemble
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des amas X connus MCXC (Piffaretti et al., 2011) ainsi que les amas optiques

du SDSS (Koester et al., 2007, MaxBCG) ;

• Début 2012, implémentation des quatre premiers ordres des corrections rela-

tivistes de l’effet tSZ (Itoh et al., 1998) [avec Jacques Delabrouille].

L’adoption des profils de pression XMM/Chandra (mi 2008) a été cruciale car

elle a permis d’obtenir pour la première fois des simulations du ciel SZ entièrement

compatibles avec les observations X courantes. Ce progrès a eu un impact majeur

sur la prédiction du nombre d’amas attendu par la mission Planck comme nous le

verrons dans le chapitre 4.

Le code DMB permet de modéliser les amas et leurs vitesses. Les produits sont

les cartes de tSZ, kSZ (vitesses radiales) et pSZ (dû aux vitesses transverses) et le

catalogue d’amas associé. La figure 2.1 montre une simulation tout le ciel de l’effet

SZ thermique avec le code DMB. Un zoom de cette simulation sur une région carrée

de 12.5 deg de côté est présenté dans la figure 2.2.

Le code DMB a été mis à disposition de la collaboration Planck dans le PSM

et a bénéficié de nombreuses améliorations. La plus cruciale a été l’adoption

mi-2008 des profils de pression déterminés sur les données XMM/Chandra.

Elle a permis pour la première fois d’obtenir des simulations entièrement

compatibles avec les observations X les plus récentes et de prédire avec pré-

cision le nombre d’amas attendus par la mission.

Avancées notables

2.2.2 Cartes et catalogues d’amas N-corps et hydro

Le modèle DMB ne permettant pas de modéliser le gaz chaud en dehors des amas (toile

cosmique) ni les structures complexes d’amas en interaction, les cartes provenant des
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Figure 2.2: Zoom sur l’amas Coma dans la simulation Challenge SZ présentée fig-

ure 2.1. La carte fait 12.5 deg de côté.
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simulations N-corps et hydro ont été intégrées dans le PSM. Une option dans le fichier

configuration permet de les sélectionner. Il est possible aujourd’hui de simuler les

cartes SZ selon le modèle DMB seul, le modèle N-body+hydro (cartes de M. Reinecke,

B. Schaefer et K.Dolag décrites précédemment) ou le modèle hydro+DMB (carte

hydro fournie par A. da Silva et K. Dolag pour z < 0.25 et tirage DMB pour z > 0.25.

L’inconvénient de ces simulations est qu’elles ne fournissent qu’une seule réalisation

du ciel pour un jeu de paramètres cosmologiques donnés.

2.2.3 Prédiction SZ

Le PSM peut aussi être lancé en mode "prédiction". Seules les composantes connues

du ciel sont alors modélisées. Dans ce cas, la carte tSZ de sortie ne contient que les

amas connus du ciel (MCXC et MaxBCG). Aucune composante stochastique (tirage

DMB, carte N-corps ou hydro) n’est ajoutée. Les cartes kSZ et pSZ sont nulles.

2.3 Limitations actuelles

Au moment de la publication des résultats 2015 de Planck sur l’ensemble des données

en température et polarisation, de nouveaux besoins d’évolution du code DMB se

font sentir, à la fois pour réaliser les analyses fines des données finales de Planck mais

aussi pour préparer la réponse à l’appel d’offre de mission spatiale M5 de l’Agence

Spatiale Européenne.

2.3.1 Mise à jour de fonctionnalités existantes

Il existe aujourd’hui des nouveaux catalogues extraits du sondage SDSS plus grands

et mieux maîtrisés que le MaxBCG, en particulier le catalogue redMaPPer (Rykoff

et al., 2014). Les catalogues d’amas extraits des données Planck, SPT et ACT ont

par ailleurs augmenté le nombre d’amas connus. Il serait intéressant de mettre à jour

les amas connus du PSM pour les réalisations contraintes du modèle DMB et le mode
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"prédiction" en incluant ces nouveaux catalogues.

Il existe aussi de nouvelles simulations N-corps plus récentes, comme par exemple

les simulations Millenium XXL1 ou DEUS2, qu’il serait intéressant d’introduire dans

le PSM.

2.3.2 Implémentation des corrélations entre les amas et les autres composantes du

PSM

C’est sans aucun doute l’évolution la plus importante et la plus difficile à réaliser.

La plus importante car c’est ce type d’étude qui va être au cœur des analyses des

générations futures d’expériences CMB. La plus difficile à réaliser car les différentes

composantes du PSM vont devoir se parler les unes les autres ce qui implique de plus

grandes interactions entre les codeurs de chaque composante et une convergence de

points de vue sur les méthodes à adopter. Les prochaines corrélations à introduire

dans le PSM faisant intervenir les amas sont les suivantes :

• corrélation des positions avec la distribution de masse à grande échelle. Les

amas ne seront plus placés aléatoirement mais selon des "coquilles d’univers"

comme dans le cas de la "boîte univers" du modèle DMB 2005. C’est déjà le

cas pour les sources ponctuelles infrarouges sur le ciel ;

• introduction des sources radio et infrarouges dans les amas, pour estimer la

contamination du signal SZ par ces sources non résolues. La difficulté réside ici

dans le manque de modèle fiable pour simuler ce type de sources ;

• effet de lentille des amas sur le CMB, pour mettre au point les outils d’analyse

et faire des prédictions pour les missions futures.

1 http://galformod.mpa-garching.mpg.de/mxxlbrowser/

2 http://www.deus-consortium.org/
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2.3.3 Conception et codage d’une simulation X compatible avec la composante SZ

Le développement d’algorithmes d’extraction combinés X+SZ sur les données ROSAT3

et Planck est en cours [thèse Loïc Verdier, postdoc Paula Tarrio]. Il est nécessaire de

disposer de simulations cohérentes X et SZ pour tester et caractériser complètement

les algorithmes. Une des évolutions nécessaires du PSM sera le développement d’une

simulation X du ciel (ROSAT, eROSITA4) qui soit compatible avec une simulation

SZ (Planck, mission future CMB).

Aujourd’hui, le module SZ du PSM a permis de mettre au point les algo-

rithmes de détection de Planck et des chaînes d’analyse SZ. Pour la prochaine

série d’analyses et la réponse à l’appel d’offre M5 de l’ESA, il faut le faire

évoluer. Le besoin le plus pressant et l’introduction de corrélations entre les

amas SZ et les autres composantes du PSM, en particulier la distribution de

masse et le CMB.

2015

3 http://www.mpe.mpg.de/ROSAT

4 http://www.mpe.mpg.de/eROSITA



Chapitre 3

EXTRACTION DES AMAS DE GALAXIES DES

DONNÉES PLANCK

Jusqu’au début des années 2000, l’essentiel des efforts d’observations SZ était

dédié à des pointés d’amas connus en optique ou en X (par exemple Désert et al.

(1998); Joy et al. (2001); Benson et al. (2004)). Les instruments n’avaient pas un

champ de vue ni une sensibilité suffisante pour effectuer des sondages sur plusieurs

degrés carrés de ciel. Les données WMAP, bien que couvrant l’ensemble du ciel, se

sont hélas elles-aussi révélées insuffisantes pour détecter de nouveaux amas car trop

bruitées et de résolution angulaire insuffisante. Les premières détections en aveugle

ont été obtenues quelques années plus tard par le télescope SPT en 2008 (Staniszewski

et al., 2009), suivis du télescope ACT (Menanteau et al., 2010) puis Planck (Planck

Collaboration VIII, 2011). Dans ce chapitre, je décris d’abord la mise au point des

algorithmes de détection d’amas en aveugle pour la mission Planck. Je donne ensuite

des détails sur les premières détections Planck dans une deuxième partie. Enfin,

dans une troisième partie, j’explique les méthodologies employées pour assembler les

catalogues d’amas de galaxies de Planck.

3.1 Détecter les amas en SZ : un exercice difficile

Le développement d’outils de détection d’amas de galaxies en aveugle a commencé

au début des années 2000. Un des premiers algorithmes a été proposé par Diego

Herranz et testé sur simulations simples (Herranz et al., 2002). Au cours de ma

thèse, je me suis appuyé sur ces travaux pour proposer un algorithme de détec-

tion mieux adapté aux données (Melin, 2004) et aboutir à une publication deux
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années plus tard (Melin et al., 2006). Ces algorithmes sont construits à partir de

filtres adaptés multifréquences (Matched Multifilters, MMF, issus du filtre adapté

monofréquence Haehnelt & Tegmark (1996)) qui supposent connus le spectre en

fréquence de l’effet SZ et la forme du profil des amas. Ils permettent d’extraire

la position, la taille et le flux des amas. Je rappelle ici brièvement leur formalisme.

On note les cartes d’observation sous forme d’un vecteur m(x) à N composantes,

N étant le nombre de cartes en fréquence d’une expérience. Les cartes contiennent un

amas de profil normalisé à 1 au centre tt(x) et d’amplitude yo. Les autres composantes

sur le ciel (CMB primaire, sources ponctuelles, poussière galactique, etc) et le bruit

instrumental sont notés n(x).

m(x) = yott(x) + n(x) (3.1)

La i-ème composante du vecteur tt(x) est jν(νi)[bi ∗ Tt](x), le profil de l’amas

Tt convolué par le lobe instrumental bi et multiplié par le spectre en fréquence de

l’effet SZ thermique jν présenté dans la partie 1.2. Le MMF permet d’obtenir une

estimation non biaisée et de variance minimale de la valeur centrale du paramètre de

Compton yo :

ŷo =

∫
d2x Ψθt

t(x) ·m(x) (3.2)

avec

Ψθt(k) = σ2
θtP

−1(k) · tt(k) (3.3)

et

σθt ≡
[∫

d2k tt
t(k) ·P−1 · tt(k)

]−1/2

. (3.4)

P(k) est la matrice des cross-spectres du bruit n(x). Elle peut être estimée directe-

ment sur les données en supposant m(x) ' n(x), l’émission SZ étant sous-dominante

à toutes les fréquences. Le MMF est un outil relativement simple à implémenter et

robuste. En particulier, il s’adapte facilement à différentes conditions de bruit in-

strumental et astrophysique. Il faut noter cependant que le caractère non biaisé du
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filtre n’est garanti que si le profil de l’amas correspond bien au profil utilisé dans le

filtre. Cependant yo n’est pas un paramètre bien défini car il correspond en fait à la

moyenne du paramètre de Compton dans le pixel central et peut donc dépendre de

la pixellisation de la carte. On préfèrera utiliser la quantité intégrée en arcmin2 :

Ŷ = ŷo

∫
d2x tt(x) (3.5)

En parallèle du développement des MMF, d’autres algorithmes ont vu le jour,

testés eux aussi sur différents jeux de simulations (par exemple Diego et al. (2002),

Pires et al. (2006), Schäfer et al. (2006b), Bobin et al. (2008), Carvalho et al. (2009)).

Plusieurs algorithmes d’extraction d’amas en aveugle existent ou sont en

cours de développement. Ces travaux ont le plus souvent été testés sur des

jeux de simulations simples et indépendants les uns des autres. Aucune

comparaison n’a été réalisée sur un jeu de simulation complexe commun.

2005

Lorsque je suis entré dans la collaboration Planck en 2006, j’ai organisé un premier

exercice de comparaison de performances d’algorithmes d’extraction d’amas en aveu-

gle sur un jeu de simulation commun réaliste. Cet exercice a été appelé Challenge SZ.

Le jeu de simulation était construit à l’aide du modèle Delabrouille-Melin-Bartlett

du Planck Sky Model qui contenait les derniers modèles d’amas basés sur les profils

ajustés sur les données XMM comme décrit dans le chapitre 2. Le Challenge SZ a

impliqué plus de vingt chercheurs et permis de comparer 12 algorithmes. Il aura fallu

plusieurs années pour établir des conclusions solides, partagées par tous (Melin et al.,

2012) :

• la difficulté de prédire le nombre exact d’amas qui sera détecté par la mission

car très dépendant de la physique des amas et des détails des émissions d’avant-

plan, encore inconnus. Cependant, l’ordre de grandeur évalué a été 1000 amas,
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plus d’un facteur dix au-dessous des premières prédictions du red book1 qui

s’appuyaient sur un modèle d’univers contenant plus d’amas (σ8 = 1, WMAP

ayant revu ce paramètre à la baisse σ8 ∼ 0.8), sur l’hypothèse d’amas ponctuels,

et sur une physique d’amas plus favorable que celle déterminée sur les dernières

données XMM (amas supposés 10% plus brillant en X pour une même masse) ;

• la détection des amas reste limitée par le bruit Planck aux hautes latitudes

galactiques et par l’émission de la galaxie aux basses latitudes galactiques ;

• l’erreur en position attendue est de 2 arcmin environ et l’erreur sur le flux de

l’ordre de 30%.

Le Challenge SZ a aussi permis de mettre en avant certains algorithmes plus per-

formants que d’autres et de les sélectionner pour les appliquer préférentiellement sur

les données. Cependant, il faut noter que le comportement de nombreux algorithmes

a changé entre ces simulations, pourtant déjà assez réalistes, et les données. Les algo-

rithmes les plus fiables ont été ceux capables de s’adapter au mieux à différents types

d’avant-plans et de bruits. Certains algorithmes très performants sur les simulations

se sont révélés bien moins efficaces sur les données, plus complexes.

Ce papier Melin et al. (2012) fait le pendant pour la détection SZ de l’exercice

de comparaison général sur les méthodes de séparation de composantes mené par

Samuel Leach et collaborateurs (Leach et al., 2008) qu’il a été tout aussi dur de faire

converger vers une version consensuelle.

En parallèle de ce travail, j’ai estimé avec Jim Bartlett la contamination atten-

due des amas par l’émission des sources ponctuelles radio et infrarouges de champ

(Bartlett & Melin, 2006).

Plusieurs mois avant le lancement (fin 2007, début 2008), de nombreux algorithmes

d’extractions, dont le MMF, étaient prêts à être utilisés. Nous n’avons pas résisté

1 http://www.rssd.esa.int/SA/PLANCK/include/report/redbook/redbook-science.htm
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à l’envie de l’utiliser sur les données WMAP, à la recherche d’éventuelles détections

SZ. Malheureusement, les données WMAP se sont révélées trop bruitées pour per-

mettre de nouvelles détections d’amas significatives. Nous allions perdre la course

à la première détection SZ en aveugle (gagnée par SPT en 2008 Staniszewski et al.,

2009). La figure 3.1 montre les cartes WMAP et Planck filtrées par le MMF dans la

direction des deux amas massifs Coma et A2163, cibles a priori les plus faciles à dé-

tecter en SZ. Ces amas sont tout juste détectés dans les données WMAP à S/N = 4 et

S/N = 3.5 respectivement alors qu’ils brillent tels des phares dans les données Planck

à S/N = 29 et S/N = 35 respectivement. Cette figure illustre bien la limitation des

données WMAP vis à vis de Planck quant à la détection d’amas individuels par effet

SZ. Les données WMAP ont cependant pu être utilisées pour la détection de l’effet

SZ statistiquement comme je le montrerai dans le chapitre 6.

La période 2005-2010 a vu le développement de nombreux algorithmes

d’extraction d’amas en SZ dont le MMF. Cet outil s’est révélé particulière-

ment performant sur les simulations puis sur les données Planck. L’outil a

été largement adopté par la communauté pour sa robustesse et sa simplicité.

Les extractions d’amas dans les données SPT et ACT utilisent désormais le

MMF.

Avancées notables

3.2 Premières détections d’amas dans Planck

Après son arrivée au point L2, le satellite Planck a commencé, en août 2009, un

premier sondage du ciel d’une quinzaine de jours pour tester ses instruments. Ce

"First Light Survey" (FLS, figure 3.2) a montré que le satellite était pleinement

opérationnel et que les détecteurs avaient la sensibilité attendue.

Dès la mise à disposition des cartes du FLS, j’ai utilisé le MMF pour essayer
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Figure 3.1: Cartes filtrées MMF des amas Coma (ligne du haut) et A2163 (ligne du

bas) des données WMAP 9ans (colonne de gauche) et de la mission complète Planck

(colonne de droite). Coma est détecté à S/N = 4 dans les données WMAP et à

S/N = 29 dans les données Planck. A2163 à S/N = 3.5 dans WMAP et 35 dans

Planck. Le côté des cartes est de 10 deg. L’échelle des cartes Coma va de -0.1 à

+0.1 arcmin2 en unité de flux SZ intégré total Y5R500 et celle des cartes A2163 de

-0.02 à +0.02 arcmin2.
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Figure 3.2: Image de la première lumière de Planck en fausses couleurs sur

fond de ciel optique. La Galaxie est en rouge. On distingue clairement les

anisotropies du fond diffus cosmologique aux plus hautes latitudes galactiques.

Source: http://sci.esa.int/planck/45531-planck-first-light-survey/
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de détecter les amas connus en rayons X. L’algorithme s’est révélé immédiatement

fonctionnel. Une dizaine d’amas a pu être détectée et leur flux SZ estimé. Ils étaient

en bon accord avec les prédictions basées sur les mesures X. La figure 3.3 montre

les amas A2163 et PLCKG266.6-27.3 aux différentes fréquences de Planck HFI ainsi

que les cartes filtrées MMF correspondantes. On remarquera que l’effet SZ est sous-

dominant à toutes les fréquences si bien que seul un outil combinant les cartes de

façon adéquate permet la détection des amas.

Le MMF a, par la suite, été choisi par la collaboration pour extraire les amas du

premier ciel complet de Planck (10 premiers mois). Le catalogue obtenu, appelé ESZ

pour Early SZ cluster sample (Planck Collaboration VIII, 2011), contient 189 amas

dont la majorité (169) est déjà connue. Ce catalogue a constitué la première preuve

publiée de l’efficacité de Planck à détecter des amas SZ, a montré les performances du

MMF en situation réelle et a permis de commencer à qualifier les détections grâce aux

suivis XMM : les nouveaux amas détectés par Planck sont en général plus perturbés

et à plus faible brillance de surface que les amas déjà connus en X. Je reviendrai plus

en détail sur ce dernier point dans la partie 8.1.

En développant le MMF pour les amas, j’ai eu de nombreuses interactions avec les

équipes travaillant sur le premier catalogue de sources ponctuelles ERCSC (Planck

Collaboration VII, 2011). J’ai eu l’occasion de mettre à l’épreuve le matched filter sur

plusieurs jeux de simulation dans ce cadre. Un travail de comparaison entre différents

algorithmes a été réalisé mais n’a hélas pas été publié.

3.3 Les catalogues d’amas de Planck

A la suite du ESZ, un premier catalogue d’amas sur les 15.5 premiers mois de la mis-

sion a vu le jour. Ce catalogue a été constitué de l’union des détections de trois algo-

rithmes. Le MMF que j’avais développé pour le ESZ, un autre MMF et un algorithme,

Powellsnakes (sensiblement différent des MMF), dénommés respectivement MMF3,
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Figure 3.3: Première ligne : Amas A2163 vu aux différentes fréquences Planck HFI (6

premières images, 100, 143, 217, 353, 545 et 857GHz) et après filtrage MMF (septième

image). L’effet SZ est sous-dominant à toutes les fréquences. Seule une combinaison

adéquate des cartes permet de détecter facilement l’amas à S/N=35. Le côté des

cartes est de 3 deg. Seconde ligne : idem pour l’amas massif PLCKG266.6-27.3 à

z ∼ 1, plus difficilement détecté par Planck à S/N=6.4.

MMF1 et PWS dans Melin et al. (2012). Initialement, le choix de trois algorithmes a

été justifié pour permettre la comparaison des détections et s’assurer que l’on obtenait

des catalogues cohérents les uns avec les autres. Cependant, la détection d’un amas

dans un champ s’est révélé extrêmement sensible aux détails de l’estimation du bruit

de fond si bien que les deux implémentations MMF, bien qu’extrêmement proches,

donnent des catalogues qui ne sont pas strictement identiques. Cette constatation

s’est aussi vérifiée pour PWS. Nous avons donc décidé de publier le catalogue union,

nommé PSZ1 (Planck Collaboration XXIX, 2014). Le PSZ1 contient 1227 détections

dont 861 amas confirmés ; il a constitué le plus grand catalogue d’amas de galaxies

détectés en aveugle en SZ. Un énorme effort de l’ensemble du groupe SZ de Planck

a été nécessaire pour caractériser les détections du PSZ1, en particulier à l’aide de

données ancillaires. Le PSZ2, publié en février 2015, contient 1653 détections dont

plus de 1200 confirmées (Planck Collaboration XXVI, 2015). Il a été fabriqué à l’aide

des trois mêmes algorithmes sur les cartes de température de l’ensemble de la mission
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Planck (29 mois). Plusieurs sous-catalogues du PSZ2 ont été construits dont deux

catalogues pour contraindre les paramètres cosmologiques, le catalogue MMF3 et le

catalogue intersection. Les fonctions de sélection des différents catalogues ont été

caractérisées. Il faut noter que l’algorithme MMF3 a été modifié significativement

depuis la première publication en 2006 jusqu’à la publication du catalogue 2014 au fur

et à mesure de la compréhension des caractéristiques des données Planck. Ces modi-

fications sont décrites dans les papiers (Planck Collaboration XXIX, 2014) et (Planck

Collaboration XXVI, 2015) ainsi que dans l’annexe A de ce document.

Les algorithmes de détection SZ de Planck possèdent aujourd’hui une efficac-

ité de détection comparable. Ils semblent être proches de leur limite. L’avenir

consistera en la conception d’algorithmes d’extraction combinés utilisants

plusieurs jeux de données (SZ, X, optique) simultanément.

2015

J’ai débuté ce travail d’extraction sur les données Planck (SZ) et ROSAT (rayons

X) avec Paula Tarrio-Alonso (postdoc du projet M2C mené par Monique Arnaud

et financé sur ERC) et Loïc Verdier (doctorant financé sur une bourse de l’IDEX

Paris-Saclay).



Chapitre 4

CONTRAINTES COSMOLOGIQUES AVEC LES AMAS

PLANCK

4.1 Les amas comme sonde cosmologique

Dès le début des années 1990, des premières études proposent d’utiliser les amas de

galaxies comme sonde cosmologique.

Les mesures effectuées à l’aide des amas de galaxies convergent vers une valeur

de Ωm ∼ 0.3 en désaccord avec les prédictions théoriques des modèles inflationnaires

qui donnent un Univers plat, donc Ωm = 1 (si on considère ΩΛ = 0). Ce résultat

repose sur la mesure de la fraction de gaz dans les amas, de leur rapport masse sur

luminosité ainsi que de leur abondance (voir par ex. la revue Bahcall, 1998).

Ainsi, la fraction de baryons dans les amas est estimée à environ 10-30% à l’époque

alors que la fraction de baryons dans l’Univers mesurée par la nucléosynthèse est de

l’ordre de 5% soit au moins un facteur trois plus faible (White & Frenk, 1991; White

et al., 1993b; White & Fabian, 1995). En comparant le rapport masse sur luminosité

de 16 amas de galaxies au rapport masse sur luminosité critique de l’Univers, Carlberg

et al. (1996) ont estimé une densité de matière Ωm = 0.24± 0.05(stat.)± 0.09(syst.)

significativement inférieure à l’unité. Cette mesure est étayée par les études sur les

abondances des amas (Oukbir & Blanchard, 1992; Bahcall & Cen, 1993; White et al.,

1993a; Oukbir & Blanchard, 1997).

Il est intéressant de noter que ce faisceau convergeant de mesures sur les amas a été

publié avant la découverte de l’accélération de l’expansion de l’Univers (Riess et al.,

1998; Perlmutter et al., 1999) et avant la découverte de "la platitude de l’Univers"

(de Bernardis et al., 2000). Ces deux dernières découvertes ont constitué les piliers
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du modèle cosmologique de concordance largement adopté par la communauté au-

jourd’hui. Il faut remarquer, a posteriori, que les mesures de Ωm ∼ 0.3 données par

les amas se sont révélées en excellent accord avec les mesures actuelles. Pourtant

elles étaient source de débats intenses il y a vingt ans et n’ont pas réussi à convaincre

l’ensemble de la communauté avant l’avènement du modèle de concordance au début

des années 2000.

Les études de cosmologie avec les amas ont fait un pas en avant significatif grâce

aux observations précises du satellite X Chandra (Allen et al., 2002, 2008). Lorsque

j’ai terminé ma thèse en 2004, les contraintes cosmologiques basées sur les fractions

de gaz de Allen et al. étaient présentées avec les contours des supernovae et du

fond diffus cosmologique les plus à jour. J’ai reproduit la figure 4.1 emblématique

de ces années. Cette contrainte a été remplacée par celle sur les BAO à la suite

de leur première observation (Eisenstein et al., 2005) car elle montrait une ligne de

dégénérescence proche de celle des amas dans le plan (Ωm,ΩΛ) et était a priori moins

soumise à d’éventuelles systématiques.

Au milieu des années 2000, le modèle de concordance est établi autour du

CMB, des SNIa et des BAO. Les amas de galaxies restent une sonde sec-

ondaire mais en parfait accord avec le modèle. Les contraintes cosmologiques

à l’aide de la fraction de gaz et de l’abondance des amas en X s’améliorent.

Les sondages SZ n’ont pas encore livré leurs premières détections en aveugle.

2005

Les études sur les abondances des amas se sont aussi poursuivies et ont gagné en

précision, toujours à l’aide des fonctions de température et de luminosité locale (par

exemple Pierpaoli et al., 2003) puis à l’aide de l’évolution des comptages d’amas en

fonction du redshift sur des échantillons sélectionnés en X (Schuecker et al., 2003;

Vikhlinin et al., 2009). En parallèle, le sondage SDSS a permis de constituer, pour
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la premières fois, de grands catalogue d’amas en optique (Koester et al., 2007; Wen

et al., 2012a) qui ont débouché sur les contraintes à partir des comptages d’amas

sélectionnés en optique (Rozo et al., 2010).

Les premiers amas détectés en SZ ont ouvert la voie aux contraintes cosmologiques

basées sur la sélection SZ, plus proche d’une sélection en masse que les sélections X

ou optique. Le levier en redshift s’est lui aussi agrandi. Les premières contraintes SZ

sont venues avec les amas du South Pole Telescope (Vanderlinde et al., 2010) et ont

été améliorées d’année en année (Benson et al., 2013; Reichardt et al., 2013; Bleem

et al., 2015). L’Atacama Cosmology Telescope a donné ses premières contraintes

plus récemment (Hasselfield et al., 2013) ainsi que Planck (Planck Collaboration XX,

2014; Planck Collaboration XXI, 2014). Je décrirai dans les deux parties suivantes

les analyses SZ de Planck.

En parallèle à cet effort pour constituer en SZ de grands catalogues d’amas avec

une sélection bien caractérisée, la constitution de catalogues X se poursuit avec, par

exemple, les projets XCS, XMM-LSS et XXL de détection d’amas en aveugle à l’aide

du satellite XMM. Le projet XXL devrait donner en 2015 des premières contraintes

cosmologiques sur un échantillon d’amas moins massifs que les amas sélectionnés en

SZ avec un bras de levier en redshift au moins aussi grand (voir par exemple Pacaud

et al. (2007) pour la présentation du premier échantillon XMM-LSS et une étude de

la dépendance en redshift des lois d’échelle en X).

La prédiction du nombre d’amas en fonction de leur masse et de leur redshift

dépend à la fois de la géométrie de l’Univers1 et des processus d’effondrement des

structures2 comme précisé dans le rapport du Dark Energy Task Force (Albrecht et al.,

2006). Cette caractéristique est un atout car les amas sont doublement sensibles à la

cosmologie. C’est aussi un handicap puisqu’il peut y avoir dégénérescence entre les

1 Les amas sont une sonde géométrique

2 mais ils sont aussi une sonde dynamique.
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Figure 4.1: Etat de l’art des contraintes cosmologiques en 2003. Les trois sondes,

CMB (WMAP), supernovæ (Supernova Cosmology Project) et amas (détermination

de la fraction de gaz avec Chandra) sont concordantes autour d’un modèle Ωm = 0.3

et ΩΛ = 0.7. Figure adaptée du papier Knop et al. (2003).
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paramètres dynamiques de formation des structures et les paramètres géométriques

que l’on veut contraindre.

4.2 Modélisation de la fonction de sélection

L’ingrédient essentiel pour contraindre les paramètres cosmologiques avec un cata-

logue d’amas de galaxies est la fonction de sélection. Elle est composée de trois

éléments :

• la complétude qui prédit le nombre d’amas observé étant donné le nombre

d’amas présent dans le ciel,

• la photométrie, distribution des flux mesurés des amas étant donnés les flux

vrais,

• la contamination qui donne la proportion de fausses détections dans le cata-

logue.

Ces quantités sont décrites en détail dans Melin et al. (2005) pour une expérience SZ.

Les analyses Planck sur lesquelles j’ai travaillé jusqu’à aujourd’hui ont été effectuées

sur des catalogues avec un seuil en signal sur bruit suffisamment haut pour que la

contamination soit négligeable. Je n’en parlerai pas dans la suite. De même, la

précision photométrique n’est pas intervenue dans les analyses car seul le redshift et

le signal sur bruit des détections ont été utilisés. Je me concentrerai donc ici sur la

description de la détermination de la complétude dans le sondage Planck.

4.2.1 Calcul analytique

Il est possible de prédire analytiquement la complétude de Planck à partir de con-

sidérations simples sur le bruit des cartes filtrées par le MMF. On suppose ce bruit

Gaussien. Soit un amas de flux vrai Y et de taille θt . Les cartes du ciel filtrées

autour de l’amas, pour une taille de filtre correspondant à celle de l’amas, sont un
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champ Gaussien de moyenne nulle et d’écart-type σθt donné par l’équation 3.4. La

probabilité que l’amas soit détecté avec un seuil q fois supérieur au bruit est

1√
2πσθt

∫ ∞

qσθt

dY ′ e
− (Y ′−Y )2

2σ2
θt =

1

2
erfc

(
q − Y/σθt√

2

)
(4.1)

où erfc est la fonction d’erreur complémentaire. Pour Planck, le bruit après filtrage

MMF dépend du niveau de bruit astrophysique (CMB, poussière galactique, etc.) et

du bruit instrumental donc de la position sur le ciel. Pour notre amas de flux Y et

de taille θt, la complétude s’écrira :

χ(Y, θt, l, b) =
1

2
erfc

(
q − Y/σθt(l, b)√

2

)
(4.2)

Cette méthode permet simplement de prédire la probabilité d’observer un amas à

l’aide du niveau de bruit des cartes filtrées de Planck σθt(l, b). Je l’ai proposée au

groupe de travail sur la cosmologie en février 2012. Elle a ensuite été confrontée

aux deux autres méthodes présentées ci-dessous et s’est révélée être une bonne ap-

proximation de la complétude. Celle-ci a été utilisée pour les papiers de contraintes

cosmologiques avec les amas de Planck en 2013 (Planck Collaboration XXI, 2014) et

2015 (Planck Collaboration XXIV, 2015).

4.2.2 Détermination par Monte Carlo

Une deuxième approche possible est d’injecter des amas simulés de différentes tailles

et flux directement dans les cartes de Planck à des positions aléatoires sur le ciel. On

utilise ensuite les codes d’extraction comme sur les données originales et on compte

simplement les objets détectés et injectés. Le rapport du nombre d’amas détectés

par le nombre d’amas injectés en fonction de la taille et du flux donne la complétude.

La figure 4.2 en haut à gauche montre la différence relative entre l’estimation Monte

Carlo et le calcul analytique pour l’algorithme MMF3 à un seuil de détection à 4.5σ

avec un masque laissant visible les 85% du ciel les moins contaminés par la poussière

galactique. En bas, à gauche, les deux estimations présentées pour quelques tailles
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de filtre. A droite, la même figure pour un seuil à 6σ et un masque laissant visible

les 65% du ciel les moins contaminés par la poussière. On note qu’en pratique, il

existe des différences significatives allant de 10 à 20% entre les estimations Monte

Carlo et analytique. Les différences sont moins prononcées pour le seuil à 6σ util-

isé dans l’analyse cosmologique. Pour ce dernier seuil, les deux estimations de la

complétude, analytique et Monte Carlo, conduisent à des contraintes cosmologiques

équivalentes (Planck Collaboration XXIV, 2015).

La méthode Monte Carlo possède des avantages supplémentaires par rapport au

calcul analytique. En particulier, il est possible d’injecter des amas de forme complexe

tirés de simulations hydro et de prendre en compte l’effet de lobes instrumentaux non

circulaires. En outre, l’estimation de la complétude du catalogue union ou intersection

de plusieurs méthodes de détection est aussi simple que l’estimation pour une méthode

individuelle ce qui n’est pas le cas pour le calcul analytique.

4.2.3 Utilisation de catalogues externes

Au moment du lancement de Planck, j’ai participé à une étude menée par Antoine

Chamballu sur la prédiction des propriétés X des amas Planck. Celle-ci montrait que

la fonction de sélection de Planck "traversait" les amas des catalogues X, NORAS et

REFLEX, c’est-à-dire que certains amas de ces catalogues allaient être détectés par

Planck et d’autres non (Chamballu et al., 2012). Cette propriété permet d’estimer la

complétude de Planck en s’appuyant sur ces catalogues. Dans un premier temps, il

faut identifier les objets des catalogues NORAS/REFLEX dans le catalogue d’amas

de Planck (seuil en signal sur bruit q > 4.5). Pour chaque amas, détecté ou non,

on estime directement dans les cartes le flux Y et l’erreur σθt correspondante puis

on construit l’histogramme des objets détectés et non détectés en fonction de la

variable q−Y/σθt√
2

(variable de l’estimation de la complétude analytique). Le rapport des

histogrammes détectés sur le nombre total est la complétude. La figure 4.3 à gauche

montre le résultat pour les amas connus en X. On a pu effectuer le même test avec les
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Figure 4.2: Différence des complétudes Monte Carlo et analytique pour MMF3 à

un seuil de détection de 4.5σ (colonne de gauche) et à un seuil de détection de 6σ

(colonne de droite). Les amas injectés dans la méthode Monte Carlo sont tirés des

simulations numériques cosmo-OWLS (Le Brun et al., 2014; McCarthy et al., 2014)

et les lobe complexes non Gaussien de Planck ont été utilisés. La différence entre les

complétudes déterminées par Monte Carlo et de façon semi-analytique vont de 10 à

20%. L’impact de cette différence sur les paramètres cosmologiques pour un seuil à

6σ est minime. Ces figures sont extraites de Planck Collaboration XXVII (2015).



41

Figure 4.3: Complétude du catalogue MMF3 de Planck (histogrammes rouges) es-

timée sur des catalogues externes à un seuil de détection à 4.5σ (celui du catalogue

publié en 2015). A gauche sur l’ensemble des amas connus en X (Piffaretti et al.,

2011). A droite sur les amas détectés en SZ par l’expérience SPT (Bleem et al.,

2015). Ces estimations sont en bon accord avec le calcul analytique (courbe bleue).

Ces figures sont identiques à celles de Planck Collaboration XXVII (2015).

amas SZ de l’expérience SPT à droite. Dans les deux cas, la complétude estimée sur

les catalogues externes (histogramme rouge) est en bon accord avec l’approximation

analytique (courbe bleue). Notons cependant que pour les amas SPT, la complétude

déterminée sur le catalogue externe semble être au-dessus de la complétude semi-

analytique. Il est possible que cette sur-estimation soit due au fait que Planck et

SPT sont deux expériences SZ : il y aurait plus de chance pour un amas SPT situé

dans un intervalle de q−Y/σθt√
2

> 0 d’être détecté par Planck qu’un amas quelconque

de l’Univers situé dans le même intervalle.
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La fonction de sélection du sondage SZ Planck est maîtrisée et contraintes

par trois approches distinctes et convergentes. Elle est une des clefs qui a

permis d’établir les premières contraintes avec le catalogue SZ de Planck en

2013 puis en 2015.

Avancées notables

4.3 Contraintes cosmologiques

4.3.1 Analyse 2013, comptages d’amas et spectre de puissance du SZ

Les premières contraintes cosmologiques avec les amas Planck ont été publiées en

2013 (Planck Collaboration XX, 2014). Elles étaient basées sur le catalogue détecté

par une méthode unique (MMF3) à un seuil de détection q > 7 suffisamment haut

et un masque galactique de 65% suffisamment grand pour s’assurer que le catalogue

était entièrement pur. Ce catalogue cosmologique contenait 189 amas ce qui en faisait

déjà, à ce moment, le plus grand catalogue SZ utilisé pour contraindre les paramètres

cosmologiques. L’analyse s’appuyait sur la comparaison des comptages observés en

fonction du redshift dN/dz avec les comptages prédits théoriquement. Ces derniers

peuvent être calculés grâce à la fonction de sélection χ (expression donnée dans la

partie 4.2), la fonction de masse dN
dzdMdΩ

et la loi d’échelle flux-masse des amas dite

relation Y-M.

dN

dz
=

∫
dΩ

∫
dM χ̂(z,M, l, b)

dN

dzdMdΩ
(4.3)

χ̂(z,M, l, b) =

∫
dY

∫
dθtP (z,M |Y, θt)χ(Y, θt, l, b) (4.4)

avec P (z,M |Y, θt) la distribution de (z,M) étant donné (Y, θt).
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La distribution P repose sur la loi d’échelle flux-masse Y-M. La pente et la nor-

malisation de cette loi ont été déterminées à partir d’un sous-ensemble de 71 amas

de l’échantillon cosmologique pour lequel des données XMM étaient disponibles en

2012. Le flux Y a été extrait de Planck et la masse MX obtenue à partir des données

XMM. La masse MX n’est cependant pas égale à la masse M du halo présente dans

la fonction de masse car l’hypothèse d’équilibre hydrostatique adoptée pour l’analyse

X n’est pas toujours vérifiée et les mesures de température en X restent sujettes à des

erreurs systématiques. On a décidé d’introduire un facteur multiplicatif 1 − b pour

tenir compte de cette différence:

Y ∝Mα
X (4.5)

MX = (1− b)M (4.6)

avec α = 1.79± 0.06 (proche de la valeur théorique de 5/3) ajusté sur les données X

et SZ.

1− b a été déterminé à partir de simulations numériques. Les résultats sont très

dispersés mais prédisent une valeur dans l’intervalle [0.7,1] avec une valeur moyenne

de 0.8 soit un biais de 20% entre la masse déterminée en X et la masse vraie des

simulations ou de la fonction de masse.

Nous avons ensuite utilisé la statistique de Cash (Cash, 1979) dans des bins en

redshift de taille ∆z = 0.1 pour comparer comptages observés et théoriques. Le

résultat principal de 2013 est présenté dans la figure 4.4. Le contour bleu présente

les contraintes à 1 et 2 σ sur σ8 et Ωm obtenues avec les amas de Planck combinés

aux oscillations acoustiques de baryons (BAO) et à la nucléosynthèse primordiale

(BBN). Il est marginalisé sur 1 − b dans l’intervalle [0.7,1]. Les contraintes issues

du CMB primaire seul sont en rouge, en tension évidente avec le contour bleu sur

σ8. Le contour noir montre le résultat de l’analyse jointe amas SZ et CMB primaire

pour laquelle le paramètre 1 − b est laissé libre. Les deux contours rouge et noir
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Figure 4.4: Contraintes cosmologiques 2013 des amas SZ (+BAO+BBN) (en bleu)

et du CMB primaire (en rouge). Les deux contraintes sont en tension sur σ8. Le

contour noir est le résultat de l’analyse jointe amas SZ et CMB primaire pour laquelle

le paramètre 1 − b est laissé libre. La figure est tirée de Planck Collaboration XX

(2014).

sont quasi superposés : l’analyse jointe est dominée par le CMB primaire qui impose

1 − b = 0.59 ± 0.05 soit un biais entre la masse X et la masse vraie de l’ordre de

40%. Cette valeur du biais est plus grande qu’obtenue dans la grande majorité des

simulations numériques et peut éventuellement poser des problèmes pour la fraction

de gaz dans les amas qui deviendrait significativement inférieure à la fraction de

baryons universelle.

Il faut noter que la combinaison σ8 (Ωm/0.27)0.3 obtenue avec les amas Planck

(σ8 (Ωm/0.27)0.3 = 0.764 ± 0.025) est en bon accord avec la majorité des autres

mesures réalisées sur les grandes structures comme le montre la figure 4.5, alors que

la valeur du CMB primaire de Planck indique une valeur supérieure à 0.87 avec une

barre d’erreur sensiblement plus petite que celle des amas soit une tension >∼ 4σ.

Par ailleurs, le spectre de puissance de la carte SZ tout le ciel CSZ
l est compatible
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Figure 4.5: Comparaison des contraintes précédent 2013 sur les structures (à gauche

du trait vertical en tirets le plus à droite) et sur le CMB primaire (à droite du

même trait). Les analyses cosmologiques sur les structures trouvent des valeurs de la

combinaison σ8 (Ωm/0.27)0.3 plus petite que le CMB primaire de Planck. La figure

est tirée de Planck Collaboration XX (2014).

avec les paramètres obtenus avec les comptages d’amas de galaxies et lui aussi en

tension avec le CMB primaire (Planck Collaboration XXI, 2014). J’ai participé en

particulier au travail de validation de cette carte en extrayant les amas et en com-

parant leur flux au flux directement extrait des données par les Matched Multifilters

à la fois en 2013 et en 2015 (Planck Collaboration XXII, 2015).

Le papier général de cosmologie de Planck (Planck Collaboration XVI, 2014)

mentionne succinctement la tension entre amas/carte SZ et CMB primaire mais reste

prudent en ne présentant pas d’analyse combinée.
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4.3.2 Analyse 2015

Entre 2013 et 2015, j’ai participé à l’extraction du second catalogue d’amas de Planck

basé sur l’ensemble des données de la mission et j’ai pu construire un nouveau sous-

catalogue MMF3 avec un seuil de détection plus bas (S/N> 6). Ce nouveau cata-

logue contient 439 amas. Une première amélioration de l’analyse 2015 par rapport

à l’analyse 2013 est ce gain d’un facteur supérieur à deux sur le nombre d’amas du

catalogue (439 contre 189 en 2013).

Une deuxième amélioration de l’analyse vient des hypothèses sur le paramètre 1−b.
Alors que ce paramètre était déterminé sur simulations numériques en 2013, nous

nous sommes appuyés sur des mesures de masse directes par lentille gravitationnelle

des expériences CCCP (1 − b = 0.780 ± 0.092, Hoekstra et al., 2015) et Weighing

the Giants (1 − b = 0.688 ± 0.072, von der Linden et al., 2014). Nous y avons

ajouté une troisième méthode qui mesure l’effet de lentille sur les anisotropies du

CMB dans les données Planck et que je présenterai plus en détail dans le chapitre 5

((1− b)−1 = 0.99± 0.19).

Enfin, la troisième amélioration de l’analyse 2015 par rapport à l’analyse 2013

est la vraisemblance. Nous avons développé une vraisemblance basée à la fois sur le

redshift z et sur le signal sur bruit S/N = q. Elle s’écrit désormais

dN

dzdq
=

∫
dΩ

∫
dM P [q|q̄m(z,M, l, b)]

dN

dzdMdΩ
(4.7)

avec P [q|q̄m(z,M, l, b)] la distribution de q étant donné le signal sur bruit moyen

q̄m(z,M, l, b) avec

q̄m ≡ Y (z,M)/σθt(l, b) (4.8)

et

θt = θt(z,M) (4.9)

Il faut préciser que la distribution P est différente de celle de l’équation 4.3.

L’analyse combinant ces trois améliorations est détaillée dans le papier Planck 2015
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de contraintes cosmologiques avec les comptages d’amas (Planck Collaboration XXIV,

2015).

Les résultats confirment ceux de l’analyse 2013. Ils sont présentés dans la fig-

ure 4.6. Les contours amas 2015+BAO+BBN sont en couleur verte, bleue, violette

pour WtG, CCCP et CMBlens respectivement (niveau de confiance à 68 et 95%).

La tension avec le CMB primaire (contours tracés en tirets noirs et calculés avec

la vraisemblance en température et polarisation) est toujours présente pour CCCP

(1− b proche du 0.8 [-0.1+0.2] pris dans l’analyse 2013); elle s’accroît pour CMBlens

pour lequel 1− b est plus proche de 1. Au contraire, la tension diminue si on adopte

1 − b de WtG. Changer la valeur centrale de 1 − b déplace le contour dans le sens

perpendiculaire à la ligne de dégénérescence de la contrainte amas σ8Ω0.3
m = cste. Plus

1 − b est faible, plus le contour des amas est en accord avec le CMB primaire. Les

contours grisés correspondent au cas où le CMB primaire et combiné avec les BAO.

Les contours en traits rouges continus correspondent à la combinaison des amas et du

spectre de lentille gravitationnelle de Planck sur tout le ciel en laissant le paramètre

1− b libre : cette combinaison mène à un résultat compatible avec le cas CMB seul.

L’analyse combinée amas SZ et CMB primaire est dominée par le CMB et impose

1 − b = 0.58 ± 0.04, une valeur sensiblement plus faible que la valeur mesurée par

WtG.

L’hypothèse la plus intéressante pour réduire la tension entre les amas et le CMB

primaire sur σ8 est de laisser libre la somme des masses des neutrinos
∑
mν dans

l’analyse. Dans le modèle de base, celle-ci est fixée par défaut à 0.06 eV, somme de

masses minimale pour un neutrino le plus léger de masse négligeable. Le résultat

de la combinaison des amas et du CMB primaire sur la masse des neutrinos est

montrée dans la figure 4.7 en ligne rouge continue. Si on ajoute le spectre de lentille

gravitationnelle de Planck sur tout le ciel, une bosse autour de 0.2 eV apparaît (courbe

en tirets rouges). Si au lieu d’ajouter le spectre de lentille, on ajoute le BAO, alors

la bosse disparaît et la limite sur la somme des masses devient forte (courbe continue
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Figure 4.6: Contraintes cosmologiques 2015 des amas SZ et du CMB primaire. Les

contours des amas en couleur verte, bleue, violette restent en tension avec les contours

du CMB primaire en tirets noirs. La signification des autres courbes est donnée dans

le texte. La figure est tirée de Planck Collaboration XXIV (2015).
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Figure 4.7: Contraintes 2015 sur la somme des masses des neutrinos. L’analyse jointe

amas, CMB primaire et spectre de lentille gravitationnel sur l’ensemble du ciel montre

une bosse autour de 0.2 eV (courbe en tirets rouges), réduite lorsqu’on ajoute les BAO

(courbe en tirets noirs). La signification des autres courbes est donnée dans le texte.

La figure est tirée de Planck Collaboration XXIV (2015).

noire,
∑
mν < 0.20 eV). Ajouter de nouveau le spectre de lentille change peu cette

limite (courbe en tirets noirs). Cependant, laisser libre le paramètre AL (=1 dans

le modèle minimal) qui représente l’amplitude de l’effet de lentille par rapport au

meilleur modèle du CMB primaire montre un comportement similaire à l’inclusion

du spectre de lentille avec une bosse au même endroit (courbe continue bleue) pour
∑
mν . La signification des points verts sera donnée dans la partie 4.3.3.

Les résultats de l’analyse jointe amas, CMB et spectre de lentille est donc en

tension avec l’analyse BAO (ou BAO et CMB) quand on laisse le paramètre
∑
mν

libre. Cette tension est en particulier visible sur le paramètre H0. L’analyse amas,

CMB et spectre de lentille donne une valeur autour de 65 km/s/Mpc en tension avec

l’analyse BAO (ou BAO et CMB) qui impose une valeur de 68 km/s/Mpc avec une

barre d’erreur de l’ordre de 1 km/s/Mpc. La valeur de 65 km/s/Mpc est en outre

en plus grande tension avec les mesures directes de H0 (73.8 ± 2.4 km/s/Mpc, Riess
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et al., 2011).

4.3.3 Limitations de l’analyse amas

L’analyse amas est limitée en premier lieu par notre connaissance sur le paramètre

1− b ou, de façon équivalente, la normalisation de la relation Y-M. C’est l’incertitude

majeure sur laquelle il faut travailler. La figure 4.8 est une reproduction de la fig-

ure 4.6 pour laquelle on a fait l’hypothèse que 1 − b = 0.78 ± 0.01, une précision

affichée par les futures missions Euclid et LSST (Large Synoptic Survey Telescope).

Le catalogue et la vraisemblance restent les mêmes. Les contraintes deviennent re-

marquablement précises. L’implication sur
∑
mν est montrée en points verts dans

la figure 4.7 : une détection claire d’une somme des masses des neutrinos serait pos-

sible, ou bien la découverte de nouvelle physique. Cependant, il faut remarquer que

1− b est supposé constant pour l’analyse Planck et pour cette projection. C’est une

première approximation mais, dans le cas général, ce paramètre pourrait dépendre

de la masse, du redshift et éventuellement d’autres paramètres physiques des amas.

L’incertitude majeure de l’analyse amas de Planck est la normalisation de

la relation Y-M connue à ∼ 30% aujourd’hui si on considère un échantillon

représentatif d’estimations de masse par effet de lentille. L’amélioration de

l’analyse Planck passera par des études multi-longueur d’onde d’amas soumis

à des incertitudes systématiques différentes.

2015

En parallèle de la recherche de meilleures contraintes sur la normalisation de la

Y-M, d’autres améliorations sont à réaliser. Citons, d’abord la compréhension de

l’origine du mauvais ajustement (probability to exceed PTE = 0.23) des comptages

théoriques aux données avec un décalage entre les deux dépendant du redshift. Est-

il dû à la fonction de sélection, à la fonction de masse ou à la loi d’échelle Y-M ?
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Figure 4.8: Projections sur les contraintes amas avec une normalisation Y-M connue

à 1%, le catalogue et la vraisemblance restant les mêmes. La figure est tirée de Planck

Collaboration XXIV (2015).

La fonction de masse des halos est-elle si bien connue que décrite dans les papiers

précédent 2010 ? Ce n’est pas certain au vu de publications récentes (par exemple,

Bocquet et al., 2015; Angrick et al., 2015). Quel est l’impact des baryons sur la

fonction de masse ? Quelles seraient les contraintes obtenues avec un catalogue encore

plus grand ? Pourrait-on imaginer écrire une vraisemblance combinant à la fois

comptages d’amas et estimation de la Y-M par mesures de flux et masses d’amas

individuels d’un sous-échantillon, deux étapes actuellement séparées dans l’analyse ?

De nombreuses améliorations sont encore possibles sur cette analyse du catalogue

de Planck qui pourront sans aucun doute servir les analyses des futures missions

eROSITA et Euclid. Les analyses cosmologiques avec les comptages d’amas devraient

ainsi atteindre leur apogée dans les cinq à dix prochaines années.



Chapitre 5

ESTIMATION DE LA MASSE DES AMAS PAR EFFET DE

LENTILLE GRAVITATIONNELLE SUR LE CMB

5.1 Le problème de l’estimation de la masse des amas

L’estimation de la masse des amas de galaxies est un problème complexe. Les amas

étant essentiellement constitués de matière noire invisible, leur masse est en général

déduite de leur contenu en baryons (galaxies ou gaz). On utilise en premier lieu

des lois d’échelle observable-masse O−M qui permettent de déterminer la masse M

d’un objet d’un échantillon donné à partir d’une caractéristique observée de l’amas O.

Ainsi, en optique, la masse des amas peut être estimée à l’aide d’une relation richesse-

masse qui lie le nombre de galaxies d’un amas à sa masse. Les études récentes sur les

sondage SDSS ont permis de faire de grands progrès dans ce domaine (par exemple,

Koester et al., 2007; Wen et al., 2009, 2012b). La richesse est directement mesurée

sur les données SDSS comme le nombre de galaxies dans un rayon fixé et la masse

déterminée par moyennage de l’effet de lentille gravitationnelle faible sur les objets

de même richesse (Johnston et al., 2007) ou via des mesures directes individuelles de

lentille ou en X (Rozo et al., 2009; Wen et al., 2010). La dispersion de la relation

reste cependant grande, de l’ordre de 45% sur la masse pour une richesse donnée.

Une autre possibilité pour estimer la masse est d’utiliser des lois d’échelle en X.

L’observable est alors la luminosité L, la température T , la masseMg ou le paramètre

YX = MgT du gaz. Pour ces observables, les dispersions sont du même ordre de

grandeur que celle de la relation richesse-masse en optique. Mais les observations X

suffisamment profondes et ayant une bonne résolution (XMM ou Chandra) permettent

de déterminer directement la masse totale de l’amas en supposant que la gaz est en
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équilibre hydrostatique dans le puits de potentiel de matière. L’accord des masses

par cette dernière méthode entre les analyses XMM et Chandra est de l’ordre de 13%

entre les analyses Arnaud et al. et Vikhlinin et al. Cette différence est dominée par

les incertitudes d’étalonnage des spectres entre les deux satellites1. Nous avons vu

dans le chapitre 4 que les simulations numériques indiquent un biais de l’ordre de

20% entre la masse M et la masse estimée par cette méthode. Les incertitudes de

calibration des instruments peuvent de plus faire varier cette quantité de ±10%.

A priori, la loi YSZ−M devrait pouvoir être utilisée mais il est encore aujourd’hui

difficile d’estimer YSZ à partir des mesures SZ sans faire intervenir d’a priori venant

d’autres observations comme les X. On a utilisé une telle combinaison des mesures

SZ et des lois d’échelle X dans l’analyse Planck pour déterminer la masse des amas

Planck (Planck Collaboration XXIX, 2014).

Enfin, la méthode la plus directe d’estimation de la masse est l’utilisation des

effets de lentille gravitationnelle faible des amas sur les galaxies d’arrière-plan. Le

régime fort (qui produit des arcs gravitationnels) peut aussi être utilisé pour les

parties centrales des amas très massifs. L’estimation de masse par lentille faible

s’est développé ces dernières années et plusieurs dizaines d’observations profondes

d’amas sont aujourd’hui disponibles. Les mesures récentes donnent des masses plus

hautes de 20 à 30% par rapport aux masses estimées via l’équilibre hydrostatique en

X (Hoekstra et al., 2015; von der Linden et al., 2014).

Aujourd’hui, chacune des méthodes décrites ci-dessus (lois d’échelle optique ou X,

équilibre hydrostatique en X, effet de lentille gravitationnelle) fournit des mesures de

masse avec des erreurs systématiques de l’ordre de 10%, différentes d’une méthode

à l’autre. Ces erreurs dominent les incertitudes de l’analyse cosmologique des amas

présentée dans le chapitre 4. L’amélioration de l’estimation de la masse des amas

est donc une étape cruciale pour l’avenir des contraintes cosmologiques basées sur les

1 communication de Monique Arnaud.
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comptages.

Une autre technique prometteuse identifiée au début des années 2000 est

la détection, dans le millimétrique, de l’effet de lentille gravitationnelle des

amas sur le fond diffus cosmologique (Zaldarriaga & Seljak, 1999; Seljak &

Zaldarriaga, 2000; Holder & Kosowsky, 2004; Vale et al., 2004) mais la mise

en pratique sur les données n’était pas possible au vu de la résolution et du

niveau de sensibilité requis.

2005

L’arrivée des données Planck, ACT et SPT a changé la donne. Même si ces don-

nées ont une résolution et une sensibilité limitées qui ne permettent pas la détection de

l’effet de lentille gravitationnelle sur les amas individuels, il est possible de moyenner

l’effet de lentille sur un ensemble de structures et de le détecter à quelques sigma.

5.2 Extraire la masse des amas par effet de lentille sur le CMB en pra-

tique

De 2013 à 2015, j’ai mis au point avec Jim Bartlett une méthode pratique d’extraction

de l’effet de lentille gravitationnelle des amas sur le fond diffus cosmologique. Nous

avons d’abord simplement essayé d’utiliser la carte d’effet de lentille de tout le ciel

disponible au sein de la collaboration Planck, mais le signal n’était pas présent. Nous

avons donc dû développer entièrement une nouvelle méthode.

Nous partons d’un catalogue d’amas (par exemple le ESZ-XMM ou le catalogue

cosmologique de Planck). Pour chaque amas de catalogue, nous découpons les six

cartes Planck HFI tangentielles (10×10 deg) centrées sur l’amas. Nous les combinons

grâce à une ILC contrainte (Remazeilles et al., 2011) de façon à obtenir une carte de

CMB primaire non contaminée par l’effet SZ thermique de l’amas. Nous appliquons

ensuite l’estimateur de Hu & Okamoto (2002) sur cette carte pour obtenir le potentiel
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Figure 5.1: Masses de l’échantillon cosmologique 2015 de Planck déterminées par

effet de lentille sur le CMB. Seulement 1 barre d’erreur sur 5 est affichée par souci

de lisibilité. La bande bleue est la moyenne pondérée sur l’échantillon. La figure est

tirée de Planck Collaboration XXIV (2015).

gravitationnel de l’amas. Enfin, nous utilisons un filtre adapté mono-fréquence pour

comparer ce potentiel à un modèle basé sur les observations X. Chaque masse d’amas

est détectée avec un signal-sur-bruit faible compris entre 0.1 et 1. Le filtre adapté

fournit pour chaque objet l’estimation de l’amplitude du potentiel et l’erreur associée.

Il est possible de moyenner ces amplitudes en les pondérant par l’inverse de la variance.

Cette méthode est décrite en détail dans Melin & Bartlett (2015).

Nous l’avons appliquée sur un catalogue simulé du ESZ-XMM (les 62 amas du

catalogue ESZ de Planck qui étaient dans les archives XMM) et avons montré qu’on

pouvait détecter l’effet à un signal-sur-bruit global compris entre 3 et 4 (Melin &

Bartlett, 2015). Un papier est en préparation pour l’application sur les données

Planck.

En parallèle, j’ai utilisé la méthode sur l’échantillon cosmologique 2015. Celui-ci
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comportant plus d’objets que le catalogue ESZ-XMM, il a été possible d’atteindre

un signal-sur-bruit global de l’ordre de 5. Les mesures individuelles de masse des

amas sont présentées dans la figure 5.1 en disques noirs et la moyenne globale est

matérialisée par la bande bleue (±1σ). On trouve (1 − b)−1 = 0.99 ± 0.19 (erreur

statistique). Ce résultat est décrit et utilisé dans le papier d’analyse cosmologique

des amas de Planck (Planck Collaboration XXIV, 2015).

Le résultat des mesures de masse de l’échantillon cosmologique de Planck a été

présenté à la conférence de Ferrare début décembre 2014. A la même conférence, la

collaboration ACT a présenté une mesure équivalente sur ses données (Madhavacheril

et al., 2015): le moyennage du signal de lentille en direction de 12 000 galaxies CMASS

(détection à un niveau de 3.2 σ). Fin décembre 2014, la collaboration SPT a, elle

aussi, publié le moyennage du signal de lentille en direction de 513 amas SZ dans ses

données avec un niveau de détection de 3.0 σ (Baxter et al., 2014).

Depuis fin 2014, il existe des méthodes statistiques pratiques qui permettent

de mesurer les masses des amas dans les données millimétriques par détec-

tion de l’effet de lentille gravitationnelle sur le CMB. Ces méthodes ont été

appliquées sur les jeux de données existants comme Planck, ACT ou SPT.

Avancées notables

5.3 Une méthode d’avenir ?

Bien qu’encore assez marginales, ces premières détections de l’effet de lentille gravi-

tationnelle sur le CMB sont très prometteuses.

D’abord, parce que les données existantes n’ont pas encore fourni toute l’information

qu’elles contiennent : l’utilisation de catalogues plus grands allant à plus basse masse,

comme les catalogues MaxBCG (Koester et al., 2007) ou redMaPPer (Rykoff et al.,

2014), pourraient permettre de construire des lois d’échelles Y-M uniquement à par-
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Figure 5.2: Erreurs à 1 σ sur la masse déterminée par effet de lentille sur le CMB

pour différentes expériences en fonction du redshift. La figure est tirée de Melin &

Bartlett (2015).

tir des données Planck (Y à partir de l’effet SZ thermique et M à partir de l’effet de

lentille sur le CMB). Ensuite, la méthode actuelle est basée uniquement sur les cartes

de température. Il devrait être assez facile d’inclure les cartes de polarisation et de

gagner en signal sur bruit.

Dans un futur plus lointain où on disposera de jeux de données CMB à meilleures

résolution et sensibilité, la détection de l’effet pourra se faire sur des amas individuels.

La figure 5.2 présente l’erreur à 1 σ sur la masse d’un amas en fonction de son redshift

z pour Planck et différents projets d’expériences CMB. Planck, ACT et SPT ne

sont pas assez sensibles pour mesurer les masses d’amas individuels mais les projets

comme SPT-Pol, SPT-3G, ACT-Pol deep et le projet satellite PRISM2 permettent

ces mesures.

2 http://www.prism-mission.org
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Il est intéressant de noter que les courbes présentées dans la figure 5.2 sont plates,

c’est-à-dire que l’effet de lentille sur le CMB permet de détecter avec la même facilité

la masse d’un amas proche et celle d’un amas très lointain. C’est un des grands

avantages de cette méthode par rapport aux méthodes plus traditionnelles d’étude

du cisaillement gravitationnel des galaxies d’arrière-plan en optique. En effet, pour

ces dernières méthodes, il faut disposer d’un grand nombre de galaxies d’arrière-plan

pour obtenir une mesure de masse précise ce qui est d’autant plus difficile que l’amas

est situé à grand z. L’autre limitation des études de cisaillement gravitationnel est

le nombre d’objets. Le temps d’observation étant assez long, on ne dispose et on ne

pourra disposer que de quelques dizaines d’amas observés avec une grande précision.

Ces méthodes restent cependant beaucoup plus précises que les méthodes tout juste

développées sur le CMB pour les amas observés aujourd’hui : les amas massifs situés

à redshift de l’ordre de 0.5.

Dans quelques années, lorsque les amas les plus massifs à z > 1 auront

été détectés, on devrait avoir un plus grand avantage à estimer les masses

lentilles à l’aide de nouvelles expériences CMB qu’avec des observations de

cisaillement gravitationnel au sol car on disposera d’un fond d’arrière-plan

statistiquement bien caractérisé sur l’ensemble du ciel et de données obtenues

dans un temps d’intégration raisonnable.

2015



Chapitre 6

LOIS D’ÉCHELLE SZ-X ET SZ-OPTIQUE

La physique des amas de galaxies est dominée par la gravitation. Ainsi, au premier

ordre, les propriétés observationnelles des amas peuvent-elles être directement liées

à la masse par des lois d’échelle : la température, la luminosité X, la masse de gaz,

le flux SZ, etc. sont déduits de la masse, ou inversement, par une simple loi linéaire

dans le plan log-log (voir par exemple, Voit, 2005).

Dans ce chapitre, je ne ferai pas une revue exhaustive de toutes les lois d’échelles

possibles en SZ, X et/ou optique mais me concentrerai sur deux types de lois d’échelles

sur lesquelles j’ai travaillé : les lois d’échelle liant propriétés SZ et X dans la partie 6.2

et celles liant propriétés SZ et optiques dans la partie 6.3. Ces lois d’échelles ont été

construites à l’aide des données Planck. Mais avant d’aborder celles-ci, je présenterai,

dans la partie 6.1, le débat qui a animé la communauté amas pendant plusieurs années

avant les premières publications Planck : le flux SZ observé dans les données WMAP

est-il au niveau prédit par les observations X ?

6.1 Amas X et flux SZ : une controverse de plusieurs années

A la suite de la publication des données WMAP en 2003, plusieurs groupes de

chercheurs ont tenté d’en extraire le signal SZ thermique. WMAP ayant été conçu

pour l’étude des anisotropies primaires du CMB, le niveau de bruit instrumental et la

résolution de l’instrument n’étaient pas optimisés pour ce type d’analyse. L’extraction

s’est donc révélée particulièrement difficile. Ainsi, seuls quelques amas très massifs

ont un signal sur bruit individuel de quelques sigma seulement (voir par exemple la

figure 3.1 du chapitre 3; Coma et A2163 sont détectés à 4 et 3.5 σ respectivement
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avec le MMF). Il faut donc effectuer des analyses statistiques en moyennant le signal

de nombreux amas pour obtenir un résultat statistiquement significatif. Lieu et al.

(2006) (puis Bielby & Shanks, 2007) ont fait une première tentative. Ils ont alerté la

communauté en ne trouvant dans le signal SZ mesuré de 31 amas dans WMAP qu’une

fraction de signal attendu (modélisé à partir des mesures X), un résultat surprenant

avec deux explications possibles selon Lieu et al. (2006) : des problèmes dans les

données WMAP à l’échelle des amas ou une origine non cosmologique du CMB. La

figure 6.1 présente ce résultat dans trois bandes de fréquences WMAP (Q=40 GHz,

V=60 GHz, W=90 GHz). Le profil moyen mesuré des amas dans WMAP est la

ligne continue avec les barres d’erreur. Le profil attendu, calculé à partir des données

X, est la ligne continue ceinte des deux lignes en tirets (erreur à 1 σ). La taille de

l’erreur systématique est montrée sur chaque figure en bas à droite. Pour chaque

fréquence, le flux observé (en valeur absolue) est systématiquement inférieur au flux

attendu. Diego & Partridge (2010) et Atrio-Barandela et al. (2008) ont étudié plus

en détail le profil des objets et ont montré que le profil β (hypothèse de l’analyse de

Lieu et al., 2006) ne semblait pas être un bon ajustement aux observations. Ils n’ont

cependant pas conclu définitivement sur le déficit ou non de flux SZ par rapport au

flux X. Afshordi et al. (2007) ont été les premiers à affirmer que le flux SZ et le flux

X étaient en bon accord et que les profils SZ suivaient ceux des observations X et des

simulations (Nagai et al., 2007).

J’ai pu proposer une étude plus approfondie grâce à la constitution d’un cata-

logue compilé homogène d’amas de galaxies en X (qui deviendra plus tard le MCXC,

Piffaretti et al., 2011) et à l’utilisation du Matched Multi Filter. Le catalogue proto-

MCXC a été élaboré autour de Rocco Piffaretti au sein du groupe de Monique Ar-

naud (Irfu/SAp) et j’ai développé les versions fonctionnelles du Matched Multi Filter

à l’Irfu/SPP en collaboration avec l’APC (Jacques Delabrouille et Jim Bartlett). Le

MMF permet d’obtenir une mesure non biaisée du flux d’un amas, une propriété

essentielle pour pouvoir moyenner le signal de plusieurs objets ayant la même lumi-
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Figure 6.1: Moyenne des flux de 31 amas X mesurés dans trois bandes WMAP

(Q=40 GHz, V=60 GHz, W=90 GHz) par Lieu et al. (2006). Le flux observé (ligne

continue avec barres d’erreur) est significativement inférieur (en valeur absolue) au

flux prédit par les X (ligne continue ceinte par les lignes en tirets). Reproduction de

la figure 5 du papier.
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nosité X (ou la même richesse). Le mariage des deux mouvances (catalogue X et

outils SZ adaptés) a donné le jour au papier Melin et al. (2011). Ce dernier montre

que le flux SZ de 893 amas X dans WMAP est en parfait accord avec le flux mesuré

en X et établit pour la première fois les lois d’échelle Y-L et Y-M. Les résultats sont

présentés dans la figure 6.2. A gauche, la loi d’échelle Y-M mesurée (losanges rouges)

et prédite par les observations X (étoiles et trait bleus). A droite, le rapport entre les

données et le modèle, parfaitement compatible avec l’unité. La détection globale est

de l’ordre de 10σ.

La collaboration WMAP a ensuite participé activement au débat (Komatsu et al.,

2011) mais sans trancher complètement non plus.

Le papier Lieu et al. (2006) a donc lancé une controverse sur la compatibilité

du signal SZ des données WMAP avec les observations X. Le débat a duré

plusieurs années avec des résultats incompatibles d’une analyse à l’autre. Il

faudra attendre les données Planck pour trancher définitivement.

2005

6.2 Analyses statistiques de catalogues X

A la suite du lancement de Planck, nous avons naturellement voulu refaire l’analyse Melin

et al. (2011) sur le nouveau jeu de données. Le papier a été mené par Rocco Piffaretti

et moi. Rocco a amélioré le MCXC en incluant plus d’amas, en particulier à plus

haut redshift pour étudier l’évolution. Le papier Planck Collaboration X (2011) est

paru, comportant à la fois les résultats sur la Y-L et la Y-M mais aussi sur la dis-

persion intrinsèque des relations et leur évolution. Le résultats sont présentés dans

le figure 6.3. Ceux-ci confirment avec une précision accrue (35σ) les résultats du

papier Melin et al. (2011).
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Figure 6.2: A gauche : Flux de 893 amas proto-MCXC dans les données WMAP en

rouge et modèle en bleu. A droite : Rapport entre observation et modèle. Les points

sont compatibles avec l’unité. La figure est tirée de Melin et al. (2011).

Figure 6.3: A gauche : Flux d’une partie des amas 1600 amas MCXC dans les données

Planck (individuels=points noirs, moyenné=losanges rouges, modèle=étoiles bleues).

A droite : Rapport du flux observé et du modèle X. Ces résultats confirment, avec une

bien meilleure précision, l’analyse Melin et al. (2011). La figure est tirée de Planck

Collaboration X (2011).
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Planck a donc tranché définitivement : le flux observé en SZ est bien com-

patible avec le flux prédit par les X. Un autre résultat important est établi :

le flux SZ trace mieux la masse que la luminosité X, plus sujette à l’état

dynamique des amas (cool cores ou mergers).

Avancées notables

Ce dernier résultat a été obtenu en montrant que les amas dont le flux SZ observé

dévie le plus du flux SZ prédit par les X sont ceux possédant des états dynamiques

extrêmes (cool cores ou mergers) comme le montre la figure 7 de Planck Collaboration

X (2011).

6.3 Analyses statistiques de catalogues optiques

Le succès de l’analyse SZ-X nous a encouragé à poursuivre avec les catalogues d’amas

optique, en particulier le catalogue MaxBCG (Koester et al., 2007) du SDSS. Ce cat-

alogue est particulièrement intéressant car il comprend beaucoup d’objets (plus de 13

000 amas) et il existe des relations richesse-masse N-M précises établies pour celui-ci

via moyennage du signal de lentille gravitationnelle par intervalle de richesse (John-

ston et al., 2007) ou bien via utilisation de masses individuelles mesurées par effet de

lentille ou en X (Rozo et al., 2009).

La figure 6.4 présente les résultats. Le flux observé des amas MaxBCG (losanges

rouges) est significativement inférieur au flux prédit par le modèle (étoiles bleues)

basé sur la combinaison des lois d’échelles N-M (Johnston et al., 2007; Rozo et al.,

2009) et Y-M (Arnaud et al., 2010). Deux explications peuvent être avancées pour

expliquer ce désaccord : les relations N-M ne seraient pas correctes (i.e. il y aurait

un biais dans l’estimation de masse des amas MaxBCG) ou bien la relation Y-M

ne serait pas correcte (i.e. il y aurait un biais de sélection ou un biais de masse

dans la relation). Le débat est toujours ouvert aujourd’hui et aucune interprétation
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Figure 6.4: A gauche : Flux moyennés des amas MaxBCG dans les données Planck

(losanges rouges) et modèle (étoiles bleues) pour la relation N-M de Johnston et al.

(2007) (à gauche) et pour la relation de Rozo et al. (2009) (à droite). Pour les

deux relations, le modèle prédit significativement plus de flux qu’observé. Les barres

d’erreurs épaisses sont statistiques et les fines sont déterminées par bootstrap. Les

lignes en points-tirets sont les ajustements aux données. La figure est tirée de Planck

Collaboration XII (2011).
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définitive n’est établie sur ce résultat qui a provoqué de nombreuses réactions dans

la communauté (voir par exemple la série Rozo et al., 2014c,b,a).

Ce résultat a ensuite été confirmé par Draper et al. (2012) sur les données WMAP.

Dans la même lignée, Sehgal et al. (2013) ont moyenné un sous-échantillon de 474

amas MaxBCG sur les données ACT et ont trouvé un flux encore plus faible que dans

les données Planck, donc en désaccord encore plus grand avec le modèle basé sur les

X.

Les analyses se sont ensuite déplacées vers les objets de plus basse masse. Ainsi,

Hand et al. (2011) ont moyenné le signal d’un sous-échantillon de 2681 Luminous Red

Galaxies de SDSS dans les données ACT et on détecté marginalement une loi d’échelle

flux SZ - luminosité en bande r (K corrigée à z = 0.1). Dans Planck, nous avons

travaillé sur le catalogue Locally Brightest Galaxies (LBG) situé à redshift 0.1-0.3,

extrait lui aussi du SDSS et comprenant environ 260 000 objets. Nous avons pu ex-

traire le flux des halos jusqu’à une masse de l’ordre de 2×1013M� avec une indication

de signal à des masses encore plus faibles (de l’ordre de 4 × 1012M�). Les résultats

sont présentés dans la figure 6.5. A gauche, les losanges rouges représentent le flux SZ

extrait en fonction de la masse stellaire dans les données Planck. Les triangles bleus

sont les résultats de l’extraction du flux de halos simulés et injectés dans les données

de la façon la plus réaliste possible (en particulier, en tenant compte de la dispersion

dans la loi d’échelle M*-M et du décalage entre position optique et centre du halo).

Les triangles bleus sont légèrement décalés pour facilité la lisibilité. La figure en en-

cart montre le rapport des deux. A partir des catalogues injectés, on peut construire

une masse effective pour un intervalle de masse stellaire donné et convertir l’axe M*

en axe M pour obtenir la figure de droite. Dans cette dernière, les losanges rouges

restent au même niveau sur l’axe des ordonnées (flux SZ) mais sont décalés sur l’axe

des abscisses selon les masses effectives attribuées aux intervalles de masses stellaires

par le processus d’injection/extraction des simulations. On établit ainsi (en losanges

rouges) la loi Y-M sur le catalogue LBG jusqu’à très basse masse. L’ajustement est
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Figure 6.5: Flux des halos des "Locally Brightest Galaxies" dans les données Planck.

A gauche : En losanges rouges, le flux SZ des LBG en fonction de la masse stellaire.

En triangles bleus, le résultat de l’extraction d’un catalogue simulé injecté dans les

données. A droite : On utilise une série de catalogues injectés (tels les triangles

bleus de la figure de gauche) pour estimer la masse effective d’un intervalle de masse

stellaire. On obtient ainsi la loi Y-M pour les LBG (losanges rouges) que l’on peut

comparer à celle du MCXC (en vert, à plus haute masse). La ligne en tirets bleus est

la relation Y-M de Arnaud et al. (2010) et celle en points-tirets est l’ajustement sur

les données LBG. Les barres d’erreur épaisses représentent les erreurs statistiques,

les fines les erreurs totales obtenues par bootstrap. La figure est tirée de Planck

Collaboration Int. XI (2013).

donné par la ligne en points-tirets bleue. Pour comparaison, les résultats obtenus

sur le catalogue MCXC (présentés dans la partie 6.2) sont représentés en vert et le

modèle Arnaud et al. (2010) en tirets bleus. La figure en encart montre le rapport des

points et des courbes à la relation Y-M de Arnaud et al. (2010). Les barres d’erreur

épaisses représentent les erreurs statistiques, les fines les erreurs totales obtenues par

bootstrap.

La détection du flux jusqu’à une masse de 2 × 1013M� a été confirmée par une

analyse indépendante (Greco et al., 2014), celle de 4 × 1012M� fait encore débat.
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Mais le résultat peut-être le plus surprenant est qu’on ne voit pas de cassure dans

la loi d’échelle à basse masse alors qu’on s’attendrait à ce que les phénomènes non-

gravitationnels de chauffage du gaz aient plus d’importance pour les petits objets,

induisant un changement de pente dans la relation. Une explication possible est que

Planck mesure l’ensemble du flux du halo moyenné dans ses lobes assez grands (de

l’ordre de 5 arcmin de fwhm). Les processus non gravitationnels interviennent dans

les parties internes du halo. On aurait donc bien rupture de pente si on était capable

d’observer ce qui se passe à l’intérieur de objets. Cette explication est soutenue par

les simulations incluant un effet fort des noyaux actifs de galaxies sur le milieu intra-

amas (Le Brun et al., 2015). Le papier Planck LBG a aussi suscité une nouvelle étude

statistique avec le même catalogue sur les données ROSAT (Anderson et al., 2015).

Ces mesures de flux SZ d’objets X ou optiques (amas ou galaxies) marquent le

début d’analyses statistiques puissantes que l’on peut mener avec les données

Planck. Elles préfigurent ce que l’on pourra faire à plus haut redshift ou bien

à plus basse masse si on possède de nouveaux traceurs de halos.

2015

Ainsi, Loïc Verdier, que j’encadre actuellement en thèse, travaille avec succès sur

l’extraction du flux SZ et des autres composantes des catalogues de quasars BOSS

(z ∼ 2.5) dans les données Planck.

Dans ce chapitre, j’ai présenté les résultats des lois d’échelle Planck obtenues

par moyennage de grands catalogues. Des mesures de flux SZ individuels sont aussi

possibles pour les amas les plus massifs ou les plus proches. Elles peuvent être utilisées

pour établir des lois d’échelles avec des objets individuels. C’est le travail qu’a mené

Gabriel Pratt dans la collaboration Planck, auquel j’ai participé en extrayant les flux

individuels des amas. Deux papiers ont été publiés dans ce cadre : les lois d’échelle

SZ-X pour les amas locaux (Planck Collaboration XI, 2011) et les lois d’échelle liant
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flux SZ et masse de lentille sur le catalogue LoCuSS (Planck Collaboration Int. III,

2013).



Chapitre 7

EFFETS SZ CINÉTIQUE, RELATIVISTE ET POLARISÉ

J’ai étudié les effets SZ cinétique (kinetic SZ, kSZ, en anglais) et SZ thermique

relativiste (tSZr) dans Planck en encadrant la thèse de Sarah Puisieux entre 2010

et 2013 (Puisieux, 2013). Je présenterai les principaux résultats dans les parties 7.1

pour l’effet kSZ et 7.2 pour l’effet tSZr. Au printemps 2015, je me suis intéressé à

l’effet SZ polarisé avec Corentin Lohat, en stage de fin d’étude à Polytechnique. Les

résultats essentiels sont présentés dans la partie 7.3.

7.1 Effet SZ cinétique (kSZ)

Plusieurs facteurs rendent la détection de l’effet kSZ très difficile :

• son amplitude, environ un ordre de grandeur plus petite que celle de l’effet SZ

thermique ;

• son spectre, le même que celui du fond diffus cosmologique ;

• son signe, positif ou négatif selon le sens de la vitesse radiale de l’amas.

Sa faible amplitude impose d’avoir des expériences sensibles si on veut pouvoir le

détecter. Comme son spectre est celui du CMB, il n’est pas possible de le séparer de

ce dernier en utilisant plusieurs fréquences. Une bonne résolution angulaire (meilleure

que la minute d’arc) est nécessaire pour le séparer spatialement. Enfin, le moyennage

du signal sur plusieurs amas ne permet pas d’extraire le signal à cause du sens inconnu

de la vitesse.
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Au milieu des années 2000, l’effet kSZ restait indétectable malgré les progrès

de l’instrumentation millimétrique. Cependant, des limites supérieures de

l’ordre de quelques milliers de km/s avaient pu être posées (voir par exemple

Benson et al., 2003).

2005

Au démarrage des expériences ACT, SPT et au lancement de Planck à la fin des

années 2000, l’effet kSZ restait donc un objectif affiché de ces expériences et était

a priori à portée de celles-ci. Les choses n’ont pas été faciles pour Planck. Du fait

de la résolution de l’instrument (5 arcmin au mieux) et de l’impossibilité de séparer

spectralement le kSZ du CMB, il n’a pas été possible de mesurer la dispersion de

vitesse des amas (attendue autour de 230 km/s pour le catalogue MCXC, Piffaretti

et al., 2011). Seule une limite a pu être fixée σv < 800 km/s (95% C.L.) (Planck Col-

laboration Int. XIII, 2014). Par contre, la vitesse moyenne de l’échantillon a pu être

mesurée à 72±60km/s (Planck Collaboration Int. XIII, 2014), compatible avec zéro à

une grande précision. La figure 7.1 montre la vitesse moyenne en fonction du redshift

pour l’échantillon MCXC (triangles noirs) et l’échantillon MaxBCG (Koester et al.,

2007) privé des amas MCXC (losange rouge). La figure n’indique pas d’évolution

en redshift de la vitesse moyenne. En faisant cette étude, nous nous sommes rendus

compte qu’il était important de prendre soigneusement en compte les largeurs des

bandes optiques de Planck pour l’effet kSZ. Le signal de l’effet tSZ dans le canal à

217 GHz était censé être négligeable par construction ce qui n’est en fait pas le cas

à cause de la largeur de la bande. Ainsi, il n’est pas possible d’utiliser cette bande

pour détecter le kSZ sans contamination de tSZ. Il faut donc utiliser l’ensemble des

bandes HFI avec un filtre spécifique, adapté à l’extraction du signal kSZ (Herranz

et al., 2005; Puisieux, 2013) pour obtenir un estimateur de vitesse non biaisé.
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Figure 7.1: Vitesse moyenne des amas MCXC (Piffaretti et al., 2011) (triangles noirs)

et MaxBCG (Koester et al., 2007) (losange rouge) en fonction du redshift. Les amas

MCXC ont été retirés du catalogue MaxBCG. La vitesse moyenne est compatible avec

zéro à tout redshift. La moyenne globale donne une erreur de 60 km/s. La figure est

tirée du chapitre 5 de la thèse Puisieux (2013).
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Alors que nous travaillions sur le papier Planck Collaboration Int. XIII (2014),

la collaboration ACT a présenté une première détection (avec une probabilité que le

signal observé soit aléatoire inférieure à 0.002) de l’effet kSZ obtenue sur l’échantillon

de galaxies CMASS de BOSS en étudiant le "pairwise momentum", la moyenne de

la différence du signal kSZ de deux galaxies CMASS en fonction de la distance entre

elles (Hand et al., 2012). L’amplitude du signal est de l’ordre de 1µK et correspond,

selon la collaboration ACT, au signal attendu sur simulations. La collaboration SPT

n’a pas publié sur le kSZ à ce jour. La collaboration Planck a ensuite travaillé

sur le "pairwise momentum" avec le catalogue Locally Brightest Galaxies (LBG)

présenté dans le chapitre 6. A l’aide de la méthode de photométrie d’ouverture, elle

a publié, sur l’échantillon LBG, un signal dix fois plus faible (de l’ordre de 0.1µK

avec un signal-sur-bruit de l’ordre de 2 à 2.5) que le signal publié par ACT sur

l’échantillon CMASS (Planck Collaboration Int. XXXVII, 2015). En résumé, les

analyses "pairwise momentum" de ACT et Planck présentent bien un signal signifi-

catif mais l’interprétation reste aujourd’hui difficile, le signal se situant dans le régime

non-linéaire des champs de vitesse et par manque de connaissance de la physique du

gas des petits halos considérés. Si on réussit à réduire ces incertitudes théoriques,

les analyses "pairwise momentum" pourraient mener à des contraintes cosmologiques

intéressantes (Mueller et al., 2014a,b).

Pour conclure cette partie, il est important de mentionner que les analyses de kSZ

sur les objets individuels ont continué en parallèle des analyses statistiques décrites

ci-dessus. Ainsi Sayers et al. (2013b) ont publié une détection de l’effet kSZ pour un

amas en collision (MACS J0717.5+3745) sur les données Bolocam. Les expériences

sol sensibles à haute résolution comme NIKA ou NIKA2 (Monfardini et al., 2014)

devraient pouvoir confirmer cette première détection.
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L’effet kSZ est désormais détecté marginalement (statistiquement par études

"pairwise momentum") et individuellement sur un amas en collision. Il reste

cependant encore beaucoup à faire (détection de la dispersion de vitesse ou

de plus de vitesses individuelles) mais il faudra une résolution meilleure que

la minute d’arc, une grande sensibilité et une bonne couverture fréquentielle

pour bien séparer effet kSZ et tSZ.

Avancées notables

7.2 Effet SZ thermique relativiste (tSZr)

Comme pour le kSZ, la détection de l’effet tSZr est ardue.

La figure 7.2 illustre cette difficulté. Elle montre la valeur des flux extraits de

Coma et A2163 par le MMF (lignes continues) en supposant que le spectre SZ est

non-relativiste et que les bandes optiques sont des Dirac (en bleu) ou en supposant

le spectre SZ incluant les corrections relativistes (Itoh et al., 1998) et en prenant en

compte les largeurs des bandes optiques (en rouge). Les erreurs à ±1σ, données par le

MMF (équation 3.4), sont indiquées par les lignes en tirets. Les lignes en points-tirets

vertes verticales indiquent les températures des amas déterminées en X. On constate

que l’effet des largeurs des bandes optiques est faible pour l’effet tSZ et que l’écart

entre les flux déterminés en supposant l’effet SZ non-relativiste ou relativiste est lui-

aussi faible : de l’ordre de 1σ pour Coma (température de 5 keV environ) et de l’ordre

de 2σ pour A2163 (température située entre 7 et 8 keV). L’hypothèse d’utilisation

du spectre relativiste ou non-relativiste pour l’extraction a donc un impact sur le flux

mais relativement faible.

Seuls 10 amas (sur 1741 amas du MCXC ayant une température) ont leur flux

qui dévient à plus de 2σ entre l’hypothèse relativiste et non-relativiste. Pour ces

amas, on a voulu tester s’il était possible de mesurer leur température à partir des
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Figure 7.2: Impact des largeurs des bandes optiques de Planck et des corrections

relativistes sur les flux SZ des amas Coma (à gauche) et A2163 (à droite) de Planck.

En bleu en supposant que les bandes optiques sont des Dirac et sans correction

relativiste au spectre du tSZ. En rouge en tenant compte des largeurs de bandes

optiques et des corrections relativistes de l’effet tSZ (Itoh et al., 1998). Les lignes

continues donnent les valeurs moyennes, les erreurs à±1σ sont indiquées par les lignes

en tirets. Les lignes en points-tirets vertes verticales indiquent les températures des

amas déterminées en X. L’impact des largeurs des bandes optiques sur les flux de ces

amas est faible ainsi que celle des corrections relativistes.

cartes Planck. On a donc extrait leurs flux pour différentes températures et calculé

les rapports signal-sur-bruit (S/N) et les χ2 correspondants. Pour un amas, le χ2 est

défini comme la somme pondérée des différences au carré entre le flux extrait dans

les bandes individuelles de Planck et le flux attendu dans les bandes étant donné le

flux extrait. Les résultats sont présentés dans la figure 7.3 pour ces 10 amas. Il n’y

a pas de corrélation évidente entre les mesures X des températures (lignes vertes en

points-tirets verticales) et les maxima (ou minima) de S/N (ou χ2).

Une détection claire sur des amas individuels de l’effet tSZr n’est donc pas possible

avec Planck, ni son utilisation éventuelle pour déterminer la température du gaz

intra-amas. Comme pour l’effet kSZ, nous avons dû poursuivre avec des analyses



76

Figure 7.3: En haut : Signal-sur-bruit (S/N) en fonction de la température supposée.

En bas : χ2 en fonction de la température supposée. Les deux figures présentent

les 10 mêmes amas qui ont une déviation entre flux SZ relativiste et non-relativiste

supérieure à 2σ. Les températures déterminées à l’aide des X sont indiquées en

points-tirets verticaux verts. Celles-ci ne corrèlent pas bien avec les maxima (ou

minima) de S/N (ou χ2). La figure est tirée du chapitre 7 de la thèse Puisieux (2013).
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Figure 7.4: A gauche : Moyenne des résidus des flux des 62 amas ESZ-XMM dans

les données Planck dans les hypothèses non-relativiste (losanges verts) et relativistes

(triangles noirs). Les étoiles bleues montrent la moyenne de 500 injections de 62

amas simulés ESZ-XMM pour lesquels ont a supposé le spectre tSZr pour l’injection

et l’extraction. A droite : Zoom sur les étoiles bleues à proximité du zéro (voir échelle

verticale des résidus). La figure est tirée du chapitre 7 de la thèse Puisieux (2013).

statistiques.

Pour cela, nous avons utilisé le catalogue des 62 amas ESZ-XMM, intersection des

amas contenus dans le catalogue ESZ (présenté dans le chapitre 3) et dans les archives

XMM. Ce sont des objets bien connus pour lesquels on dispose de tailles angulaires et

de températures précises. Pour chaque amas et sous chaque hypothèse (SZ relativiste

ou non-relativiste), on a extrait les flux SZ grâce au MMF en combinant l’ensemble

des fréquences de Planck HFI. On a ensuite extrait le flux des amas dans chaque bande

de fréquence de Planck et calculé le résidu correspondant i.e. la différence entre le

flux dans la bande et le flux prédit dans celle-ci à partir du MMF. Nous avons ensuite

moyenné les résidus des 62 amas dans chaque bande. Les résultats sont présentés dans

la figure 7.4. Pour les deux hypothèses de spectre, non-relativiste (losanges verts) ou

relativiste (triangles noirs), les résidus ne montrent pas de déviation significatives à

zéro, à l’exception de la bande à 143 GHz qui montre une déviation positive à quelques
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sigma, peut-être l’influence de sources ponctuelles radio dans les amas. Les étoiles

bleues montrent la moyenne de 500 injections de 62 amas simulés ESZ-XMM dans les

données Planck incluant l’effet SZ relativiste pour la simulation et l’extraction. La

moyenne des étoiles bleues est parfaitement compatible avec zéro.

A l’inverse du kSZ pour lequel une détection statistique a été possible par les

études "pairwise momentum", l’effet tSZr, bien qu’ayant une incidence sur les valeurs

des flux extraits, n’a pas pu être formellement mis en évidence dans les données

Planck.

7.3 Effet SZ polarisé

En réalité, il n’existe pas un mais de nombreux effets SZ polarisés dont les deux plus

grands sont celui dû au quadrupôle local du CMB et celui dû à la vitesse transverse de

l’amas par rapport à la ligne de visée (voir par exemple Sazonov & Sunyaev, 1999). En

théorie, ce dernier effet permet une reconstruction complète de la vitesse d’un amas s’il

est combiné à une mesure de l’effet kSZ qui donne la vitesse radiale. Il est cependant

extrêmement faible (environ 100 fois plus faible que l’effet tSZ), tout comme l’effet dû

au quadrupôle local... De nombreux papiers théoriques très complets ont été publiés

sur ces deux effets (Kamionkowski & Loeb, 1997; Audit & Simmons, 1999; Baumann

& Cooray, 2003; Portsmouth, 2004; Amblard & White, 2005; Ramos et al., 2012).

Avec Corentin Lohat, je me suis intéressé exclusivement à l’effet SZ polarisé dû au

quadrupôle local du CMB car, à l’inverse de l’effet dû à la vitesse transverse, il peut

être moyenné sur un grand nombre d’amas. Il a donc plus de chance de pouvoir être

détecté. Cet effet SZ a un intérêt particulier car il permet une mesure indépendante

du paramètre C2 du spectre de puissance du CMB à l’emplacement de l’amas. Or ce

paramètre déterminé sur les données COBE, WMAP et Planck est sensiblement plus

petit qu’attendu dans le modèle standard (Kogut et al., 1996; Bennett et al., 2013;

Planck Collaboration XVI, 2014; Planck Collaboration XXIII, 2014). Il serait donc
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très intéressant d’avoir les mesures effectuées sur les amas locaux grâce à l’effet SZ

polarisé.

Nous avons construit un filtre MMF adapté à l’extraction de l’effet SZ polarisé

dû au quadrupôle dans les cartes de polarisation Q et U simulées de Planck. Il est

possible de calculer sa variation sur le ciel avec précision étant donné un catalogue

d’amas aux propriétés physiques bien caractérisées. Nous avons de nouveau utilisé le

catalogue MCXC (Piffaretti et al., 2011). Pour chaque amas du MCXC, et chaque

série de cartes (Q et U), le filtre adapté extrait une valeur de
√
C2 et sa barre d’erreur

associée σ√C2
. Il est ensuite possible de faire une moyenne pondérée (en 1/σ2√

C2
) de

toutes les mesures pour obtenir une estimation de
√
C2 globale la plus précise possible.

Le signal-sur-bruit obtenu pour les simulations Planck réalistes (SZ polarisé, CMB

et bruit pour toutes les fréquences polarisées de HFI) est hélas très décevant. Il est de

5% après moyennage de l’ensemble des amas MCXC et des deux polarisations Q et

U. Ce résultat est en accord avec la prédiction de Hall & Challinor (2014). Corentin

Lohat a poussé l’analyse pour les projets COrE+ et PRISM. COrE+ ne peut pas

non plus détecter l’effet avec un signal-sur-bruit attendu allant de 10 à 15% selon la

configuration instrumentale adoptée. PRISM pourra quant à lui faire la mesure : le

signal-sur-bruit attendu est de 27% pour le MCXC et donc de plusieurs unités pour

un catalogue comportant quelques 105 amas.

Ainsi, il se pourrait que l’effet SZ polarisé reste non-détecté pendant encore de

nombreuses années. Une solution alternative serait d’essayer de le mesurer en moyen-

nant l’effet sur quelques objets particuliers. Ainsi Corentin Lohat a montré que si

on divisait le bruit Planck par un facteur 105, l’essentiel du signal était porté par

trois amas : Virgo, Coma et Leo. Un suivi spécifique profond polarisé de ces amas

pourrait être le meilleur moyen de détecter l’effet.
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Alors que l’effet kSZ commence à être mis en évidence et que Planck n’a pas

pu identifier clairement l’effet tSZr, les effets SZ polarisés semblent hors de

portée de Planck et de la prochaine mission spatiale. Il faudra donc déployer

de nouveaux efforts instrumentaux, vraisemblablement au sol ou en ballon,

et beaucoup d’imagination pour réussir à les détecter à un fort niveau de

confiance.

2015



Chapitre 8

SUIVI DES AMAS PLANCK ET ÉTUDE

MULTI-LONGUEUR D’ONDE D’AMAS PARTICULIERS

Avant le démarrage de SPT, ACT et Planck, il n’existait pas de catalogue

d’amas sélectionné en SZ. Seules les propriétés SZ de quelques amas X étaient

connues grâce à des observations sol.

2005

L’extraction puis la publication des premiers catalogues ESZ et PSZ1 (Planck

Collaboration VIII, 2011; Planck Collaboration XXIX, 2014) ont motivé leur suivi à

d’autres longueurs d’onde, en X, en optique ou en SZ au sol. Je n’ai pas directement

réalisé ces campagnes d’observations mais y ai participé en aidant à la sélection des

cibles pour la validation XMM des amas Planck (partie 8.1) et en ré-extrayant les

flux Planck SZ, une fois assemblées les informations du suivi (partie 8.1, 8.2 et 8.3).

8.1 Suivis ciblés d’amas Planck

Une partie des amas Planck a été suivie en X par XMM. Ce programme a été coor-

donné par Monique Arnaud et a donné lieu à quatre papiers (Planck Collaboration IX,

2011; Planck Collaboration XXVI, 2011; Planck Collaboration Int. I, 2012; Planck

Collaboration Int. IV, 2013). Le premier objectif de ce programme était la validation

des détections de Planck, c’est-à-dire la vérification qu’elles étaient bien vues en X

par XMM. Le second objectif était de vérifier que leur flux SZ et leur flux X étaient

en bon accord.

51 détections Planck ont été validées par XMM et le paramètre YX de ces amas
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est en très bon accord avec le flux SZ de Planck. Ce résultat est présenté dans la

figure 8.1. Les nouveaux amas validés par XMM sont indiqués en vert et rouge. Ils se

trouvent à proximité de la ligne bleue de l’échantillon REXCESS d’amas sélectionnés

en X. L’accord entre flux SZ et paramètre YX reste donc valide et conforme à celui

constaté sur les échantillons sélectionnés en X.

Un autre résultat important a pu être établi grâce à ce programme de suivi :

les nouveaux amas détectés ont une morphologie plus perturbée que les amas déjà

connus en X. Ils ont aussi une plus faible brillance de surface X ce qui explique qu’ils

aient été manqués par les sondages X. Cette propriété peut être interprétée comme

un nouveau signe que la sélection SZ est plus proche d’une sélection en masse que la

sélection X qui semble favoriser, pour une masse donnée, les amas plus "relaxés" qui

ont une brillance de surface X plus élevée.

Le suivi XMM des amas Planck a aussi permis de détecter un nouvel amas à

z ∼ 1, un des deux plus lumineux en X pour z > 0.5 (Planck Collaboration XXVI,

2011).

Pendant ce suivi, Monique Arnaud a proposé un Large Program XMM pour étudier

plus précisément 32 amas Planck dans l’intervalle 0.5 < z < 1. Ce programme a été

accepté ; l’analyse de données est en cours de finalisation. Dans un deuxième temps,

un suivi Chandra systématique de tous les amas du catalogue ESZ a été proposé. Il

est mené par Christine Jones.1 Les premières observations semblent confirmer les pro-

priétés générales déduites des observations XMM. Le grand nombre d’observations

Chandra permettra d’étudier plus précisément chacun des amas (voir par exemple

Andrade-Santos et al., 2015) et de faire des études statistiques par catégories mor-

phologiques plus poussées.

Pour obtenir les redshifts des nouveaux amas, il faut réaliser des suivis optiques.

Ceux-ci sont coordonnés par Nabila Aghanim. Dans l’hémisphère nord, ils sont réal-

1 http://hea-www.cfa.harvard.edu/CHANDRA_PLANCK_CLUSTERS/
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Figure 8.1: Flux SZ des amas Planck suivis par XMM (en vert et rouge) en fonction

du paramètre YX. Le flux SZ est en bon accord avec le paramètre YX mesuré avec

XMM. Il suit la loi prédite avec l’échantillon REXCESS (ligne bleue) et déjà confirmée

sur l’échantillon ESZ-XMM (points noirs). La figure est extraite du papier Planck

Collaboration Int. IV (2013).
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isés à l’aide des télescopes des Canaries de l’ENO (redshifts spectroscopiques de 53

détections Planck, Planck Collaboration Int. XXXVI, 2015) et du télescope russo-

turc RTT (redshifts de 47 détections Planck, Planck Collaboration Int. XXVI, 2014).

Pour l’hémisphère sud, Nabila Aghanim a obtenu un Large Program à l’ESO. Les

données sont en cours d’analyse. Ces suivis ont joué un rôle crucial pour l’obtention

des redshifts nécessaires aux analyses cosmologiques.

Enfin, l’interféromètre AMI a suivi les amas Planck. Un premier résultat sur 11

amas (Planck and AMI Collaborations, 2013) a indiqué un déficit de flux SZ AMI

par rapport au flux SZ Planck qui pourrait être attribué au profil d’amas utilisé

pour l’extraction du flux AMI. Cette sous-estimation du flux a été confirmée sur

un échantillon de 123 amas suivis (99 amas détectés) (Perrott et al., 2015). Plus

récemment, l’interféromètre CARMA a suivi 19 amas Planck à plus haut redshift et

ne voit pas de biais en flux par rapport aux flux Planck publiés (Rodriguez-Gonzalvez

et al., 2015). Ce résultat pourrait indiquer que l’effet du profil est plus important

pour les amas à bas redshift (comme ceux suivis par AMI) qu’à plus haut redshift

(comme ceux suivis par CARMA).

Ainsi, le suivi des amas Planck n’en est qu’à ses débuts. Plusieurs centaines

de redshifts sont encore manquants dans le catalogue PSZ2 ce qui nécessitera la

poursuite des suivis optiques. Les premières observations X ont pour l’instant révélé

uniquement les caractéristiques générales des amas SZ à bas redshift. Enfin, l’accord

entre les flux Planck et les expériences sol reste encore à consolider.

8.2 Corrélation du catalogue Planck avec de nouveaux jeux de données

En parallèle des suivis déclenchés par l’obtention des catalogues ESZ et PSZ1, plusieurs

travaux de corrélation entre les amas Planck et d’autres catalogues ont été publiés.

En particulier, la comparaison du catalogue redMaPPer (Rykoff et al., 2014) avec

le catalogue PSZ1, à laquelle j’ai participé, a apporté un nouveau lien entre obser-
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vations optique et SZ. A partir des 245 amas en commun entre les deux catalogues,

Eduardo Rozo a établi une loi richesse-masse avec une dispersion modérée de 21% sur

la masse à richesse fixée. La figure 8.2 présente cette loi d’échelle qui a été utilisée

pour la confirmation de candidats dans le catalogue PSZ2. L’ensemble des résultats

de cette étude est présenté dans Rozo et al. (2015).

La collaboration SPT a quant à elle réagit à la publication du catalogue ESZ

en confirmant 5 amas du catalogue. 1 était présent dans l’échantillon SPT et les 4

autres ont été observés grâce à des poses courtes (Story et al., 2011). De même, la

collaboration Bolocam a suivi deux amas du ESZ, en a confirmé un et a désigné l’autre

(PLCKESZ G189.84-37.24) comme une probable fausse détection (Sayers et al., 2012).

CARMA a suivi trois amas du ESZ dont PLCKESZ G189.84-37.24. Elle a aussi

rejeté l’hypothèse que cette dernière détection est un amas mais a confirmé les deux

autres (Muchovej et al., 2012). AMI a pu suivre deux amas du catalogue ESZ.

Elle a confirmé l’existence d’un des deux mais n’a pas pu conclure pour le second

car contaminé par une source radio (Hurley-Walker et al., 2011). Plus récemment,

la collaboration Pan-STARRS a confirmé, en optique, 60 candidats du catalogue

PSZ1 (Liu et al., 2015).

Les suivis des amas Planck ont permis de valider des candidats, de commencer

à assembler les redshifts et d’obtenir les caractéristiques générales des amas

SZ grâce aux données X et SZ au sol. Les corrélations croisées ont permis

d’établir des lois d’échelles X-SZ et optique-SZ qu’il a été possible d’utiliser

pour valider de nouvelles détections dans le catalogue PSZ2.

Avancées notables
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Figure 8.2: Richesse optique en fonction de la masse pour les amas en commun entre

le PSZ1 et redMaPPer (points noirs). L’ajustement est la ligne continue rouge et

l’erreur à ±1σ est matérialisée par les lignes en tirets. Les 5 outliers (> 3σ) en bleu

sont dus à 1 mauvaise photométrie SDSS et à 4 mauvaises associations (les véritables

associations étant à plus haut z). Le point violet n’est pas à strictement parler un

outlier (car il dévie à moins de 3σ) mais est lui aussi une mauvaise association. La

figure est extraite du papier Rozo et al. (2015).
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8.3 Etudes multi-longueur d’onde d’amas particuliers

En parallèle des suivis systématiques des amas Planck décrits dans la partie 8.1, des

objets particuliers ont attiré l’attention de la collaboration.

Tout d’abord PLCKG214.6+37.0, un amas triple suivi avec XMM. L’étude menée

par Mariachiara Rossetti a montré que la somme des flux X des trois composantes cor-

respondait au flux total SZ mesuré par Planck et qu’il n’y avait donc pas d’indication

de présence de gaz chaud supplémentaire entre les amas (Planck Collaboration Int.

VI, 2013). Pour cette étude, j’ai ré-extrait le flux SZ à l’aide du MMF en utilisant

cette fois un modèle à trois composantes basé sur l’observation XMM plutôt que le

profil de Arnaud et al. (2010) utilisé pour l’extraction standard.

Un autre papier, mené par Guillaume Hurier, a mis en évidence un pont de gaz

entre les amas A399 et A401 (Planck Collaboration Int. VIII, 2013). Enfin, Pasquale

Mazzotta a conduit une travail sur l’amas Coma (suffisamment étendu pour être résolu

par Planck). Cette étude a montré la présence de chocs dans la carte de pression à

deux dimensions (Planck Collaboration Int. X, 2013). J’ai participé marginalement

à ces deux derniers papiers en ré-extrayant les flux SZ des amas considérés.

Enfin, il a été possible, pour la première fois, de mesurer avec Planck le profil de

pression universel des amas jusqu’à un rayon supérieur au rayon viriel en moyennant

le signal des 62 amas de l’échantillon ESZ-XMM (Planck Collaboration Int. V, 2013;

Planck Collaboration et al., 2013). Le papier a été mené par Etienne Pointecouteau.

Les résultats principaux sont présentés dans la figure 8.3. Les profils individuels

sont les lignes grises et le profil moyen correspond aux points rouges. La dispersion

est indiquée par la bande rouge. La prédiction de l’ajustement de Arnaud et al.

(2010) est montré en ligne continue noire et l’erreur correspondante par les lignes en

pointillés. Les points rouges sont situés légèrement au-dessus du modèle à grand rayon

ce qui pourrait indiquer un excès de pression dans les parties externes par rapport

aux simulations. Pour cette étude, j’ai développé une méthode de moyennage des
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profils que je n’ai pas poussée suffisamment loin pour qu’elle aboutisse dans cette

publication par faute de temps. Un des développements possibles futurs de cette

étude est l’obtention de profils moyens de catalogues plus grands sélectionnés selon

leurs propriétés X ou optiques.

Le profil moyen d’amas publié dans le papier Planck Collaboration Int. V (2013)

est en bon accord avec les profils obtenus avec CARMA (Bonamente et al., 2012)

et Bolocam (Sayers et al., 2013a). Ces travaux ont par ailleurs stimulé des études

jointes sur les profils SZ de Planck et X de ROSAT (Eckert et al., 2013a,b).

Les suivis des amas Planck vont continuer pour finir d’assembler les redshifts

et mieux comprendre leur physique. L’évolution des propriétés des amas SZ

en fonction du redshift est encore inconnue : elle sera étudiée via de nouvelles

observations X et optiques, confrontées à des simulations.

2015

C’est l’objectif essentiel du projet ERC de Monique Arnaud qui vise à détecter ces

amas à grand redshift (z ∼ 1), à étudier leurs propriétés physiques et à les comparer

à celles des amas Planck à bas redshift.
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Figure 8.3: Profil de pression Planck obtenu en moyennant les profils des 62 amas du

ESZ-XMM après mise à l’échelle spatiale caractéristique R500 sur l’axe x et mise à

l’échelle de la normalisation attendue Y500/R
2
500 sur l’axe y. Les lignes grises sont les

profils individuels et le profil moyen est donné par les points rouges. La bande rouge

indique le dispersion autour du profil moyen. Les barres d’erreur sur les points rouges

donnent l’erreur statistique. La ligne continue noire (PA10) est la prédiction du profil

attendu basée sur les données XMM et des simulations (Arnaud et al., 2010). Les

lignes noires en pointillés montrent l’erreur sur la prédiction. La figure est extraite

du papier Planck Collaboration Int. V (2013).



Chapitre 9

DÉFINITION DES MISSIONS FUTURES

Les travaux que j’ai décrit dans les chapitres précédents sont en grande majorité

liés à Planck.

Quand je suis entré dans la collaboration Planck en 2005, les caractéris-

tiques de la mission étaient parfaitement définies et le cadre de travail par

conséquent fixé.

2005

Par la suite, j’ai eu l’occasion de sortir de ce cadre par trois fois en participant à

la définition d’expériences futures : le sondage XXL à partir de 2008 et les missions

post-Planck, PRISM et COrE+, en 2013 et 2014.

9.1 Le sondage XXL

XXL est un sondage en rayons X profond (de sensibilité 5 10−15erg/s/cm2 dans la

bande [0.5 − 2]keV) effectué avec le satellite XMM sur une surface de 2 × 25 deg2

(divisée entre hémisphère nord et sud). Cette sensibilité correspond à des pointés

de 10 ks pour un temps total de l’ordre de 6 Ms. C’est une extension du sondage

pilote XMM-LSS (Pacaud et al., 2007) de même profondeur, réalisé sur une surface de

10 deg2. J’ai participé activement aux premières étapes de la définition du XXL avec

Marguerite Pierre et Florian Pacaud dès 2007 (Pierre et al., 2008). Les études ont

ensuite été poussées à terme ; elles ont mené à des prédictions cosmologiques précises

présentées dans Pierre et al. (2011). Ce papier a permis en outre de convaincre le

Time Allocation Committee d’XMM d’allouer le temps nécessaire au sondage.
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L’idée principale du sondage est de disposer de pointés contigus de même durée

pour obtenir deux champs continus et de profondeur homogène. Ainsi, il est en

théorie possible d’extraire l’information cosmologique de la fonction de corrélation

des amas en plus de celle des comptages. Le choix de deux champs plutôt qu’un a

été motivé par des considérations de suivis multi-longueur d’onde. Le champ au nord

est couvert en optique par le télescope CFH alors que le champ au sud l’est par le

télescope Blanco. D’autres sondages couvrent par ailleurs la même zone (par exemple

SPT pour le sud). A titre d’illustration, la figure 9.1 montre la couverture du ciel

XXL pour le champ nord. Chaque cercle représente un pointé XMM de diamètre

30 arcmin. Les pointés du programme pilote XMM-LSS sont indiqués en bleu, ceux

du XXL en rouge.

Les amas détectés par le sondage XXL sont beaucoup moins massifs (∼ 1013M�)

que les amas Planck mais couvrent une gamme en redshift plus grande (0 < z < 1.5).

Comme pour l’analyse cosmologique de Planck, la maîtrise des lois d’échelles sera une

des clefs pour contraindre les paramètres cosmologiques. Pour les masses des amas

XXL, les processus non-gravitationnels ont plus d’importance que pour les masses des

amas Planck ce qui rend a priori cette tâche plus difficile. Cependant, l’analyse CR-

HR proposée par Clerc et al. (2012) et utilisée avec succès sur les données d’archive

XMM, pourrait faciliter cette tâche en aidant à contraindre les lois d’échelle en même

temps que les paramètres cosmologiques pour le sondage XXL. Pour plus de détails

sur le sondage XXL, on pourra se référer à la page http://irfu.cea.fr/xxl.

9.2 La mission PRISM

PRISM (The Polarized Radiation Imaging and Spectroscopy Mission) est une mission

spatiale proposée en réponse à l’appel d’offre de l’ESA sur les créneaux de mission

"Large" L2 et L3 pour des lancements en 2028 et 2034 respectivement. Le satellite,

équipé d’un miroir de 3.5 m, emporte un spectro-imageur sensible à la polarisation,

http://irfu.cea.fr/xxl
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Figure 9.1: Couverture du sondage XXL nord. Les pointés XMM sont représen-

tés par des cercles de 30 arcmin de diamètre. En bleu, les pointés du pro-

gramme pilote XMM-LSS. En rouge, les pointés ajoutés dans le cadre du programme

XXL. En jaune, des pointés d’autres observations XMM. La figure est tirée de

http://irfu.cea.fr/Sap/Phocea/Vie_des_labos/Ast/ast.php?t=actu&id_ast=3051.
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Figure 9.2: Masses limites en fonction du redshift (à gauche) et fraction d’amas

détectés en fonction de la masse (à droite) avec PRISM pour les différents effets

SZ à S/N> 5. Les objets plus massifs que M > 4 × 1013M� sont détectés à

plus de 5σ à tous les redshifts (ligne continue rouge). PRISM est aussi capable

de mesurer les vitesses particulières pour la plupart des amas (M > 2 × 1014M�,

ligne en tirets bleus) et de déterminer les températures pour les systèmes les plus

massifs (ligne en points-tirets verts). La figure est extraite de http://www.prism-

mission.org/documents/prism_white_paper_new.pdf.

observant dans un grand nombre de bandes de fréquences comprises entre 30 GHz et

6 THz. Ces caractéristiques exceptionnelles permettent d’explorer en profondeur la

science du CMB primaire, l’astrophysique galactique et extra-galactique. Les perfor-

mances attendues pour les amas sont présentées dans la figure 9.2. La mission permet

de détecter l’ensemble des amas (M > 4× 1013M�) de l’Univers observable par effet

SZ thermique (de l’ordre d’un million d’objets), de mesurer les vitesses radiales de

ceux ayant une masse M > 2 × 1014M� et de déterminer les températures des plus

massifs. J’ai participé activement à la construction de l’ensemble du cas scientifique

SZ pour cette mission.

Le projet est décrit en détail dans PRISM Collaboration et al. (2013) et publié

dans André et al. (2014). Pour la version la plus à jour du white paper, on pourra con-
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sulter http://www.prism-mission.org/documents/prism_white_paper_new.pdf. Fin

2013, Athena (mission X) et une mission ondes gravitationnelles (probablement eLISA)

ont été sélectionnées sur les créneaux L2 et L3 mais PRISM a été favorablement éval-

uée par les comités ESA (http://sci.esa.int/cosmic-vision/53261-report-on-science-

themes-for-the-l2-and-l3-missions/#).

La mission PRISM, bien que non-sélectionnée par l’ESA, a permis de pour-

suivre la dynamique de construction d’une mission post-Planck, initiée lors

du précédent appel à mission "Medium" M3 (http://www.core-mission.org).

Elle a aussi permis d’élargir le cas scientifique en incluant l’étude des distor-

tions spectrales du CMB et en renforçant les axes astrophysiques.

Avancées notables

9.3 La mission COrE+

A la suite de l’évaluation positive de PRISM par le Senior Survey Committee de l’ESA,

il a été décidé de re-proposer une mission focalisée sur le CMB primaire en réponse à

l’appel d’offre M4 lancé en 2014. L’idée principale est de remettre la science CMB au

centre et de réduire les ambitions de PRISM, en retirant le spectromètre, en réduisant

la taille du miroir à celui de Planck (1.5 m) et en se concentrant sur un nombre de

fréquences limité dans l’intervalle [60-600] GHz. Comme pour PRISM, j’ai étudié le

cas scientifique SZ de cette mission, nommée COrE+ pour Cosmic Origin Explorer.

Elle est dans la lignée de celle proposée pour le créneau M3 avec des améliorations,

notamment au niveau de la stratégie d’observation de la polarisation (d’où le + après

COrE). Elle permet de détecter environ 105 amas, un nombre équivalent à celui

attendu avec les prochaines missions X eROSITA (2016) et optique Euclid (2020).

La distribution prédite en masse et redshift des amas COrE+ est présentée dans

la figure 9.3 (cercles bleus). A titre de comparaison, les amas Planck PSZ2 pour
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Figure 9.3: Distribution en masse et redshift du catalogue d’amas COrE+ détecté à

S/N> 5 (cercles bleus). Les 1093 amas du catalogue Planck PSZ2 ayant un redshift

mesuré sont indiqués en disques verts. COrE+ a la capacité de détecter de l’ordre

de 105 amas et d’étendre la couverture en redshift à z > 2. La figure est extraite

de la réponse à l’appel d’offre M4 de l’ESA. Le gain en sensibilité de COrE+ par

rapport à Planck est dû à la technologie des matrices de bolomètres qui permet la

multiplication du nombre de détecteurs dans le plan focal.

lesquels les redshifts ont été mesurés sont représentés en disques verts. Alors que la

distribution des amas Planck s’arrête à z ∼ 1, COrE+ permet d’explorer le domaine

de redshift compris entre 1 et 2 et d’obtenir des premières détections d’amas massifs

à z > 2 si les lois d’échelles flux-masse évoluent de façon standard.



96

Malheureusement, COrE+ a été rejetée début 2015 pour des raisons tech-

niques et financières : les technologies détecteur et cryogénie n’ont pas été

jugées assez avancées pour un lancement en 2025 et le rapport de l’ESA

juge les risques de dépassement du budget global importants. Une réponse

à l’appel d’offre pour un créneau M5 (lancement en 2030) devra a minima

tenir compte de ces recommandations.

2015



Chapitre 10

CONCLUSION ET PERSPECTIVES SCIENTIFIQUES

10.1 Points saillants des analyses SZ entre 2005 et 2015

La période 2005-2015 a vu le lancement des grands sondages SZ (SPT et ACT en

2007, Planck en 2009). Très rapidement, SPT a réalisé la première détection en aveu-

gle d’un amas en 2008. Les premiers catalogues d’amas sélectionnés en SZ, pour les

études cosmologiques, ont suivi (SPT en 2010, ACT et Planck en 2013). Dès 2013, les

contraintes cosmologiques obtenues à partir des amas SZ avec Planck sont en tension

avec le CMB primaire sur la valeur de σ8. Deux voies de sortie sont actuellement en-

visageables : le modèle ΛCDM minimal n’est plus suffisant pour expliquer l’ensemble

des données, ou bien la physique des amas de galaxies est encore mal comprise et

les masses des amas sont 40% plus grande qu’estimées aujourd’hui. Cette seconde

hypothèse entrainerait que la fraction de gas des amas serait significativement plus

faible que la fraction de baryons universelle, un résultat non prédit par les simulations

numériques.

Cette première série de sondages SZ a fourni de grands catalogues sélectionnés

en SZ (677 candidats pour SPT (Bleem et al., 2015), 1653 pour Planck (Planck

Collaboration XXVI, 2015)). Elle a aussi permis la détection statistique du gas

dans de grands échantillons d’amas de galaxies et de galaxies de faible masse (entre

quelques 1012 et 1013M�).

L’après 2010 a vu les premières détections de nouveaux effets : kSZ de façon

statistique (Hand et al., 2012; Planck Collaboration Int. XXXVII, 2015) et indi-

viduelle (Sayers et al., 2013b), l’effet de lentille gravitationnelle des amas sur les

anisotropies du CMB (Baxter et al., 2014; Melin & Bartlett, 2015; Planck Collabora-



98

tion XXIV, 2015; Madhavacheril et al., 2015). Ce dernier laisse entrevoir une nouvelle

possibilité de mesurer la masse des amas avec précision sur de grands catalogues.

La science SZ a donc ouvert une nouvelle fenêtre pour l’étude des amas de galax-

ies, à la suite de l’optique et des rayons X. Elle a offert une multitude de nouveaux

amas et un processus de sélection facilement maîtrisable qui a permis d’obtenir des

contraintes cosmologiques précises, mais encore dominées par les incertitudes systé-

matiques d’estimation de la masse des amas. Les progrès viendront désormais des

analyses multi-longueur d’onde (SZ, X et optique) et de leur confrontation sur des

catalogues de plus en plus grands pour améliorer notre compréhension de la physique

des amas.

10.2 Perspectives scientifiques par domaines d’intérêt

Trois grandes perspectives scientifiques sont envisageables avec le SZ pour les prochaines

années. En premier lieu, une étude plus approfondie de la physique des amas (par-

tie 10.2.1). Ensuite, la détection de nouveaux effets SZ (partie 10.2.2). Enfin l’améliora-

tion des contraintes cosmologiques avec les amas (partie 10.2.3).

10.2.1 Physique des amas

L’ouverture de la fenêtre SZ va permettre d’approfondir notre connaissance sur la

physique des amas à travers l’étude de profils de pression (par exemple en SZ avec

NIKA2), de gaz (en X avec XMM ou Chandra) et de matière noire (en X ou par

effet de lentille faible). Ces études vont se faire pour des échantillons nouveaux,

sélectionnés en SZ, et couvrant un domaine de redshift allant jusqu’à z ∼ 1.5.

Outre la matière noire et le gaz, le contenu en galaxies et poussière est aussi un

élément d’étude important pour comprendre les interactions entre la phase gazeuse

et stellaire des amas ainsi que l’effet des noyaux actifs de galaxies sur le gaz.

Ces travaux s’inscrivent plus généralement dans l’étude de l’assemblage des grandes
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structures des plus hauts redshifts (z ∼ 5) à nos jours.

10.2.2 Le challenge de la détection de nouveaux effets SZ

L’effet SZ thermique est désormais détecté de façon quasi routinière. L’effet SZ

cinétique est pour l’instant uniquement détecté sur un amas merger et statistiquement

par étude de paires. Il faudra essayer de pousser ces études plus loins avec des

nouveaux instruments plus sensibles et/ou ayant une meilleure résolution. Ces études

sont déterminantes pour tester les champs de vitesse des grandes structures.

L’effet SZ thermique relativiste reste à mettre en évidence. Cela semble diffi-

cile avec les données actuelles mais ce n’est peut-être pas impossible en travaillant

statistiquement sur des catalogues de plusieurs centaines d’objets, les études actuelles

ayant été réalisées sur quelques dizaines d’amas seulement.

Enfin, les effets SZ polarisés (mesure du quadrupole local du CMB, accès aux

vitesses transverses des amas) ne sont pas détectables par Planck et ne semblent

pas à la portée de la prochaine génération d’expérience. Seul le concept PRISM

permettrait leur détection. Une autre possibilité serait de construire des expériences

spécifiques pour les mesurer.

10.2.3 Cosmologie avec les amas

Les catalogues SZ ont permis de faire des avancées majeures pour les contraintes

cosmologiques avec les amas mais celles-ci sont encore limitées en précision par notre

connaissance de l’échelle de masse des amas. Il faut obtenir une précision de quelques

pour cent (au plus 10%) sur la masse pour pouvoir définitivement trancher sur la

tension avec le CMB primaire. Les études statistiques d’effet de lentille du CMB par

les amas de galaxies pourraient permettre d’atteindre ces précisions si les catalogues

d’amas sont suffisamment grands et les erreurs systématiques maîtrisées sous le niveau

des statistiques.
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Ainsi, il est très probable que les contraintes cosmologiques avec les amas at-

teindront leur apogée dans les cinq à dix prochaines années, lorsque les différentes

méthodes de mesure de masse (équilibre hydrostatique en X ou SZ, lentille faible

en optique ou avec le CMB, etc) auront amélioré leur précision et que les études

multi-longueur d’onde auront permis de mieux comprendre les systématiques.

10.3 Pour terminer

A la suite de SPT, ACT et Planck, les missions eROSITA (en X pour 2016) et Euclid

(en optique pour 2020) fourniront à leur tour deux catalogues d’amas de galaxies tout

le ciel d’une centaine de milliers d’objets chacun. Des contraintes cosmologiques avec

les amas sont attendues pour chacune d’elles. La figure 10.1 présente les prédictions

des contraintes avec les amas de galaxies eROSITA (comptages et évolution du spectre

de puissance). Celles-ci dépendent aussi de la connaissance des lois d’échelle des amas.

Les contours pessimistes supposent les incertitudes actuelles sur la loi LX −M alors

que les contours optimistes supposent que les incertitudes seront divisées par deux.

Il sera dès lors important de continuer à travailler sur la compréhension de la

physique des amas et des lois d’échelle avec les trois jeux de données (Planck, eROSITA,

Euclid) en étudiant les propriétés des objets de chaque catalogue dans les deux autres

jeux de données.



101

Figure 10.1: Contraintes cosmologiques attendues avec eROSITA pour différents mod-

èles cosmologiques en contours pleins. Les contraintes obtenues par les analyses

précédentes sont matérialisées par des contours vides. "PNG" signifie "Primordial

Non Gaussianity". Les contours pessimistes supposent les incertitudes actuelles sur

la loi LX −M alors que les contours optimistes supposent que les incertitudes seront

divisées par deux. La figure est extraite de Merloni et al. (2012).
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Annexe A

UNPUBLISHED RESULTS

In this Appendix, I give details on works that I did, for which I have not found

time to write a publication. Since there is some chance that I never find time to do

it I prefer to include them in this Appendix. These works are related to my initial

publication on matched filters (Melin et al., 2006), later improved for the Planck

launch (Melin et al., 2012). I continued to improve the algorithms after launch, for

the three Planck catalogues (Planck Collaboration VIII, 2011; Planck Collaboration

XXIX, 2014; Planck Collaboration XXVI, 2015). In particular, I calculated the error

on the size (Section A.1) and on the position (Sect. A.2) provided by the matched

filters. I also computed the degeneracy contours in the size-flux plane which are

provided with the PSZ1 and PSZ2 (Sect. A.3).

A.1 Error on cluster size

As in chapter 3, we define the observed maps as a vector m(x) of N components, N

being the number of frequencies of a given experiment. The maps contain a cluster

of amplitude yo with a normalized profile tt(x). The other components (e.g., primary

CMB, point sources, galactic dust) and the instrumental noise are labelled as n(x).

The cluster profile tt(x) is characterized by its size θt.

m(x) = yott(x) + n(x) (A.1)

Let us define the estimator of signal-to-noise Sθ′t for a given size θ′t as

Sθ′t =
ŷo

σθ′t
(A.2)
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with ŷo being the estimated Compton parameter for a filter size θ′t and σθ′t its corre-

sponding error, given in equation 3.2 and 3.4 of chapter 3 respectively.

We choose the following estimator for the cluster size θ̂t:

Sθ̂t = max
θ′t

(Sθ′t) (A.3)

Our goal is to compute the error on θ̂t. For this purpose, we define

∆θ′t,θ
′′
t

= Sθ′t − Sθ′′t (A.4)

The ∆θ′t,θ
′′
t
estimators have a mean

< ∆θ′t,θ
′′
t
>= yo

[
σθ′t

∫
d2k tt′

t(k) ·P−1(k) · tt(k)− σθ′′t
∫
d2k tt′′

t(k) ·P−1(k) · tt(k)

]

(A.5)

and are correlated

< (∆θ′t,θ
′′
t
− < ∆θ′t,θ

′′
t
>)(∆θ′t,θ

′′′
t
− < ∆θ′t,θ

′′′
t
>) >=∫

d2k
[
σθ′ttt′

t(k)− σθ′′t tt′′
t(k)

]
·P−1 ·

[
σθ′ttt′(k)− σθ′′′t tt′′′(k)

]
(A.6)

Assuming that ∆θ′t,θ
′′
t
are Gaussian distributed, one can compute the probability

P (Sθ′t > Sθ′′t ) = P (∆θ′t,θ
′′
t
> 0) =

1

2

[
1 + erf

(
< ∆θ′t,θ

′′
t
>√

2σθ′t,θ′′t

)]
(A.7)

where σ2
θ′t,θ
′′
t

=< (∆θ′t,θ
′′
t
− < ∆θ′t,θ

′′
t
>)2 > and < ∆θ′t,θ

′′
t
> is approximated by ∆θ′t,θ

′′
t

(because we know ŷo but not yo).

We now want to compute

P (Sθ′t = max
θ′′t

(Sθ′′t )) = P (Sθ′t > Sθ′′t ,0 &Sθ′t > Sθ′′t ,1 & ...) (A.8)

which correspond to n − 1 correlated conditions, n being the number of filter sizes.

Defining Nθ′t
the (n− 1)× (n− 1) matrix with coefficients
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< (∆θ′t,θ
′′
t
− < ∆θ′t,θ

′′
t
>)(∆θ′t,θ

′′′
t
− < ∆θ′t,θ

′′′
t
>) >, θ′′t and θ′′′t being different than θ′t, we

have

P (Sθ′t = max
θ′′t

(Sθ′′t )) =

(
1√
2π

)n−1(
1

detNθ′t

) 1
2
∫

X>0

dn−1X e
− 1

2
(X−<∆θ′t,θ

′′
t
>)t·Nθ′t

−1·(X−<∆θ′t,θ
′′
t
>) (A.9)

with < ∆θ′t,θ
′′
t
> being the n− 1 column vector with θ′t fixed and θ′′t varying across

filter size but different from θ′t. This integral with n− 1 dimensions can be computed

by Monte Carlo for each θ′t.

Then, the mean value for θ̂t is given by < θ̂t >=
∑

θ′t
θ′t × P (Sθ′t = maxθ′′t (Sθ′′t ))

and the error

ς2
θ̂t

=
∑

θ′t
(θ′t − θ̂t)

2 × P (Sθ′t = max
θ′′t

(Sθ′′t )) (A.10)

A.2 Error on the position

Let’s p be the pixel corresponding to the cluster center. We estimate the pixel p̂ of

the cluster center with

Sθ̂t(p̂) = max
p′

(Sθ̂t(p
′)). (A.11)

We now want to compute the radius rp̂ around p̂ in which the center has 95% prob-

ability to lie. We follow the same method as for the size. We need to compute, for

each pixel p′,

P [Sθ̂t(p
′) = max

p′′
(Sθ̂t(p

′′))]. (A.12)

We thus define, as in the previous paragraph,

∆p′,p′′ = Sθ̂t(p
′)− Sθ̂t(p

′′) (A.13)

and we can compute

< ∆p′,p′′ >= yoσθ̂t

∫
d2k tt̂

t(k) ·P−1(k) · tt̂(k)
[
e−ik·(p

′−p) − e−ik·(p′′−p)
]

(A.14)
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where tt̂
t(k) is the profile scaled to the size θ̂t, and

< (∆p′,p′′− < ∆p′,p′′ >)(∆p′,p′′′− < ∆p′,p′′′ >) >=

σ2
θ̂t

∫
d2k tt̂

t(k) ·P−1(k) · tt̂(k)
[
e+ik·(p′−p) − e+ik·(p′′−p)

] [
e−ik·(p

′−p) − e−ik·(p′′′−p)
]
.

.(A.15)

Now, we compute, for each p′, P [Sθ̂t(p
′) = maxp′′(Sθ̂t(p

′′))] through Monte Carlo

integrations assuming that the ∆p′,p′′ are Gaussian distributed.

We obtain the 95% probability radius rp̂ by

∑
||p̂−p′||<rp̂

P [Sθ̂t(p
′) = max

p′′
(Sθ̂t(p

′′))] = 0.95 . (A.16)

In practice, for Planck, we only compute P [Sθ̂t(p
′) = maxp′′(Sθ̂t(p

′′))] for a set

of (7× 7− 1) p′ pixels around p̂ because, in average, the probability goes to zero at

a distance of 2 to 3 pixels from p̂ and also because the size of the covariance matrix

< (∆p′,p′′− < ∆p′,p′′ >)(∆p′,p′′′− < ∆p′,p′′′ >) > increases quickly with the number

of pixels.

A.3 Degeneracy contours

The Planck resolution (∼ 5 arcmin) is slightly bigger than the typical size of a galaxy

cluster (1 arcmin). Thus, Planck cannot determine accurately the size for the bulk of

clusters. Unfortunately, the extracted flux is highly degenerated with the estimated

size. The Planck collaboration thus decided to provide degeneracy contours in the

flux-size plane (Y, θt) for each cluster.

For the MMF, I have used the results from Chapter 3 and Section A.1 to build

these contours. Under the assumption of the noise being Gaussian, the probability

of a cluster to have the flux Y for a given filter size θt is

P (Y |θt) ∝
1

σθt
e
− (Y−Ŷ )2

2σ2
θt (A.17)
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where σθt and Ŷ are given by equation 3.4 and 3.5 respectively.

The probability that the size of the cluster is θt is given by

P (θt) ∝ e
− (θt−θ̂t)2

2ς2
θ̂t (A.18)

where θ̂t and ς are given by equation A.3 and A.10 respectively.

The two previous probabilities can be multiplied to build the joint log-probability

lnP (Y, θt) = cste− (Y − Ŷ )2

2σ2
θt

− ln(σθt)−
(θt − θ̂t)

2

2ς2
θ̂t

(A.19)

The degeneracy contours are then simply obtained by normalizing the integral of

P (Y, θt) = elnP (Y,θt) to 1.



Annexe B

ORIGINALITÉ DES RECHERCHES PRÉSENTÉES

Sur la période 2005-2015, j’ai concentré mes recherches selon deux axes :

• les contraintes cosmologiques avec les amas de galaxies Sunyaev-Zel’dovich (para-

graphe B.1),

• l’étude de la physique des amas (paragraphe B.3).

Ces deux axes sont intimement liés à la mesure de la masse des amas, quantité

nécessaire à l’obtention de contraintes cosmologiques précises. J’ai attaqué ce pro-

blème via l’étude de l’effet de lentille gravitationnelle des amas sur le fond diffus cos-

mologique (paragraphe B.2). Enfin, les connaissances acquises au cours de ces études

m’ont permis de travailler à la préparation de missions futures (paragraphe B.4).

B.1 Contraintes cosmologiques avec les amas Sunyaev-Zel’dovich

L’obtention de contraintes cosmologiques avec les amas SZ est un travail de longue

haleine. Il nécessite d’avoir à disposition, outre un jeu de données (Planck), des simu-

lations, un code d’extraction d’amas et une vraisemblance cosmologique. J’ai travaillé

directement sur la conception et le codage des deux premiers aspects (simulations et

code d’extraction) et participé activement à la conception des différentes versions du

code de vraisemblance Planck.

Simulations SZ

J’ai développé la majorité du code semi-analytique DMB (Delabrouille-Melin-

Bartlett) du Planck Sky Model de façon à ce qu’il soit rapide et qu’il reproduise

le plus fidèlement possible notre connaissance des amas de galaxies, en particulier
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celle acquise en rayons X avec XMM. L’outil s’est révélé essentiel pour comparer

les performances des différents algorithmes de détection de Planck et caractériser la

fonction de sélection des catalogues.

Extraction d’amas

J’ai développé le MMF (Matched Multi Filter) pour l’extraction des amas de

galaxies dans les données Planck. L’outil est robuste et performant : il a été uti-

lisé pour les trois catalogues d’amas publiés. Le MMF a aussi été adopté par les

collaborations SPT et ACT pour la construction de leurs catalogues.

Caractérisation de la fonction de sélection du catalogue d’amas de Planck

J’ai proposé une modélisation simple de la fonction de sélection du catalogue

d’amas de Planck à partir des cartes de bruit du MMF. Cette modélisation est proche

des estimations Monte Carlo plus complexes et a servi à l’obtention des contraintes

cosmologiques avec Planck.

Contraintes cosmologiques

Au début de l’analyse, j’ai proposé aux différentes équipes Planck un challenge

avec pour objectif l’obtention de contraintes cosmologiques à partir d’un catalogue

simulé. Ce challenge a servi de base au développement des outils d’analyse du premier

papier Planck sur les contraintes cosmologiques avec les amas. J’ai ensuite encadré

le travail d’analyse présenté dans le second papier.

B.2 Effet de lentille gravitationnelle des amas sur le CMB

L’analyse cosmologique des amas de galaxies est limitée par notre connaissance de la

masse des amas. Les meilleures précisions sur celle-ci sont obtenues via des télescopes

au sol, en observant l’effet de lentille gravitationnelle faible. Les erreurs statistiques

sont de l’ordre de 10% sur la masse pour des échantillons de quelques dizaines d’amas
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mais les erreurs systématiques entre les différentes méthodes (CCCP et WtG par

exemple) restent du même ordre de grandeur.

Pour attaquer ce problème crucial de mesure de masse des amas, j’ai développé

une méthode d’extraction statistique du signal de lentille des amas sur le fond diffus

cosmologique. Cet outil combine : une reconstruction optimale de la carte du fond

diffus, un extracteur quadratique du potentiel de lentille et un filtre adapté. Il a per-

mis de détecter l’effet pour la première fois sur l’échantillon cosmologique de Planck

avec un signal-sur-bruit de cinq.

B.3 Physique des amas

L’étude de la physique des amas est un domaine de recherche très vaste. Je l’ai essen-

tiellement abordé sous l’aspect statistique, en moyennant les propriétés de nombreux

objets de catalogues connus à d’autres longueurs d’onde.

Lois d’échelles SZ-X et SZ-optique

Le MMF est un filtre non biaisé, ce qui signifie qu’il retourne en moyenne la

valeur exacte (sans biais !) du flux d’un amas sur le ciel. J’ai eu l’idée d’utiliser cette

propriété du MMF pour moyenner le signal SZ des amas X selon leur luminosité,

dans les données WMAP. Il a ainsi été possible d’obtenir les premières lois d’échelles

statistiques SZ-X. La méthode a ensuite été appliquée avec succès sur les catalogues

d’amas X et optique, ainsi que sur des catalogues de galaxies dans les données Planck.

Les effets SZ relativiste, cinétique et polarisé

Avec mes étudiants, je me suis attaqué à la détection des effets SZ relativiste,

cinétique et polarisé, en développant des MMF spécifiques. Malheureusement, seule

une détection statistique de l’effet SZ cinétique a été possible mais l’interprétation

du signal obtenu reste difficile. Les effets SZ relativiste et polarisé n’ont toujours pas

été mis en évidence.
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Amas particuliers

Les amas détectés par Planck ont été suivis à d’autres longueurs d’onde (optique,

X et SZ haute résolution au sol). Il est possible d’ajouter les informations de ces

données (comme la position ou la taille angulaire par exemple) dans le MMF pour ré-

extraire un flux Planck plus précis. Ainsi, j’ai construit un modèle spécifique d’amas

à trois composantes, basé sur les observations XMM, pour extraire le flux SZ d’un

super-amas découvert par Planck.

B.4 Missions futures

La maîtrise de l’outil de simulation SZ du Planck Sky Model et de l’outil d’extraction

MMF m’a permis d’établir des prédictions sur les performances des futures missions

spatiales proposées quant à la science amas.
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ACTIVITÉS D’ENCADREMENT

Stage de Licence

Encadrement du stage de L3 d’Alexandre Boucaud, mai - juillet 2008 : Apports

correctifs au profil des amas de galaxies du Planck Sky Model

Stage ingénieur

Encadrement du stage de troisième année de Polytechnique de Corentin Lohat,

mars - juillet 2015 : A la recherche de l’effet Sunyaev-Zel’dovich polarisé

Thèses de doctorat

Encadrement de la thèse de Sarah Puisieux, 2010 - 2013 : Etude des effets

Sunyaev-Zel’dovitch cinétique et relativiste dans les données Planck

Participation à l’encadrement de thèse de Matthieu Roman, 2011 - 2014 : Amas

de galaxies détectés par Planck avec l’effet Sunyaev-Zel’dovich thermique : contraintes

cosmologiques et spectre angulaire

Encadrement de la thèse de Loïc Verdier, 2013 - (en cours) : Détection simul-

tanée d’amas de galaxies dans les données des satellites Planck et ROSAT - Recherche

de sources dans des jeux de données inhomogènes

Post-doctorants

Travail en étroite collaboration avec Rocco Piffaretti sur le papier Planck Col-

laboration X (2011) en 2010 et 2011

Travail avec Antoine Chamballu sur la mise en place du formalisme pour le sec-

ond papier de contraintes cosmologiques avec les amas Planck (Planck Collaboration

XXIV, 2015) en 2013 et 2014
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Travail en étroite collaboration avec Paula Tarrio-Alonso depuis 2014 sur

l’extraction jointe X-SZ d’amas de galaxies

Responsabilités au sein de Planck

Coresponsable du projet Production and Exploitation of the SZ Cluster catalogue

avec Anthony Lasenby (Cambridge) avant 2013

Responsable du groupe de travail WG5.1 Detection of new clusters and selection

function of a Planck cluster sample après 2013

Coresponsable de trois early papers (Planck Collaboration VIII, 2011; Planck Col-

laboration X, 2011; Planck Collaboration XII, 2011), du papier résultats 2013 Planck

Collaboration XX (2014) avec Marian Douspis (IAS Orsay) et Richard Battye (Uni-

versité de Manchester), des papiers résultats 2015 Planck Collaboration XXVI (2015)

avec David Sutton (Cambridge) et Planck Collaboration XXIV (2015) avec James

Bartlett (APC Paris, JPL Passadena)
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de sélection et contraintes cosmologiques avec les amas (partie E.2), mesure de masse

par effet de lentille sur le CMB (partie E.3), lois d’échelles (partie E.4). Pour chaque

thématique, je renvoie au chapitre correspondant dans ce document.
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ABSTRACT

We present a method based on matched multifrequency filters for extracting cluster catalogs from Sunyaev-Zel’dovich (SZ) surveys.
We evaluate its performance in terms of completeness, contamination rate and photometric recovery for three representative types of
SZ survey: a high resolution single frequency radio survey (AMI), a high resolution ground-based multiband survey (SPT), and the
Planck all-sky survey. These surveys are not purely flux limited, and they loose completeness significantly before their point-source
detection thresholds. Contamination remains relatively low at <5% (less than 30%) for a detection threshold set at S/N = 5 (S/N = 3).
We identify photometric recovery as an important source of catalog uncertainty: dispersion in recovered flux from multiband surveys
is larger than the intrinsic scatter in the Y − M relation predicted from hydrodynamical simulations, while photometry in the single
frequency survey is seriously compromised by confusion with primary cosmic microwave background anisotropy. The latter effect
implies that follow-up observations in other wavebands (e.g., 90 GHz, X-ray) of single frequency surveys will be required. Cluster
morphology can cause a bias in the recovered Y − M relation, but has little effect on the scatter; the bias would be removed during
calibration of the relation. Point source confusion only slightly decreases multiband survey completeness; single frequency survey
completeness could be significantly reduced by radio point source confusion, but this remains highly uncertain because we do not
know the radio counts at the relevant flux levels.

Key words. large-scale structure of Universe – galaxies: clusters: general – methods: data analysis

1. Introduction

Galaxy cluster catalogs play an important role in cosmology by
furnishing unique information on the matter distribution and its
evolution. Cluster catalogs, for example, efficiently trace large-
scale features, such as the recently detected baryon oscillations
(Eisenstein et al. 2005; Cole et al. 2005; Angulo et al. 2005;
Huetsi 2006), and provide a sensitive gauge of structure
growth back to high redshifts (Oukbir & Blanchard 1992; Rosati
et al. 2002; Voit 2004, and references therein). This mo-
tivates a number of ambitious projects proposing to use
large, deep catalogs to constrain both galaxy evolution mod-
els and the cosmological parameters, most notably the dark
energy abundance and equation-of-state (Haiman et al. 2000;
Weller & Battye 2003; Wang et al. 2004). Among the most
promising are surveys based on the Sunyaev-Zel’dovich (SZ)
effect (Sunyaev & Zeldovich 1970; Sunyaev & Zeldovich 1972;
and see Birkinshaw 1999; Carlstrom et al. 2002 for reviews),
because it does not suffer from surface brightness dim-
ming and because we expect the observed SZ signal to
tightly correlate to cluster mass (Bartlett 2001; Motl et al. 2005).
Many authors have investigated the scientific potential of
SZ surveys to constrain cosmology (e.g., Barbosa et al.
1996; Colafrancesco et al. 1997; Holder et al. 2000;
Kneissl et al. 2001; Benson et al. 2002), emphasizing the advan-
tages intrinsic to observing the SZ signal.

� New address: CEA Saclay, DAPNIA/SPP, 91191 Gif-sur-Yvette,
France.

Cosmological studies demand statistically pure catalogs with
well understood selection criteria. As just said, SZ surveys are
intrinsically good in this light; however, many other factors –
related, for example, to instrumental properties, observing con-
ditions, astrophysical foregrounds and data reduction algorithms
– influence the selection criteria. This has prompted some au-
thors to begin more careful scrutiny of SZ survey selection
functions in anticipation of future observations (Bartlett 2001;
Schulz & White 2003; White 2003; Vale & White 2006; Melin
et al. 2005; Juin et al. 2005).

In Melin et al. (2005), we presented a general formalism for
the SZ selection function together with some preliminary appli-
cations using a matched-filter cluster detection method. In this
paper we give a thorough presentation of our cluster detection
method and evaluate its performance in terms of catalog com-
pleteness, contamination and photometric recovery. We focus on
three types of SZ survey: single frequency radio surveys like the
Arcminute MicroKelvin Imager (AMI interferometer) survey1,
multi-band ground-based bolometric surveys such as the South
Pole Telescope (SPT) survey2, and the space-based Planck sur-
vey3. In each case, we quantify the selection function using the
formalism of Melin et al. (2005).

We draw particular attention to the oft-neglected issue of
photometry. Even if the SZ flux–mass relation is intrinsically
tight, what matters in practice is the relation between the ob-
served SZ flux and the mass. Photometric errors introduce both

1 http://www.mrao.cam.ac.uk/telescopes/ami/
2 http://astro.uchicago.edu/spt/
3 http://astro.estec.esa.nl/Planck/
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bias and additional scatter in the observed relation. Calibration
of the Y − M relation will in principal remove the bias; cali-
bration precision, however, depends crucially on the scatter in
the observed relation. Good photometry is therefore very im-
portant. As we will see, observational uncertainty dominates the
predicted intrinsic scatter in this relation in all cases studied.

We proceed as follows. In Sect. 2, we discuss cluster de-
tection techniques and present the matched filter formalism. We
describe our detection algorithm in Sect. 3. Using Monte Carlo
simulations of the three types of survey, we discuss catalog com-
pleteness, contamination and photometry. This is done in Sect. 4
under the ideal situation where the filter perfectly matches the
simulated clusters and in the absence of point sources. In Sect. 5
we examine effects caused by cluster morphology, using N-body
simulations, and then the effect of point sources. We close with
a final discussion and conclusions in Sect. 6.

2. Detecting clusters

The detection and photometry of extended sources presents a
complexity well appreciated in Astronomy. Many powerful algo-
rithms, such as SExtractor (Bertin & Arnouts 1996), have been
developed to extract extended sources superimposed on an un-
wanted background. They typically estimate the local back-
ground level and group pixels brighter than this level into indi-
vidual objects. Searching for clusters at millimeter wavelengths
poses a particular challenge to this approach, because the clus-
ters are embedded in the highly variable background of the pri-
mary CMB anisotropies and Galactic emission. Realizing the
importance of this issue, several authors have proposed special-
ized techniques for SZ cluster detection. Before detailing our
own method, we first briefly summarize some of this work in
order to motivate our own approach and place it in context.

2.1. Existing algorithms

Diego et al. (2002) developed a method designed for the Planck
mission that is based on application of SExtractor to SZ signal
maps constructed by combining different frequency channels. It
makes no assumption about the frequency dependance of the
different astrophysical signals, nor the cluster SZ emission pro-
file. The method, however, requires many low-noise maps over
a broad range of frequencies in order to construct the SZ map
to be processed by SExtractor. Although they will benefit from
higher resolution, planned ground-based surveys will have fewer
frequencies and higher noise levels, making application of this
method difficult.

In another approach, Herranz et al. (2002a,b; see also
López-Caniego et al. 2005 for point-source applications) devel-
oped an ingenious filter (Scale Adaptive Filter) that simultane-
ously extracts cluster size and flux. Defined as the optimal filter
for a map containing a single cluster, it does not account for
source blending. Cluster-cluster blending could be an important
source of confusion in future ground-based experiments, with as
a consequence poorly estimated source size and flux.

Hobson & McLachlan (2003) recently proposed a powerful
Bayesian detection method using a Monte Carlo Markov Chain.
The method simultaneously solves for the position, size, flux and
morphology of clusters in a given map. Its complexity and run-
time, however, rapidly increase with the number of sources.

More recently, Schäfer et al. (2006) generalized scale adap-
tive and matched filters to the sphere for the Planck all-sky
SZ survey. Pierpaoli et al. (2005) propose a method based on

wavelet filtering, studying clusters with complex shapes. Vale
& White (2006) examine cluster detection using different filters
(matched, wavelets, mexican hat), comparing completeness and
contamination levels.

Finally, Pires et al. (2006) introduced an independent com-
ponent analysis on simulated multi-band data to separate the SZ
signal, followed by non-linear wavelet filtering and application
of SExtractor.

Our aim is here is two-fold: to present and extensively eval-
uate our own SZ cluster catalog extraction method, and to use it
in a comprehensive study of SZ survey selection effects. The two
are in fact inseparable. First of all, selection effects are specific
to a particular catalog extraction method. Secondly, we require
a robust, rapid algorithm that we can run over a large number
of simulated data sets in order to accurately quantify the se-
lection effets. This important consideration conditions the kind
of extraction algorithm that we can use. With this in mind, we
have developed a fast catalog construction algorithm based on
matched filters for both single and multiple frequency surveys.
It is based on the approach first proposed by Herranz et al., but
accounts for source blending.

After describing the method, we apply the formalism given
in Melin et al. (2005) to quantify the selection function and con-
tamination level in up-coming SZ surveys. We take as represen-
tative survey configurations AMI, SPT and Planck, and Monte
Carlo simulate the entire catalog extraction process from a large
ensemble of realizations for each configuration. By comparing
to the simulated input catalogs, we evaluate the extracted cata-
logs in terms of their completeness, contamination and photo-
metric accuracy/precision. We will place particular emphasis on
the importance of the latter, something which has received little
attention in most studies of this kind.

2.2. Matched filters

The SZ effect is caused by the hot gas (T ∼ 1−10 keV) contained
in galaxy clusters known as the intracluster medium (ICM); elec-
trons in this gas up-scatter CMB photons and create a unique
spectral distortion that is negative at radio wavelengths and pos-
itive in the submillimeter, with a zero-crossing near 220 GHz.
The form of this distortion is universal (in the non-relativistic
limit applicable to most clusters), while the amplitude is given by
the Compton y parameter, an integral of the gas pressure along
the line-of-sight. In a SZ survey, clusters will appear as sources
extended over arcminute scales (apart from the very nearby ob-
jects, which are already known) with brightness profile

∆iν(x) = y(x) jν (1)

relative to the mean CMB brightness. Here y(x) is the
Compton y parameter at position x (a 2D vector on the sky)
and jν is the SZ spectral function evaluated at the observation
frequency ν.

Matched filters for SZ observations were first proposed by
Haehnelt & Tegmark (1996) as a tool to estimate cluster peculiar
velocities from the kinetic effect, and Herranz et al. (2002a,b)
later showed how to use them to detect clusters via the thermal
SZ effect. They are designed to maximally enhance the signal-
to-noise for a SZ cluster source by optimally (in the least square
sense) filtering the data, which in our case is a sky map or set of
maps at different frequencies. They do so by incorporating prior
knowledge of the cluster signal, such as its spatial and spectral
characteristics. The unique and universal frequency spectrum of
the thermal SZ effect (in the non-relativistic regime) is hence
well suited for a matched-filter approach.
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Less clear is the choice of the spatial profile Tθc (x) to adopt
for cluster SZ emission. One aims to choose a spatial template
that represents as well as possible the average SZ emission pro-
file. In other words, we want Tθc (x) = 〈y(x)/yo〉C , where the
average is over many clusters of size θc. In the following, we
choose to describe clusters with a projected spherical β-profile:

y(x) = yo(1 + |x|2/θ2c)−(3β−1)/2 (2)

with β = 2/3 (with one exception, shown for comparison in
Fig. 2). The spatial template is therefore described by a single
parameter, the core radius θc; in our calculations, we truncate
the profile at 10θc. This is a reasonable choice, given X-ray ob-
servations (Arnaud 2005) of the intracluster medium and the res-
olution of planned SZ surveys.

In reality, of course, we know neither this average profile
precisely nor the dispersion of individual clusters around it be-
forehand. This is an important point, because our choice for the
template will affect both the detection efficiency and photomet-
ric accuracy. Detection efficiency will be reduced if the template
does not well represent the average profile and, as will become
clear below, the photometry will be biased. In general, the survey
selection function unavoidably suffers from uncertainty induced
by unknown source astrophysics (in addition to other sources of
uncertainty).

In the following, we first study (Sect. 4) the ideal case where
the filters perfectly match the cluster profiles, i.e., we use the
β-model for both our simulations and as the detection template.
In a later section (5), we examine the effects caused by non-
trivial cluster morphology, as well as by point source confusion.

Consider a cluster with core radius θc and central y-value yo
positioned at an arbitrary point xo on the sky. For generality, sup-
pose that the region is covered by several maps Mi(x) at N dif-
ferent frequencies νi (i = 1, ...,N). We arrange the survey maps
into a column vector M(x) whose ith component is the map at
frequency νi; this vector reduces to a scalar map in the case of a
single frequency survey. Our maps contain the cluster SZ signal
plus noise:

M(x) = yo jνTθc (x − xo) + N(x) (3)

where N is the noise vector (whose components are noise maps
at the different observation frequencies) and jν is a vector with
components given by the SZ spectral function jν evaluated at
each frequency. Noise in this context refers to both instrumen-
tal noise as well as all signals other than the cluster thermal SZ
effect; it thus also comprises astrophysical foregrounds, for ex-
ample, the primary CMB anisotropy, diffuse Galactic emission
and extragalactic point sources.

We now build a filter Ψθc(x) (in general, a column vector in
frequency space) that returns an estimate, ŷo, of yo when cen-
tered on the cluster:

ŷo =

∫
d2x Ψθc

t(x − xo) · M(x) (4)

where superscript t indicates a transpose (with complex conju-
gation when necessary). This is just a linear combination of the
maps, each convolved with its frequency-specific filter (Ψθc )i.
We require an unbiased estimate of the central y value, so that
〈ŷo〉 = yo, where the average here is over both total noise and
cluster (of core radius θc) ensembles. Building the filter with
the known SZ spectral form and adopted spatial template opti-
mizes the signal-to-noise of the estimate; in other words, the fil-
ter is matched to the prior information. The filter is now uniquely
specified by demanding a minimum variance estimate. The result

expressed in Fourier space (the flat sky approximation is reason-
able on cluster angular scales) is (Haehnelt & Tegmark 1996;
Herranz et al. 2002a; Melin et al. 2005):

Ψθc (k) = σ2
θc

P−1(k) · Fθc (k) (5)

where

Fθc (k) ≡ jνTθc(k) (6)

σθc ≡
[∫

d2k Fθc
t(k) · P−1 · Fθc (k)

]−1/2

(7)

with P(k) being the noise power spectrum, a matrix in fre-
quency space with components Pi j defined by 〈Ni(k)N∗j (k′)〉N =
Pi j(k)δ(k − k′). The quantity σθc gives the total noise variance
through the filter. When we speak of the signal-to-noise of a de-
tection, we refer to ŷo/σθc .

We write the noise power spectrum as a sum Pi j = Pnoise
i δi j+

Bi(k)B∗j(k)Psky
i j , where Pnoise

i represents the instrumental noise

power in band i, B(k) the observational beam and Psky
i j gives the

foreground power (non-SZ signal) between channels i and j. As
explicitly written, we assume uncorrelated instrumental noise
between observation frequencies. Note that we treat the astro-
physical foregrounds as isotropic, stationary random fields with
zero mean. The zero mode is, in any case, removed from each of
the maps, and the model certainly applies to the primary CMB
anisotropy. It should also be a reasonable model for fluctua-
tions of other foregrounds about their mean, at least over cluster
scales4.

Two examples of the matched filter for θc = 1 arcmin are
shown in Fig. 1, one for an AMI-like single frequency survey
with a 1.5 arcmin beam (left-hand panel) and the other for a SPT-
like 3-band filter (right-hand panel); see Table 1 for the experi-
mental characteristics. The filters are circularly symmetric, with
the figures giving their radial profiles, because we have chosen
a spherical cluster model. We clearly see the spatial weighting
used by the single frequency filter to optimally extract the cluster
from the noise and CMB backgrounds. The multiple frequency
filterΨθc is a 3-element column vector containing filters for each
individual frequency. In this case, the filter employs both spec-
tral and spatial weighting to optimally extract the cluster signal.

Figure 2 shows the filter noise as a function of template core
radius θc. We plot the filter noise expressed in terms of an equiv-
alent noiseσY ≡ σθc

∫
Tθc(x) dx on the integrated SZ flux Y. The

dashed-triple-dotted red curve with β = 0.6 is shown for compar-
ison to gauge the impact of changing this parameter, otherwise
fixed at β = 2/3 throughout this work. Melin et al. (2005) use
the information in this figure to construct survey completeness
functions. At fixed signal-to-noise q, the completeness of a sur-
vey rapidly increases to unity in the region above the curve qσY.
The figure shows that high angular resolution ground-based sur-
veys (e.g., AMI, SPT) are not purely flux limited, because their
noise level rises significantly with core radius. The lower reso-
lution of the Planck survey, on the other hand, results in more
nearly flux limited sample.

4 We make no assumption about the Gaussianity of the fields; the
estimator remains unbiased even if they are not Gaussian, although op-
timality must be redefined in this case.
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Fig. 1. Two examples of the matched filter for θc = 1 arcmin. The curves give the radial profiles of the filters, which are symmetric because
we have chosen a symmetric cluster template. Left: filter for a single frequency survey with a θFWHM = 1.5 arcmin beam and 8 µK instrumental
noise/beam (AMI-like, see Table 1). The undulating form of the filter maximizes the cluster signal while reducing contamination from primary
CMB anisotropy. Right: the three components of the 3-band filter for a SPT-like experiment (Table 1). The filter is arbitrarily normalized to unity at
150 GHz. The filter uses both spatial and frequency weighting to optimally extract the cluster signal from the CMB and instrument noise. Although
in this figure the filters continue to large radii, in practice we truncate them at 10θc.

Fig. 2. Filter noise expressed in terms of integrated SZ flux Y – σY =
σθc
∫

Tθc (x) dx – as a function of template core radius θc for the three
experiments listed in Table 1. A cluster with Y = σY would be detected
at a signal-to-noise ratio q = 1. At a fixed detection threshold q (e.g., 3
or 5), the completeness of a survey rapidly increases from zero to unity
in the region above its corresponding curve qσY(θc) (Melin et al. 2005).
All the curves adopt our fiducial value of β = 2/3, except the dashed-
triple-dotted red curve, shown for comparison, which corresponds to
the SPT case with β = 0.6; this curve is systematically higher by (2.5 to
13)%, depending on θc.

3. Catalog extraction

Catalog construction proceeds in three steps, the last two of
which are repeated5:

1. Convolution of the frequency map(s) with matched filters
corresponding to different cluster sizes;

2. Identification of candidate clusters as objects with signal-to-
noise ŷo/σθc > q, where q is our fixed detection threshold,
followed by photometry of the brightest remaining cluster
candidate, which is then added to the final cluster catalog;

5 Note that we have made some changes in the two last steps com-
pared to the description given in Melin et al. (2005). We no longer sort
candidates in a tree structure for de-blending; instead, we identify and
then remove candidates one by one from the filtered maps. This has only
a small impact on the completeness of the detection algorithm, leaving
the conclusions of our previous paper intact. The changes, however,
greatly improve photometry and lower contamination.

Table 1. Characteristics of the three types of experiments considered.
We run our extraction method on 100 sky patches of 3×3 square degrees
(for AMI and SPT) and 12 × 12 square degrees (for Planck).

Type Frequencies Res. FWHM Inst. noise Area
[GHz] [arcmin] [µK/beam] [deg2]

AMI 15 1.5 8 10
SPT 150 1 10

220 0.7 60 4000
275 0.6 100

Planck 143 7.1 6
217 5 13 41253
353 5 40

3. Removal of this object from the set of filtered maps using the
photometric parameters (e.g., yo and θc) from the previous
step.

We loop over the last two steps until there are no remaining can-
didates above the detection threshold. The following sections de-
tail each step.

3.1. Map filtering

In the first step, we convolve the observed map(s) with matched
filters covering the expected range of core radii. For AMI and
SPT, for example, we vary θc from 0.1 to 3 arcmin in 0.1 steps
(i.e., θc = 0.1, 0.2, ..., 2.9, 3 arcmin) and add three values for the
largest clusters: 4, 5, 6 arcmin. We thus filter the map(s) nθc times
(nθc = 33 for AMI and SPT) to obtain 2 nθc filtered maps, Jθc
et Lθc . The nθc maps Jθc give the SZ amplitude (obtained using
Ψθc ), while the nθc maps Lθc give the signal-to-noise ratio: Lθc =
Jθc/σθc ). We set a detection threshold at fixed signal-to-noise q
and identify candidates at each filter scale θc as pixels with Lθc >
q. Common values for the threshold are q = 3 and q = 5; the
choice is a tradeoff between detection and contamination rates
(see below).

3.2. Cluster parameter estimation: photometry

We begin the second step by looking for the brightest can-
didate pixel in the set of maps Lθc . The candidate cluster is
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assigned the spatial coordinates (x, y) of this pixel, and its core
radius is defined as the filter scale of the map containing the
pixel: θc = θf . We then calculate the total integrated flux using
Y = ŷo

∫
Tθc (x) dx, where ŷo is taken from the map Jθc at the

same filter scale. We refer to this step as the photometric step,
and the parameters ŷo, θc and Y as photometric parameters. Note
that measurement error on Y comes from errors on both ŷo and θc
(we return to this in greater detail in Sect. 4.4).

3.3. Catalog construction

The candidate cluster is now added to the final cluster catalog,
and we proceed by removing it from the set of filtered maps
Jθc and Łθc before returning to step 2. To this end, we construct
beforehand a 2D array (library) of un-normalized, filtered cluster
templates (postage–stamp maps)

Tθc ,θf (x) =
∫

d2x′ Ψθf (x′ − x)Tθc (x′) (8)

with the cluster centered in the map. Note that θc runs over core
radius and θf over filter scale. At each filter scale θf , we place
the normalized template ŷoTθc ,θf on the cluster position (x, y) and
subtract it from the map. The library of filtered templates allows
us to perform this step rapidly.

We then return to step 2 and repeat the process until there
are no remaining candidate pixels. Thus, clusters are added to
the catalog while being subtracted from the maps one at a time,
thereby de-blending the sources. By pulling off the brightest
clusters first, we aim to minimize uncertainty in the catalog pho-
tometric parameters. Nevertheless, it must be emphasized that
the entire procedure relies heavily on the use of templates and
that real clusters need not conform to the chosen profiles. We
return to the effects of cluster morphology below.

In the end, we have a cluster catalog with positions (x, y),
central Compton y parameters, sizes θc and fluxes Y.

4. Cluster recovery

We tested our catalog construction method on simulated obser-
vations of the three representative types of SZ survey specified
in Table 1. The simulations include SZ emission, primary CMB
anisotropy and instrumental noise and beam smearing. We do
not include diffuse Galactic foregrounds in this study. We be-
gin in this section with the ideal case where the filter perfectly
matches the simulated clusters (spherical β-model profiles) and
in the absence of extragalactic point sources. We return to the
additional effects of cluster morphology and point source confu-
sion in Sect. 5.

The simulated maps are generated by Monte Carlo. We first
create a realization of the linear matter distribution in a large box
using the matter power spectrum. Clusters are then distributed
according to their expected number density, given by the mass
function, and bias as a function of mass and redshift. We also
give each cluster a peculiar velocity consistent with the matter
distribution according to linear theory. The simulations thus fea-
turing cluster spatial and velocity correlations accurate first or-
der, which is a reasonable approximation on cluster scales. In
this paper, we use these simulations but we do not study the im-
pact of the correlations on the detection method, leaving this is-
sue to forthcoming work.

The cluster gas is modeled by a spherical isothermal
β-profile with β = 2/3 and θc/θv = 0.1, where θv is the angular
projection of the virial radius and which varies with cluster mass

Table 2. Extracted counts/sq. deg. from simulations of the three types
of survey. The numbers in parenthesis give the counts predicted by our
analytic cluster model; the difference is due to cluster overlap confusion
(see text).

deg−2 S/N > 3 S/N > 5
AMI 44 20

(38) (16)
SPT 35 12

(27) (11)
Planck 1.00 0.38

(0.84) (0.35)

and redshift following a self-similar relationship. We choose an
M−T relation consistent with the local abundance of X-ray clus-
ters and our value of σ8, given below (Pierpaoli et al. 2005).
Finally, we fix the gas mass fraction at fgas = 0.12 (e.g.,
Mohr et al. 1999). The input catalog consists of clusters with to-
tal mass M > 1014 M�, which is sufficient given the experimen-
tal characteristics listed in Table 1. Delabrouille et al. (2002) de-
scribe the simulation method in more detail.

We generate primary CMB anisotropies using the power
spectrum calculated by CMBFAST6 (Seljak & Zaldarriaga
1996) for a flat concordance model with ΩM = 0.3 = 1 − ΩΛ
(Spergel et al. 2003), Hubble constant Ho = 70 km s−1 Mpc−1

(Freedman et al. 2001) and a power spectrum normalization
σ8 = 0.98. As a last step we smooth the map with a Gaussian
beam and add Gaussian white noise to model instrumental
effects7.

We simulate maps that would be obtained from the proposed
surveys listed in Table 1. The first is an AMI8-like experiment
(Jones et al. 2005), a single frequency, high resolution interfer-
ometer; the sensitivity corresponds to a one-month integration
time per 0.1 square degree (Kneissl et al. 2001). The SPT9-like
experiment (Ruhl et al. 2004) is a high resolution, multi-band
bolometer array. We calculate the noise levels assuming an inte-
gration time of 1 hour per square degree, and a split of 2/3, 1/6,
1/6 of the 150, 220, 275 GHz channels for the 1000 detectors in
the focal plane array (Ruhl et al. 2004). Finally, we consider the
space-based Planck10-like experiment, with a nominal sensitiv-
ity for a 14 month mission. For the AMI and SPT maps we use
pixels11 of 30 arcsec, while for Planck the pixels are 2.5 arcmin.

We simulate 100 sky patches of 3 × 3 square degrees for
both AMI and SPT, and of 12 × 12 square degrees for Planck.
This is appropriate given the masses of detected clusters in each
experiment. In practice, AMI will cover a few square degrees,
similar to the simulated patch, while SPT will cover 4000 square
degrees and Planck will observe the entire sky. Thus, the surveys
decrease in sensitivity while increasing sky coverage from top to
bottom in Table 2 (see also Table 1).

6 http://cmbfast.org/
7 The 3-year WMAP results, published after the work pre-

sented here was finished, favor a significantly lower value of σ8

(Spergel et al. 2006). This could lower the total number of clusters in
our simulations by up to a factor of ∼2. As we are interested here in cat-
alog recovery, where we compare output to input catalogs, this change
should only cause relatively minor changes to our final results.

8 http://www.mrao.cam.ac.uk/telescopes/ami/index.html
9 http://astro.uchicago.edu/spt/

10 http://www.rssd.esa.int/index.php?project=PLANCK
11 Pixel sizes are at least 2 times smaller than the best channel of each

experiment.
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Fig. 3. Cluster counts N(> Y) per square degree as a function of true SZ
flux Y for a threshold of S/N > 5. The dash-dotted black line gives the
cluster counts from the mass function (Jenkins et al. 2001). The dashed
blue line gives the recovered cluster counts for AMI, the red solid line
for SPT and the dotted green line for Planck. The inset shows the com-
pleteness ratio (relative to the mass function prediction) for each survey.
All the surveys are significantly incomplete at their point-source sensi-
tivities (5 times the y-intercept in Fig. 2).

4.1. Association criteria

An important issue for catalog evaluation is the association be-
tween a detected object (candidate cluster) with a cluster from
the simulation input catalog (real cluster); in other words, a can-
didate corresponds to which, if any, real cluster. Any association
method will be imprecise, and estimates of catalog complete-
ness, contamination and photometric accuracy will unavoidably
depend on the choice of association criteria.

We proceed as follows: for each detection, we look at all
input clusters with centers positioned within a distance r =√

8 × d, where d is the pixel size (d = 30 arcsec for AMI and
SPT, d = 2.5 arcmin for Planck); this covers the neighboring
24 pixels. If there is no input cluster, then we have a false detec-
tion; otherwise, we identify the candidate with the cluster whose
flux is closest to that of the detection. After running through all
the candidates in this fashion, we may find that different candi-
dates are associated with the same input cluster. In this case, we
only keep the candidate whose flux is closest to the common in-
put cluster, and we flag the other candidates as false detections
(multiple detections).

At this stage, some associations may nevertheless be chance
alignments. We therefore employ a second parameter, Ycut: a
candidate associated with a real cluster of flux Y < Ycut is flagged
as a false detection. We indicate these false detections as dia-
monds in Figs. 7, 8, 9 and 11. The idea is that such clusters are
too faint to have been detected and the association is therefore
by chance. In the following, we take Ycut = 1.5 × 10−5 arcmin2

for AMI and SPT, respectively, and Ycut = 3 × 10−4 arcmin2 for
Planck. Note that these numbers are well below the point-source
sensitivity (at S/N = 5) in each case (see below and Fig. 2).

4.2. Completeness

Figure 3 shows completeness for the three experiments in terms
of true integrated Y, while Table 2 summarizes the counts. In
Fig. 4 we give the corresponding limiting mass as a function
of redshift. Given our cluster model, AMI, SPT and Planck
should find, respectively, about 16, 11 and 0.35 clusters/deg.2

at a S/N > 5; these are the numbers given in parentheses in

Fig. 4. Mininum detectable cluster mass as a function of redshift, M(z),
corresponding to S/N = 5 for the three experiments discussed in the
text. The rise at low redshift for the single-frequency (AMI) curve is
caused by confusion with primary CMB anisotropy.

Table 2. Cluster overlap confusion accounts for the fact that the
actual counts extracted from the simulated surveys are higher:
some clusters that would not otherwise pass the detection cut
enter the catalog because the filter adds in flux from close
neighbors.

A detection threshold of S/N = 5 corresponds to a point-
source sensitivity of just below Y = 5 × 10−5 arcmin2 for
both AMI and SPT, as can be read off the left-hand-side of
Fig. 2. The surveys approach a high level of completeness only
at Y > 10−4 arcmin2, however, due to the rise of the selection
cut with core radius seen in Fig. 2. For these high resolution
surveys, point-source sensitivity gives a false idea of the survey
completeness flux limit.

At the same signal-to-noise threshold, Planck is essentially
complete above Y ∼ 10−3 arcmin2 and should detect about
0.4 clusters per square degree. Since most clusters are unre-
solved by Planck, the survey reaches a high completeness level
near the point-source sensitivity. We also see this from the small
slope of the Planck selection cut in Fig. 2.

We emphasize that the surveys (in particular, the high res-
olution surveys) are not flux limited for any value of q, be-
cause increasing q simply translates the curve in Fig. 2 along
the y axis. However, one can approach a flux-limited catalog by
selecting clusters at S/N > q and then cutting the resulting cat-
alog at Yo > Ylimit ≡ QσY (θc = 0.1 arcmin), where the constant
Q > q. As Q increases we tend towards a catalog for which
Y ∼ Yo > Ylimit. In the case of SPT with q = 3, for example, we
find that large values of Q (>10) are required to approach a rea-
sonable flux-limited catalog; this construction, however, throws
away a very large number of detected clusters.

Although the AMI (single frequency) and SPT (multi-
band) survey maps have comparable depth, SPT will cover
∼4000 sq. degrees, compared to AMI’s ∼10 sq. degrees. Planck
will only find the brightest clusters, but with full sky coverage.
Predictions for the counts suffer from cluster modeling uncer-
tainties, but the comparison between experiments is robust and
of primary interest here.

4.3. Contamination

Figure 5 shows the contamination level at S/N > 5 for each
survey type as a function of recovered flux Yo. The multiband
experiments (SPT and Planck) benefit from low contamination
at all fluxes. Single frequency surveys (e.g., AMI), on the other
hand, experience a slightly higher contamination level at large



J.-B. Melin et al.: Catalog extraction in SZ cluster surveys 347

Fig. 5. Contamination as a function of the core radius θc for the three
experiments and for S/N > 5.

flux due to confusion from primary CMB anisotropy. This con-
fusion also degrades the photometry, as we discuss below.

At S/N > 5, the AMI, SPT and Planck catalogs have less
than 2% total contamination rate. These numbers increase to
∼23, 20 and 27 percent, respectively, for AMI, SPT and Planck
at a detection threshold of S/N > 3. Note that the total contam-
ination rate is an average over the histogram of Fig. 5 weighted
by the number of objects in each bin; thus, the higher contami-
nation at large flux is down-weighted in the total rate.

In all cases, the contamination rate is higher than expected
from pure Gaussian noise fluctuations; there is an important con-
tribution from cluster-cluster confusion (residuals from cluster
subtraction and overlaps). We expect even higher contamination
rates in practice, because of variations in cluster morphology
around the filter templates. We quantify this latter effect below.

A useful summary of these results is a completeness-purity
plot, as shown in Fig. 6. Proper comparison of the different ex-
periments requires an appropriate choice of input catalog used
to define the completeness in this plot. Here, we take the input
catalog as all clusters with (true) flux geater than three times the
point source sensitivity for each experiment. If the clusters were
point sources and the detection method perfect (i.e. not affected
by confusion), the completeness would be 1 for q = 3 in the top-
left corner. These curves summarize the efficiency of our cluster
detection method; however, they give no information on the pho-
tometric capabilities of the experiments.

4.4. Photometry

We now turn to the important, but often neglected issue of
cluster SZ photometry. The ability of a SZ survey to con-
strain cosmology relies on application of the Y − M relation.
As mentioned, we expect the intrinsic (or true) flux to
tightly correlate with cluster mass (Bartlett 2001), as in-
deed borne out by numerical simulations (da Silva et al. 2004;
Motl et al. 2005; Nagai 2005). Nevertheless, unknown cluster
physics could affect the exact form and normalization of the
relation, pointing up the necessity of an empirical calibra-
tion (referred to as survey calibration), either with the survey
data itself (self-calibration; Hu 2003; Majumdar & Mohr 2003;
Lima & Hu 2004; Lima & Hu 2005) or using external data, such
as lensing mass estimates (Bartelmann 2001) (although the latter
will be limited to relatively low redshifts).

Photometric measurement accuracy and precision is as im-
portant as cluster physics in this context: what matters in practice

Fig. 6. Completeness-Purity plot. For each curve, q varies from 3
(top-left) to 10 (bottom-right). For each experiment, the input catalog
contains clusters with true flux greater than three times the point source
sensitivity (Ytrue > 2.2×10−5 arcmin2 for AMI, Ytrue > 2.6×10−5 arcmin2

for SPT and Ytrue > 4.8× 10−4 arcmin2 for Planck). See text for details.

Fig. 7. Recovered vs. true flux for SPT clusters extracted at S/N > 5
from 100 survey simulations. The diamonds indicate cluster detections
with Y < Ycut, which we take as false detections. The mean trend Yo(Y)
has a slight bias (see text) and a roughly constant scatter of σlog Yo =
0.17 over the interval in true Y from 10−4 arcmin2 to 4 × 10−3 arcmin2.
The clusters which have their core radii overestimated by a factor of 2
are plotted as red crosses and the clusters which have their core radii
underestimated by a factor of 2 are plotted as blue triangles.

is the relation between recovered SZ flux Yo and cluster mass M.
Biased SZ photometry (bias in the Y − Yo) relation will change
the form and normalization of the Yo −M relation and noise will
increase the scatter. One potentially important source of photo-
metric error for the matched filter comes from cluster morphol-
ogy, i.e., the fact that cluster profiles do not exactly follow the
filter shape (see Sect. 5).

Survey calibration will help remove the bias, but with an ease
that depends on the photometric scatter: large scatter will in-
crease calibration uncertainty and/or necessitate a larger amount
of external data. In addition, scatter will degrade the final cosmo-
logical constraints (e.g., Lima & Hu 2005). Photometry should
therefore be considered an important evaluation criteria for clus-
ter catalog extraction methods.

Consider, first, SPT photometry. Figure 7 shows the relation
between observed (or recovered) flux Yo and true flux Y for a
detection threshold of S/N > 5. Fitting for the average trend
of Yo as a function of Y, we obtain

log Yo = 0.96log Y − 0.15



348 J.-B. Melin et al.: Catalog extraction in SZ cluster surveys

Fig. 8. Recovered vs. true flux for Planck clusters extracted at S/N > 5
from 100 survey simulations. The diamonds indicate cluster detections
with Y < Ycut, which we take as false detections. The mean trend Yo(Y)
has a slight bias (see text) and a roughly constant scatter of σlogYo = 0.13
over the interval in true Y from 2 × 10−3 arcmin2 to 2 × 10−2 arcmin2.
The clusters which have their core radii overestimated by a factor of 2
are plotted as red crosses and the clusters which have their core radii
underestimated by a factor of 2 are plotted as blue triangles.

Fig. 9. Recovered vs. true flux for AMI clusters extracted at S/N > 5
from 100 survey simulations. The diamonds indicate cluster detections
with Y < Ycut, which we take as false detections. The extremely large
dispersion in recovered flux results from a bimodal distribution caused
by an inability to determine the core radius of detected clusters. This
inability is due to confusion from primary CMB anisotropy, as demon-
strated in Fig. 10. Figure 11 shows that reasonable photometry is pos-
sible if the core radius can be accurately determined. This problem is
specific to single-frequency surveys that are unable to spectrally remove
primary CMB anisotropy.

over the interval 10−4 arcmin2 < Y < 4 × 10−3 arcmin2, with Yo
and Y measured in arcmin2. There is a slight bias in that the
fit deviates somewhat from the equality line, but the effect is
minor. Below this flux interval, the fit curls upward in a form of
Malmquist bias caused by the S/N cut (seen as the sharp lower
edge on Yo). The lack of any significant bias is understandable
in this ideal case where the filter perfectly matches the cluster
SZ profile. Cluster morphology, by which we mean a mismatch
between the cluster SZ profile and the matched filter template),
can induce bias; we return to this issue in Sect. 5.

The scatter about the fit is consistent with a Gaussian dis-
tribution with a roughly constant standard deviation of σlog Yo =
0.17 over the entire interval.

The scatter is a factor of 10 larger than expected from in-
strumental noise alone, which is given by the selection curve in

Fig. 10. The full blue histogram gives the cluster counts from Fig. 9 in
the bin (10−4 < Y < 2.10−4, 0.25 < θc < 0.35). We have added the
cluster counts obtained from the size and flux estimation of a single
cluster (Y = 1.5 × 10−4, θc = 0.3) at a known position through 1000
simulations. SZ cluster background maps and the instrumental beam
and noise are included. Two cases are considered : with primary CMB
(dotted red histogram) and without primary CMB (dash-dotted black
line). The double bump in Y recovery is visible when the primary CMB
is present and disappears when it’s removed showing that the primary
CMB power spectrum is the cause of the double bump.

Fig. 11. Single-frequency photometry when we artificially set the core
radii of detected clusters to their true values from the input catalog.
The dispersion decreases dramatically, demonstrating that the inability
to recover the core radius is the origin of the bad photometry seen in
Fig. 9.

Fig. 2. Uncertainty in the recovered cluster position, core radius
and effects from cluster-cluster confusion all strongly influence
the scatter. Photometry precision, therefore, cannot be predicted
from instrumental noise properties alone, but only with simula-
tions accounting for these other, more important effects.

Figure 8 shows the photometry for the Planck survey. Apart
from some catastrophic cases (the diamonds), the photometry is
good and fit by

log Yo = 0.98log Y − 0.07

over the interval 2 × 10−3 arcmin2 < Y < 2 × 10−2 arcmin2

(Yo, Y measured in arcmin2). The dispersion is σlogYo = 0.13,
roughly constant over the same interval. For unresolved clusters,
this scatter is ∼5 times larger than the expected instrumental-
induced scatter. The brightest diamonds in the Figure corre-
spond to real clusters with positional error larger than the as-
sociation criteria r. As a consequence, the candidates are falsely
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associated with a small, nearby cluster, unrelated to the actual
detected object.

We emphasize that the observational scatter in the Yo − Y
relation for both SPT and Planck dominates the intrinsic scat-
ter of less than 5% seen in the Y − M relation from numerical
simulations (da Silva et al. 2004; Motl et al. 2005).

We now turn to single frequency surveys, which Fig. 9 shows
to have seriously compromised photometry. The distribution at
a given true flux Y is in fact bimodal, as illustrated by the solid
blue histogram in Fig. 10 that gives the distribution of the re-
covered flux Yo for clusters with true flux and core radius in a
bin centered on Y = 1.5 × 10−4 arcmin2 and θc = 0.3 arcmin.
We have traced this effect to an inability to accurately determine
the core radius of the candidate clusters. We demonstrate this in
Fig. 11 by artificially setting the candidate core radius to its true
value taken from the associated input cluster; the photometry
now cleanly scatters about the mean trend.

This inability to determine the core radius mainly arises from
confusion with primary CMB anisotropy, as we now show us-
ing Fig. 10. We performed 1000 simulations of a single cluster
(Y = 1.5 × 10−4 arcmin2, θc = 0.3 arcmin) placed at the mid-
dle of a beam-convolved map containing background SZ clus-
ters (from our general simulations), primary CMB anisotropy
and instrumental noise. We then estimate its core radius and flux
with our matched filters centered on the known position (to avoid
any positional uncertainty) and trace the histogram of resulting
measured flux. This is the red dot-dashed histogram in the fig-
ure, which displays a bi-modality similar to that of the blue solid
histogram. We then follow the same procedure after first remov-
ing the primary CMB anisotropy from the simulated map. The
resulting histogram of recovered flux is given by the black dot-
dashed line with much less pronounced bimodality. The remain-
ing tail reaching towards high flux is caused by cluster–cluster
confusion.

With their additional spectral information, multiband sur-
veys remove the primary CMB signal, thereby avoiding this
source of confusion. The result suggests that follow-up ob-
servations of detected clusters at a second frequency will be
required for proper photometry; without such follow-up, the sci-
entific power of a single frequency survey may be seriously com-
promised, as can be appreciated from inspection of Fig. 9.

5. Additional effects

As emphasized, our previous results follow for a filter that per-
fectly matches the (spherical) clusters in our simulations and in
the absence of any point sources. In this section we examine the
effects of both cluster morphology and point sources.

We find that cluster morphology has little effect on catalog
completeness, but that it does increase contamination. More im-
portantly, it can bias photometric recovery, although it does not
significantly increase the scatter. This bias changes the observed
Y − M relation from its intrinsic form, adding to the modeling
uncertainty already caused by cluster gas physics. For this rea-
son, the relation must be calibrated in order to use the SZ catalog
for any cosmological study. The observational bias would be re-
moved during this calibration step.

Completeness is the most affected by point source confusion,
decreasing somewhat for the multi-band surveys in the presence
of IR point sources. The level of confusion for the single fre-
quency survey remains highly uncertain due to the unknown
point source counts at low flux densities. Contamination and
photometry are essentially unaffected.

5.1. Cluster morphology

To assess the influence of cluster morphology, we ran our cat-
alog extraction algorithm on maps constructed from numeri-
cal simulations. We use the simulations presented by Schulz
& White (Schulz & White 2003) and kindly provided to us by
M. White. Their simulations follow dark matter clustering with
a N-body code in a flat concordance cosmology, and model clus-
ter gas physics with semi-analytical techniques by distributing
an isothermal gas of mass fraction ΩB/ΩM according to the
halo dark matter distribution. For details, see Schulz & White.
In the following, we refer to these simulations as the “N-body”
simulations.

We proceed by comparing catalogs extracted from the
N-body map to those from a corresponding simulation made
with spherical clusters. The latter is constructed by applying our
spherical β-model gas distribution to the cluster halos taken from
the N-body simulation and using them as input to our Monte
Carlo sky maps. In the process, we renormalize our Y − M re-
lation to the one used in the N-body SZ maps. We thus obtain
two SZ maps containing the same cluster halos, one with spher-
ical clusters (referred to hereafter as the “β-model” maps) and
the other with more complex cluster morphology (the N-body
maps). Comparison of the catalogs extracted from the two dif-
ferent types of simulated map gives us an indication of the sensi-
tivity of our method to cluster morphology. We make this com-
parative study only for the SPT and Planck like surveys.

Catalog completeness is essentially unaffected by cluster
morphology; the integrated counts, for example, follow the same
curves shown in Fig. 3 with very little deviation, the only differ-
ence being a very small decrease in the Planck counts at the low-
est fluxes. The effect, for example, is smaller than that displayed
in Fig. 13 due to point source confusion (and discussed below).

Non-trivial cluster morphology, however, does significantly
increase the catalog contamination rate; for example, in the SPT
survey the global contamination rises from less than 2% to 13%
at S/N = 5 for the N-body simulations. We trace this to residual
flux left in the maps after cluster extraction: cluster SZ signal
that deviates from the assumed spherical β-model filter profile
remains in the map and is picked up later as new cluster can-
didates. Masking those regions where a cluster has been previ-
ously extracted (i.e., forbidding any cluster detection) drops the
contamination to 4% (SPT case), but causes a decrease of 2.8
clusters per square degree in the recovered counts; this technique
would also have important consequences for clustering studies.

From Fig. 12, we clearly see that cluster morphology induces
a bias in the photometry. This arises from the fact that the actual
cluster SZ profiles differ from the template adopted for the fil-
ter. The differences are of two types: an overall difference in the
form of radial profile and local deviations about the average ra-
dial profile due to cluster substructure. It is the former that is
primarily responsible for the bias. In our case, the N-body sim-
ulations have much more centrally peaked SZ emission than the
filter templates, which causes the filter to systematically under-
estimate the total SZ flux. Cluster substructure will increase the
scatter about the mean Yo − Y relation. This latter effect is not
large, at least for the N-body simulations used here, as can be
seen by comparing the scatter in Figs. 12 and 7.

We emphasize, however, that the quantitative effects on pho-
tometry depend on the intrinsic cluster profile, and hence are
subject to modeling uncertainty. The simulations used here do
not include gas physics and simply assume that the gas fol-
lows the dark matter. The real bias will depend on unknown
cluster physics, thus adding to the modeling uncertainty in the
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Fig. 12. Photometry for the SPT catalog from the N-body simulations.
Cluster morphology (mismatch between the filter profile and the actual
cluster SZ profile) clearly induces a bias between the recovered and true
SZ flux. The scatter, on the other hand, is not very affected, as can be
seen in comparing with Fig. 7.

Fig. 13. Integrated cluster counts for the three types of survey. The up-
per curve in each pair reproduces the results of Fig. 3, while the lower
curve shows the effect of point source confusion. Despite the large IR
point source population, multiband surveys efficiently eliminate confu-
sion. The AMI-like survey is, on the other hand, strongly affected. This
latter effect remains uncertain due to a lack of information on the faint
end of the radio point source counts (see text).

Y −M relation. This uncertainty, due to both cluster physics and
the photometric uncertainty discussed here, must be dealt with
by empirically calibrating the relation, either with external data
(lensing) and/or internally (self-calibration).

5.2. Point sources

We next examine the effect of point sources. In a previous pa-
per (Bartlett & Melin 2005, hereafter BM) we studied their in-
fluence on survey detection sensitivity. We extend this work to
our present study in this section.

Low frequency surveys, such as our AMI example, contend
with an important radio source population, while higher fre-
quency bolometer surveys face a large population of IR sources.
Radio source counts down to the sub-mJy flux levels relevant
for SZ surveys are unfortunately poorly known. The IR counts
are somewhat better constrained at fluxes dominating the fluc-
tuations in the IR background, although at higher frequencies
(850 microns) than those used in SZ surveys; an uncertain ex-
trapolation in frequency is thus necessary.

For the present study, we use the radio counts fit by Knox
et al. (2004) to a combination of data from CBI, DASI, VSA
and WMAP (see also Eq. (6) in BM), and IR counts fit to blank-
field SCUBA observations at 850 microns by Borys et al. (2003)
(and given by Eq. (8) in BM). We further assume that all ra-
dio sources brighter than 100 µJy have been subtracted from our
maps at 15 GHz (AMI case); this is the target sensitivity of the
long baseline Ryle Telescope observations that will perform the
source subtraction for AMI. No such explicit point source sub-
traction is readily available for the higher frequency bolometer
surveys; they must rely solely on their frequency coverage to re-
duce point source confusion. We therefore include all IR sources
in our simulations, and fix their effective spectral index α = 3
with no dispersion12. We refer the reader to BM for details of our
point source model. Note that for this study we use the spherical
cluster model for direct comparison to our fiducial results.

Figure 13 compares the integrated counts from Fig. 3 (upper
curve in each case) to those extracted from the simulations in-
cluding point sources (lower curves). We see that point source
confusion only slightly decreases the completeness of the multi-
band surveys, but greatly affects the single frequency survey.

In the case of SPT, this is because point source confusion re-
mains modest compared to the noise: the two are comparable at
150 GHz, but the noise power rises more quickly with frequency
than the confusion power (see BM for details) – in other words,
the noise is bluer than the confusion. This is an important con-
sideration when looking for the optimal allocation of detectors
to the observation bands.

For Planck, confusion power dominates at all frequencies,
but the spectral coverage provides sufficient leverage to control
it. In this light, it must be emphasized that we only include three
astrophysical signals (SZ, CMB & point sources) in these sim-
ulations, so that three observation bands are sufficient. In real-
ity, one will have to deal with other foregrounds, e.g., diffuse
Galactic emission, which will require the use of additional ob-
servation bands.

The single frequency observations, on the other hand, are
strongly affected. This is consistent with the estimate in BM
(Eq. (15)) placing confusion noise well above instrumental noise
for the chosen point source model and source subtraction thresh-
old. We emphasize the uncertainty in this estimate, however: in
BM we showed, for example, that a model with flattening counts
has much lower source confusion while remaining consistent
with the observed counts at high flux densities. The actual confu-
sion level remains to be determined from deeper counts at CMB
frequencies (see Waldram et al. 2003; Waldram et al. 2004 for
recent deep counts at 15 GHz).

Contamination in the multiband surveys is practically unaf-
fected by point source confusion. For AMI we actually find a
lower contamination rate, an apparent gain explained by the fact
that the catalog now contains only the brighter SZ sources, due
to the lowered sensitivity caused by point source confusion.

The photometry of the multiband surveys also shows little
effect from the point sources. Fits to the recovered flux vs. true
flux relation do not differ significantly from the no-source case,
and the dispersion remains essentially the same. This is consis-
tent with the idea that point source confusion is either modest
compared to the noise (SPT) or controlled by multiband obser-
vations (Planck).

12 As discussed in BM, any dispersion has only a small effect on sur-
vey sensitivity.
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6. Discussion and conclusion

We have described a simple, rapid method based on matched
multi-frequency filters for extracting cluster catalogs from SZ
surveys. We assessed its performance when applied to the three
kinds of survey listed in Table 1. The rapidity of the method al-
lows us to run many simulations of each survey to accurately
quantify selection effects and observational uncertainties. We
specifically examined catalog completeness, contamination rate
and photometric precision.

Figure 2 shows the cluster selection criteria in terms of to-
tal SZ flux and source size. It clearly demonstrates that SZ
surveys, in particular high resolution ground-bases surveys,
will not be purely flux limited, something which must be cor-
rectly accounted for when interpreting catalog statistics (Melin
et al. 2005).

Figure 3 and Table 2 summarize the expected yield for each
survey. The counts roll off at the faint end well before the point-
source flux limit (intercept of the curves in Fig. 2 multiplied by
the S/N limit) even at the high detection threshold of S/N = 5;
the surveys loose completeness precisely because they are not
purely flux-limited. These yields depend on the underlying clus-
ter model and are hence subject to non-negligible uncertainty.
They are nonetheless indicative, and in this work we focus on
the nature of observational selection effects for which the exact
yields are of secondary importance.

At our fiducial S/N = 5 detection threshold, overall catalog
contamination remains below 5%, with some dependence on SZ
flux for the single frequency survey (see Fig. 5). The overall con-
tamination rises to between 20% and 30% at S/N > 3. We note
that the contamination rate is always larger than expected from
pure instrumental noise, pointing to the influence of astrophysi-
cal confusion.

We pay particular attention to photometric precision, an is-
sue often neglected in discussions of the scientific potential of
SZ surveys. Scatter plots for the recovered flux for each survey
type are given in Figs. 7–9. In the two multiband surveys, the re-
covered SZ flux is slightly biased, due to the flux cut, with a dis-
persion of σlogYo = 0.17 and σlogYo = 0.13 for SPT and Planck,
respectively. This observational dispersion is significantly larger
than the intrinsic dispersion in the Y − M relation predicted
by hydrodynamical simulations. This uncertainty must be prop-
erly accounted for in scientific interpretation of SZ catalogs;
specifically, it will degrade survey calibration and cosmological
constraints.

Even more importantly, we found that astrophysical confu-
sion seriously compromises the photometry of the single fre-
quency survey (Fig. 9). The histogram in Fig. 10 shows that the
recovered flux has in fact a bimodal distribution. We traced the
effect to an inability to determine source core radii in the pres-
ence of primary CMB anisotropy. If cluster core radius could
be accurately measured, e.g., with X-ray follow-up, then we
would obtain photometric precision comparable to the multiband
surveys (see Fig. 11). This confusion can also be removed by
follow-up of detected sources at a second radio frequency (e.g.,
90 GHz). Photometric uncertainty will therefore be key limiting
factor in single frequency SZ surveys.

All these results apply to the ideal case where the filter ex-
actly matches the (simulated) cluster profiles. We then examined
the potential impact of cluster morphology and point sources on
these conclusions.

Using N-body simulations, we found that cluster morphol-
ogy has little effect on catalog completeness, but that it does
increase the contamination rate and bias the photometry. The

increased contamination is caused by deviations from a smooth
radial SZ profile that appear as residual flux in the maps after
source extraction. More importantly, the photometry is biased by
the mismatch between the filter template and the actual cluster
profile. This observational bias adds to the modeling uncertainty
in the Y − M relation, which will have to be empirically deter-
mined in order to use the catalog for cosmology studies.

As shown by Fig. 13, point sources decrease survey com-
pleteness. The multiband surveys effectively reduce IR point
source confusion and suffer only a small decrease. Radio source
confusion, on the other hand, greatly decreased the complete-
ness of the single frequency survey. This is consistent with the
expectation that, for our adopted radio point source model and
source subtraction threshold, point source confusion dominates
instrumental noise. Modeling uncertainty here is, however, very
large: radio source counts are not constrained at relevant fluxes
(∼100 µJy), which requires us to extrapolate counts from mJy
levels (see BM for a more detailed discussion).

Surveys based on the SZ effect will open a new window onto
the high redshift universe. They inherit their strong scientific po-
tential from the unique characteristics of the SZ signal. Full re-
alization of this potential, however, requires understanding of
observational selection effects and uncertainties. Overall, multi-
band surveys appear robust in this light, while single frequency
surveys will most likely require additional observational effort,
e.g., follow-up in other wavebands, to overcome large photomet-
ric errors caused by astrophysical confusion with primary CMB
anisotropy.
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ABSTRACT

We evaluate the construction methodology of an all-sky catalogue of galaxy clusters detected through the Sunyaev-Zel’dovich (SZ)
effect. We perform an extensive comparison of twelve algorithms applied to the same detailed simulations of the millimeter and
submillimeter sky based on a Planck-like case. We present the results of this “SZ Challenge” in terms of catalogue completeness,
purity, astrometric and photometric reconstruction. Our results provide a comparison of a representative sample of SZ detection
algorithms and highlight important issues in their application. In our study case, we show that the exact expected number of clusters
remains uncertain (about a thousand cluster candidates at |b| > 20 deg with 90% purity) and that it depends on the SZ model and on the
detailed sky simulations, and on algorithmic implementation of the detection methods. We also estimate the astrometric precision of
the cluster candidates which is found of the order of ∼2 arcmin on average, and the photometric uncertainty of about 30%, depending
on flux.

Key words. cosmology: observations – galaxies: clusters: general – galaxies: clusters: intracluster medium –
cosmic background radiation – methods: data analysis

1. Introduction

Galaxy cluster catalogues have played a long-standing, vital role
in cosmology, providing important information on topics rang-
ing from cosmological parameters to galaxy formation (Rosati
et al. 2002; Voit 2005). In particular, recent X-ray cluster cat-
alogues have proved valuable in establishing the standard cos-
mological model (e.g., Schuecker et al. 2003; Vikhlinin et al.
2009). The science potential of large cluster surveys is strong:
They are, for instance, considered one of the central observa-
tional tools for illuminating the nature of dark energy (e.g., the
Dark Energy Task Force Report Albrecht et al. 2006, 2009). A
suite of large cluster surveys planned over the coming years in
the optical/IR, X-ray and millimeter bands will greatly extend
the reach of cluster science by probing much larger volumes

to higher redshifts with vastly superior statistics and control of
systematics.

The Planck SZ cluster catalogue will be one of the impor-
tant players in this context. Surveying the entire sky in 9 mil-
limeter/submillimeter bands with ∼5–10 arcmin resolution over
the channels most sensitive to the cosmic microwave back-
ground (CMB) anisotropies, the Planck satellite will find large
numbers of clusters through the Sunyaev-Zel’dovich (SZ) effect
(Sunyaev & Zeldovich 1970, 1972; Birkinshaw 1999; Carlstrom
et al. 2002). The advantages of this, much anticipated, tech-
nique include efficient detection of distant clusters and selection
based on an observable expected to correlate tightly with clus-
ter mass (Bartlett 2002; da Silva et al. 2004; Motl et al. 2005;
Nagai 2006; Bonaldi et al. 2007; Shaw et al. 2008). An official
mission deliverable, the Planck SZ catalogue will be the first
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all-sky cluster catalogue since the workhorse catalogues from
the ROSAT All-Sky Survey (RASS, Truemper 1992), in other
words, Planck will be the first all-sky cluster survey since the
early 1990s!

Within the Planck Consortium, a considerable effort has been
conducted for the scientific evaluation of the cluster catalogue
construction methodology. As part of this evaluation effort, we
completed an extensive comparison of twelve algorithms applied
to detailed simulations of Planck data based on the Planck Sky
Model (PSM). This study was dubbed “The SZ Challenge” and
was carried out in two steps using different SZ cluster models
and cosmologies; these are referred to as Versions 1 and 2 and
more fully explained below. We report the findings of these ini-
tial studies in terms of catalogue completeness and purity, as
well as astrometric and photometric accuracy and precision.

The article is organized as follows: In the next section we
detail our sky simulations, including a brief description of their
basis, the PSM (Delabrouille et al. 2012). The following section
then introduces the different catalogue construction methodolo-
gies employed, before moving on to a presentation of each of
the twelve algorithms in the study. We present the results of the
challenge in Sect. 4, followed by a comparative study of algo-
rithmic performance. We conclude with a discussion of both the
limitations of this study and future directions.

2. Simulations

2.1. The Planck Sky Model

One of the important differences between the present work
and previous studies of Planck SZ capabilities is the detailed
and rather sophisticated simulation of millimeter and submil-
limeter sky emission used here. Our sky simulations are based
on an early development version of the PSM (Delabrouille
et al. 2012), a flexible software package developed within the
Planck Collaboration for making predictions, simulations and
constrained realisations of the microwave sky. The simulations
used for this challenge are not polarised (only temperature maps
are useful for detecting clusters using the thermal SZ effect).

The CMB sky is based on the best fit angular power spectrum
model of WMAP. The CMB realisation is not constrained by
actual observed CMB multipoles, in contrast to the simulations
used by Leach et al. (2008).

Diffuse Galactic emission is described by a four compo-
nent model of the interstellar medium comprising free-free,
synchrotron, thermal dust and spinning dust and is based on
Miville-Deschênes et al. (2008, see Miville-Deschênes 2009, for
a review). The predictions rely on a number of sky templates
with different angular resolutions. In order to simulate the sky
at Planck resolution we have added small-scale fluctuations to
some of the templates to increase the fluctuation level as a func-
tion of the local brightness and therefore reproduce the non-
Gaussian and non-uniform properties of the interstellar emis-
sion. The procedure used to add small scales is presented in
Miville-Deschênes et al. (2007).

Free-free emission is based on the model of Dickinson et al.
(2003) assuming an electronic temperature of 7000 K. The spa-
tial structure of the emission is modeled using an Hα template
corrected for dust extinction. The Hα map is a combination of
the Southern H-Alpha Sky Survey Atlas (SHASSA, Gaustad
et al. 2001) and the Wisconsin H-Alpha Mapper (WHAM,
Haffner et al. 2003), smoothed to obtain a uniform angular reso-
lution of 1◦. Dust extinction is inferred using the E(B−V) all-sky
map of Schlegel et al. (1998). As mentioned earlier, small scales

were added in both templates to match the Planck resolution.
The free-free emission law is constant over the sky, as it de-
pends only on the electronic temperature, taken as a constant
here (see however Wakker et al. 2008, for a description of high-
velocity clouds not detected by the WHAM survey and hence
not included in our simulations).

Synchrotron emission is based on an extrapolation of the
408 MHz map of Haslam et al. (1982) from which an estimate
of the free-free emission was removed. In any direction on the
sky, the spectral emission law of the synchrotron is assumed to
follow a power law, T sync

b ∝ νβ. We use a pixel-dependent spec-
tral index β derived from the ratio of the 408 MHz map and the
estimate of the synchrotron emission at 23 GHz in the wmap
data obtained by Miville-Deschênes et al. (2008).

The thermal emission from interstellar dust is estimated us-
ing model 7 of Finkbeiner et al. (1999). This model, fitted to the
FIRAS data (7◦ resolution), assumes that each line of sight can
be modeled by the sum of the emission from two dust popula-
tions, one cold and one hot. Each grain population is in thermal
equilibrium with the radiation field and thus has a grey-body
spectrum, so that the total dust emission is modelled as

Iν ∝
2∑

i=1

fiν
βi Bν(Ti), (1)

where Bν(Ti) is the Planck function at temperature Ti. In model 7
the emissivity indices are β1 = 1.5, β2 = 2.6, and f1 = 0.0309
and f2 = 0.9691. Once these values are fixed, the dust temper-
ature of the two components is determined using only the ratio
of the observations at 100 μm and 240 μm. For this purpose,
we use the 100/240 μm map ratio published by Finkbeiner et al.
(1999). Knowing the temperature and β of each dust component
at a given position on the sky, we use the 100 μm brightness at
that position to scale the emission at any frequency using Eq. (1).

Spinning dust emission uses as a template the dust extinction
map E(B − V), and uses an emission law uniform on the sky,
based on the model of Draine & Lazarian (1998), assuming a
warm neutral medium (WNM).

We emphasise that the emission laws of both synchrotron
and dust vary across the sky. The spectral index of free-free and
the emission law of spinning dust, however, are taken as uniform
on the sky.

Point sources are modeled with two main categories: radio
and infrared. In the present simulation, none of two is corre-
lated with the SZ signal. Simulated radio sources are based on
the NVSS or SUMSS and GB6 or PMN catalogues. Measured
fluxes at 1 and/or 4.85 GHz are extrapolated to 20 GHz using
their measured SED when observed at two frequencies. Sources
for which a flux measurement is available at a single frequency
have been randomly assigned to either the steep- or to the flat-
spectrum class in the proportions observationally determined by
Fomalont et al. (1991) for various flux intervals, and assigned
a spectral index randomly drawn from the corresponding distri-
bution. Source counts at 5 and 20 GHz obtained in this way are
compared, for consistency, with observed counts, with the model
by Toffolatti et al. (1998), and with an updated version of the
model by de Zotti et al. (2005), allowing for a high-redshift de-
cline of the space density of both flat-spectrum quasars (FSQs)
and steep-spectrum sources (not only for FSQs as in the origi-
nal model). Further extrapolation at Planck frequencies has been
made allowing a change in SED above 20 GHz, assuming again
a distribution in flat and steep populations. For each of these
two populations, the spectral index is randomly drawn within a
set of values compatible with the typical average and dispersion.
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Table 1. Characteristics of instrumental values taken from Planck blue book for a 14 month nominal mission.

Channel 30 GHz 44 GHz 70 GHz 100 GHz 143 GHz 217 GHz 353 GHz 545 GHz 857 GHz
FWHM [arcmin] 33 24 14 10 7.1 5 5 5 5
σpixel [mKCMB] 0.131 0.130 0.126 0.057 0.029 0.046 0.137 1.241 56.639

Notes. σpixel refers to the standard deviation of the 1.7′ (Healpix nside = 2048) pixel noise maps at the considered frequency.

Infrared sources are based on the iras catalogue, and modeled
as dusty galaxies (Serjeant & Harrison 2005). IRAS coverage
gaps were filled by randomly adding sources with a flux distri-
bution consistent with the mean counts. Fainter sources were as-
sumed to be mostly sub-millimeter bright galaxies, such as those
detected by SCUBA surveys. These were modelled following
Granato et al. (2004) and assumed to be strongly clustered, with
a comoving clustering radius r0 � 8 h−1 Mpc. Since such sources
have a very high areal density, they are not simulated individu-
ally but make up the sub-mm background.

The SZ component is described in detail in the following
section.

Component maps are produced at all Planck central frequen-
cies. They are then co-added and smoothed with Gaussian beams
as indicated in Table 1, extracted from the Planck blue book. We
thus obtain a total of nine monochromatic sky maps.

Finally, inhomogeneous noise is simulated according to the
pixel hit count corresponding to a nominal 14-month mission1

using the Level-S simulation tool (Reinecke et al. 2006). The
rms noise level in the simulated maps is given in Table 1 from
the Planck blue book. It is worth noting that the in-flight perfor-
mances of Planck-HFI as reported by the Planck Collaboration
(Planck Collaboration 2011a) are better than the requirements.

2.2. The SZ component

We simulate the SZ component using a semi-analytic approach
based on an analytic mass function dN(M, z)/dMdz. After select-
ing cosmological parameters (h, Ωm, ΩΛ, σ8), the cluster distri-
bution in the mass-redshift plane (M, z) is drawn from a Poisson
law whose mean is given by the mass function. Clusters are span-
ning the mass range 5 × 1013 M� < Mvir < 5 × 1015 M� and the
redshift range 0 < z < 4. Cluster Galactic coordinates (l, b) are
then uniformly drawn on the sphere. We compute the SZ signal
for each dark matter halo following two different models, pro-
ducing two simulations (v1 and v2) with different sets of cosmo-
logical parameters and mass functions and SZ signals2.

2.2.1. SZ challenge v1

For the first version of the SZ Challenge, we used h = 0.7,
Ωm = 0.3, ΩΛ = 0.7, σ8 = 0.85 and the Sheth-Tormen mass
function Sheth & Tormen (1999). We assume that the clusters
are isothermal and that the electron density profile is given by
the β-model, with β = 2/3, and core radius scaling as M1/3. We
truncate the model at the virial radius, rvir, and choose the core
radius rc = rvir/10. The virial radius here is defined according to

1 Note that since launch in May 2009, the observed Helium consump-
tion for the Planck-HFI dilution cooler indicates that the instrument can
operate for about 30 months. A mission extension has been approved
by ESA accordingly.
2 We assume spherical symmetry for the individual SZ clusters and do
not take into account any scatter in the distribution of pressure profiles.

the spherical collapse model. The temperature of each cluster is
derived using a mass-temperature given in Colafrancesco et al.
(1997) with T15 = 7.75 keV, consistent with the simulations of
Eke et al. (1998). For more details on this model, we refer the
reader to Sect. 5 of de Zotti et al. (2005).

2.2.2. SZ challenge v2

The second version of the SZ Challenge was produced using
a WMAP5 only cosmology (Dunkley et al. 2009) (h = 0.719,
Ωm = 0.256, ΩΛ = 0.744, σ8 = 0.798). We used the Jenkins
mass function (Jenkins et al. 2001). The SZ emission is mod-
eled using the universal pressure profile derived from the X-ray
REXCESS cluster sample (Arnaud et al. 2010) which predicts
profile and normalisation of SZ clusters given their mass and
redshift. The profile is well fitted by a generalized NFW profile
that is much steeper than the β-profile in the outskirts. Moreover,
for a given mass, the normalisation of the SZ flux is ∼15% lower
than the normalisation of SZ Challenge v1. This profile was used
as the baseline profile in the SZ early results from Planck (Planck
Collaboration 2011b,f,e,c,g).

Neither of the two sets of simulations (v1 and v2) contains
point sources within clusters. The effect of contamination by ra-
dio or infrared point sources in clusters was therefore not stud-
ied here3. We neither include relativistic electronic populations
within clusters. As for point sources, this effect was not studied
here4.

3. Methods and algorithms

The SZ Challenge was run as a blind test by providing the simu-
lated sky maps. Participating teams, ten, were then asked to run
their algorithms, twelve in total on the simulated data and supply
a cluster catalogue with

1. (α, δ): cluster sky coordinates;
2. Yrec: recovered total SZ flux, in terms of the integrated

Compton-Y parameter;
3. ΔYrec: estimated flux error, i.e., the method’s internal esti-

mate of flux error;
4. θrec: recovered cluster angular size, in terms of equivalent

virial radius;
5. Δθrec: estimated size error (internal error).

3 The effect of radio sources (ν < 217 GHz) is to reduce the ob-
served SZ signal at a given frequency while the effect of infrared sources
(ν > 217 GHz) is to increase it. However, the extraction algorithms be-
ing multifrequency, their sensitivity to point sources is expected to be
weaker than for single frequency extractions because of the different
spectral dependence of point sources and SZ clusters.
4 The effect has been very recently studied within the Planck
Collaboration: assuming a non relativistic spectrum for extracting clus-
ters biases the flux low by about 10% in direction of massive (Mvir >
1015 M�) clusters (Planck Collaboration, in prep.).
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The different methods were divided into two classes: direct
methods that produce a cluster catalogue applying filters directly
to a set of frequency maps, and indirect methods that first extract
a thermal SZ map and then apply source finding algorithms.

In this classification, the 12 algorithms studied were:

– Direct methods:
• MMF1: matched multi-filters (MMF) as implemented by

Harrison.
• MMF2: MMF as described in Herranz et al. (2002).
• MMF3: MMF as described in Melin et al. (2006).
• MMF4: MMF as described in Schäfer et al. (2006).
• PwS: Bayesian method PowellSnakes as described

in Carvalho et al. (2009).
– Indirect methods:
• BNP: Bayesian Non-parametric method as described

in Diego et al. (2002), followed by SExtractor (Bertin
& Arnouts 1996) to detect clusters and perform
photometry.
• ILC1: All-sky internal linear combination (ILC) on

needlet coefficients5 (similar to the method used for
CMB extraction in Delabrouille et al. 2009) to get an
SZ map, followed by matched filters on patches to ex-
tract clusters and perform photometry.
• ILC2: Same SZ map Delabrouille et al. (2009), but

followed by SExtractor on patches instead of a matched
filter to extract the clusters. Photometry or flux measure-
ment is however done using matched filters at the posi-
tion of the detected clusters.
• ILC3 developed by Chon and Kneissl: ILC in real space

and filtering in harmonic space to obtain an SZ map, fol-
lowed by fitting a cluster model.
• ILC4 developed by Melin: ILC on patches in Fourier

space to obtain SZ maps, followed by SExtractor to de-
tect clusters and matched multifilters to perform photom-
etry.
• ILC5 developed by Yvon: ILC on patches in wavelet

space to obtain SZ maps, followed by SExtractor to de-
tect clusters and perform photometry.
• GMCA: Generalized Morphological Component

Analysis as described in Bobin et al. (2008), followed
by wavelet filtering and SExtractor to extract clusters
and matched multifilters to perform photometry.

All of the algorithms make use of the known frequency spec-
trum of the SZ signal; attempts to detect clusters without this
prior knowledge perform significantly worse. A summary of the
characteristics of the codes as well as their treatment of the point
sources, foreground removal and masking is given in Table 2.
Further details about the algorithms are given in the following
subsections.

3.1. Matched multifilter methods

The multifrequency matched filter (MMF) enhances the contrast
(signal-to-noise) of objects of known shape and known spectral
emission law over a set of observations containing correlated
contamination signals. It offers a practical way of extracting a
SZ clusters using multifrequency maps. The method makes use
of the universal thermal SZ effect frequency dependance (as-
suming electrons in clusters are non-relativistic), and adopts a
spatial (angular profile) template. The filter rejects foregrounds

5 Needlet coefficients are the equivalent of Fourier coefficients in the
adopted spherical wavelet domain.

using a linear combination of maps (which requires an estimate
of the statistics of the contamination) and uses spatial filtering
to suppress both foregrounds and noise (making use of prior
knowledge of the cluster profile). In all cases discussed here, the
adopted template is identical to the simulated cluster profiles, ex-
cept for MMF2 on SZ Challenge v2. The MMF has been studied
extensively by Herranz et al. (2002) and Melin et al. (2006).

Three of the MMF methods tested here work with projected
flat patches of the sky, and one method works directly on the
pixelised sphere.

In the first case, the full-sky frequency maps are projected
onto an atlas of overlapping square flat regions. The filtering is
then implemented on sets of small patches comprising one patch
for each frequency channel. For each such region, the nine fre-
quency maps are processed with the MMF. A simple threshold-
ing detection algorithm is used to find the clusters and produce
local catalogues. The MMF is applied with varying cluster sizes
to find the best detection for each cluster. This provides an esti-
mate of the angular size in addition to the central Compton pa-
rameter. Each algorithm explored its own, but similar, range of
angular scales; MMF3, for example, runs from θv = 2 to 150 ar-
cmins. The catalogues extracted from individual patches are then
merged into a full-sky catalogue that contains the position of the
clusters, their estimated central Compton parameter, the virial
radius and an estimation of the error in the two later quantities.
The integrated Compton parameter is derived from the value of
the central Compton parameter and the radius of the cluster.

In the following, we give relevant details specific to each im-
plementation of the MMF.

3.1.1. MMF1

The performance of the MMF1 algorithm is sensitive to the ac-
curacy of the evaluation of the power spectra and cross-power
spectra of the non-SZ component of the input maps. The de-
tection is performed in two passes, the first detecting the high-
est signal-to-noise SZ clusters, and the second detecting fainter
clusters after the removal of the contribution of the brightest ones
from the power spectra estimated on the maps.

The merging of the catalogues from distinct patches is im-
plemented with the option of discarding detections found in the
smallest radius bin. These detections essentially correspond to
spatial profiles indistinguishable from that of a point source.
This option permits better control of the contamination by point
sources, as a disproportionate fraction of the spurious detections
occur in this bin ; despite their different spectral signature, point
sources can occasionally pass through the filter. Using this op-
tion of MMF1 reduces the contamination at a given threshold
(see Sect. 4.1 for definitions of this and other diagnostics of cata-
logue content) depending on the actual profile of the SZ clusters.

3.1.2. MMF2

The MMF2 algorithm follows closely the method described in
Herranz et al. (2002). The method is simple and quite robust,
although the performance depends on the model assumed for
the radial profile of the clusters. For this work, a truncated
multiquadric profile similar to a β-model has been used for
SZ Challenge v1 and v2. The profile is not a good match for the
simulated profile in SZ Challenge v2. This does not affect sig-
nificantly the completeness and purity of the method (as shown
in Sect. 4) but the extracted flux is biased with respect to the
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Table 2. Summary of the algorithms compared in the SZ Challenge.

Method Shape matching CPU Patches Number of PS subtraction FG subtraction Main characteristics
time (h) (size deg.) patches method method

MMF1 Yes 50–60 14.6◦ × 14.6◦ 640 – – Best yield among MMFs
Good photometry

MMF2 Yes 31 14.6◦ × 14.6◦ 371 – – Good yield
Good photometry

MMF3 Yes 5 10◦ × 10◦ 504 mask 10σ PS – Good yield
Good photometry

MMF4 Yes full sky – – – Poor yield (see Sect. 3.1.4)
No photometry

PwS Yes 5.73 14.6◦ × 14.6◦ 2064 – – Good yield
Good photometry

BNP No 15 10◦ × 10◦ 512 MHW Subtract 857 Median yield
Poor photometry

ILC1 Yes 2–3 see caption (504) – – Good yield
Good photometry

ILC2 No 2–3 see caption (504) – – Best yield among ILCs
Good photometry

ILC3 Yes 24 full sky – – Template fitting Poor yield
Good photometry

ILC4 Yesa 6 10◦ × 10◦ 504 mask 10σ PS – Good yield
Good photometry

ILC5 No 0.2 11◦ × 11◦ 461 SExt. – Poor yield (see Sect. 3.3.5)
Poor photometry

GMCA No 4 10◦ × 10◦ 504 – – Median yield
Good photometry

Notes. The first column shows the name of the method. The second column indicates when the code is using a prior on the SZ cluster shape.
The uperscript a indicate that the detection did not use a shape prior but that the computation of the SZ flux did. The third column gives the
performance in terms of CPU hours needed to complete the analysis. The fourth and fifth column show whether the analysis was made using
all-sky maps or projected patches, their area in square degrees and the number of patches. Methods ILC1 and ILC2 work with full sky maps for
producing an SZ map (by ILC on needlet coefficients) and then work with 504 small patches for cluster detection by matched filtering (ILC1) or
using SExtractor (ILC2). The sixth and seventh columns provide information about any specific method used for subtracting point sources (PS)
and Galactic foregrounds (FG). Note that both the MMF and the ILC methods have a built-in way for subtracting both point sources and diffuse
foregrounds, by treating them as additional noise (of astrophysical origin) correlated across the channels. Note, also, that the study is made only
on clusters at |b| > 20 degrees Galactic latitude for all methods. The eighth column summarizes the main characteritics of each algorithm in terms
of yield at 90% purity and photometric accuracy.

input. The family of profiles used by the algorithm can however
be adjusted.

3.1.3. MMF3

The MMF3 SZ extraction algorithm is an all-sky extension of the
matched multifrequency filter described in Melin et al. (2006).
It has been used for the production of the early SZ cluster sam-
ple (Planck Collaboration 2011b). In the version used for the
SZ challenge, auto and cross power spectra used by the filter do
not rely on prior assumptions about the noise, but are directly
estimated from the data. They are thus adapted to the local in-
strumental noise and astrophysical contamination.

3.1.4. MMF4

The spherical matched and scale adaptive filters (Schäfer et al.
2006) are generalisations of the filters proposed by Herranz et al.
(2002) for spherical coordinates. Just like their counterparts they
can be derived from an optimisation problem and maximise the
signal to noise ratio while being linear in the signal (matched
filter) and being sensitive to the size of the object. The algo-
rithm interfaces to the common HEALPIX package and treats
the entire celestial sphere in one pass.

The most important drawback is the strong Galactic contam-
ination – the filter was not optimised to deal with a Galactic cut

like many of the other algorithms, although it is in principle pos-
sible to include that extension. The large noise contribution due
to the Galaxy is the principal reason why the performance of the
filter suffers in comparison to the approach of discarding a large
fraction of the sky.

3.2. Bayesian methods

3.2.1. PowellSnakes

PowellSnakes (PwS; Carvalho et al. 2009) is a fast multi-
frequency Bayesian detection algorithm. It analyses flat sky
patches using the ratio

ρ ≡ Pr(H1|d)
Pr(H0|d)

, (2)

where H1 is the detection hypothesis, “There is a source” and H0
the null hypothesis “Only background is present” (Jaynes 2003).
Applying Bayes theorem to the above formula one gets

ρ =
Pr(d|H1) Pr(H1)
Pr(d|H0) Pr(H0)

=
Z1

Z0

Pr(H1)
Pr(H0)

, (3)

where

Z =
∫
L(Θ) π(Θ) dDΘ, (4)
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is the evidence,L(Θ) is the likelihood, π(Θ) is the prior andΘ a
vector representing the parameter set.

An SZ parameterised template profile of the clusters
s(X, A) ≡ ξ τ(a, x − X, y − Y), is assumed known and fairly
representative of the majority of the clusters according to the res-
olution and signal-to-noise ratio of the instrumental setup, where
τ(. . .) is the general shape of the objects (beta or Arnaud et al.
profile) and a j a vector which contains the parameters control-
ling the geometry of one specific element (core/scale radius, pa-
rameters of the beta or Arnaud et al. profile).

The algorithm may be operated on either “Frequentist mode”
where the detection step closely resembles a multi-frequency
multi-scale “matched filter” or “Bayesian mode” where the pos-
terior distributions are computed resorting to a simple “nested
sampling” algorithm (Feroz & Hobson 2008).

The acceptance/rejection threshold may be defined either by
using “Decision theory” where the expected loss criterion is
minimised or by imposing a pre-defined contamination ratio. In
the case of a loss criterion, the symmetric criterion – “An unde-
tected cluster is as bad as spurious cluster” – is used.

3.2.2. BNP

This method is described in detail in Diego et al. (2002). It is
based on the maximization of the Bayesian probability of having
an SZ cluster given the multifrequency data with no assumptions
about the shape nor size of the clusters. The method devides the
sky into multiple patches of about 100 sq. degrees and performs
a basic cleaning of the Galactic components (by subtracting the
properly weighted 857 GHz map from the channels of inter-
est for SZ) and point sources (using a Mexican Hat Wavelet).
The cleaned maps are combined in the Bayesian estimator and
the output map of Compton parameters is derived. SExtractor is
applied to the map of reconstructed Compton parameter to de-
tect objects above a given threshold and compute their flux. The
thresholds are based on the background or noise estimated by
SExtractor. In order to compute the purity, different signal-to-
noise ratios (ranging from 3 to 10) are used to compute the flux.
The method assumes a power spectrum for the cluster population
although this is not critical.

The main advantage of the method resides in its robustness
(almost no assumptions) and its ability to reconstruct both ex-
tended and compact clusters. The main limitation is the rel-
atively poor reconstruction of the total flux of the cluster as
compared to matched filters.

3.3. Internal linear combination methods

The ILC is a simple method for extracting one single compo-
nent of interest out of multifrequency observations. It has been
widely used for CMB estimation on WMAP data (Bennett et al.
2003; Tegmark et al. 2003; Eriksen et al. 2004; Park et al. 2007;
Delabrouille et al. 2009; Kim et al. 2009; Samal et al. 2009). A
general description of the method can be found in Delabrouille
& Cardoso (2009).

The general idea behind the ILC is to form a linear combina-
tion of all available observations which has unit response to the
component of interest, while minimizing the total variance of the
output map. This method assumes that all observations yi(p), for
channel i and pixel p, can be written as the sum of one single
template of interest scaled by some coefficient ai, and of unspec-
ified contaminants which comprise noise and foregrounds, i.e.

yi(p) = ais(p) + ni(p), (5)

where yi(p) is the observed map in channel i, s(p) is the tem-
plate of interest (here, the SZ map), and ni(p) comprise the
contribution of both all astrophysical foregrounds (CMB, galac-
tic emission, point sources...) and of instrumental noise. This
equation can be recast as:

y(p) = as(p) + n(p). (6)

To first order, linear combinations of the inputs of the form∑
i wiyi(p) guarantee unit response to the component of inter-

est provided that the constraint
∑

i wiai = 1 is satisfied (there
are, however, restrictions and higher order effects, which are
discussed in detail in the appendix of Delabrouille et al. 2009;
Dick et al. 2010). It can be shown straightforwardly (Eriksen
et al. 2004; Delabrouille & Cardoso 2009) that the linear weights
which minimize the variance of the output map are:

w =
atR̂−1

atR̂−1a
, (7)

where R̂ is the empirical covariance matrix of the observations.
What distinguishes the different ILC implementations is essen-
tially the domains over which the above solution is implemented.

3.3.1. ILC1

The needlet ILC method works in two steps. First, an SZ map
is produced by ILC, with a needlet space implementation sim-
ilar to that of Delabrouille et al. (2009). The use of spherical
needlets permits the ILC filter to adapt to local conditions in
both direct (pixel) space and harmonic space. Input maps in-
clude all simulated Planck maps, as well as an external template
of emission at 100 microns (Schlegel et al. 1998), which helps
subtracting dust emission. The cluster catalogue is then obtained
by matched filtering on small patches extracted from the needlet
ILC SZ full-sky map, as described in Melin et al. (2006).

3.3.2. ILC2

The ILC2 approach relies on the same processing for photom-
etry, cluster size, and signal-to-noise estimates as in ILC1, but
in this case the detection of cluster candidates is made using
SExtractor on a Wiener-filtered version of the ILC1 map.

While the extraction of the ILC map works on full sky maps,
using the needlet framework to perform localized filtering, here
again the detection of cluster candidates, and the estimation
of size and flux, are performed on small patches (obtained by
gnomonic projection).

3.3.3. ILC3

In this method, a filter in the harmonic domain is applied to con-
struct a series of maps that are sensitive to the range of clus-
ter scales. We used a Mexican-hat filter constructed from two
Gaussians, one with 1/4 the width of the other. A list of clus-
ter candidates is compiled using a peak finding algorithm, which
searches for enhanced signal levels in the individual map by fit-
ting cluster model parameter. We employed the β-model profile
with β = 2/3 convolved with the Planck beams. The catalogue
produced then includes as parameters the cluster location, the
flux, and the size estimate. The errors on these parameters are
incorporated as given by the likelihoods of the fit.

Additional improvements to the method can be achieved
by using more optimal foreground estimators (but probably
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with slower convergence). This is useful especially for the
fainter clusters, or those confused to a high degree by source
contamination.

3.3.4. ILC4

The ILC4 method is a standard ILC in Fourier space performed
on the square patches. It is implemented independently in an-
nuli in wave number (modulus of the Fourier mode) by applying
weights, according to Eq. (7), this time in the Fourier domain.
The cluster detection is performed using SExtractor on the re-
constructed SZ map. The flux estimation is performed on the
original multifrequency maps (small patches) using the MMF at
the position of the SExtractor detections.

3.3.5. ILC5

This algorithm is designed to work on local noisy multichannel
maps in the wavelet domain. The representation of galaxy clus-
ters in an appropriate biorthogonal wavelet basis is expected to
be sparse compared to the contributions of other astrophysical
components. This should ease the subsequent SZ separation us-
ing the ILC method at each wavelet scale. The reverse wavelet
transform is then applied to estimate local SZ-maps. The latter
are convolved using a Gaussian beam of 5 arcmin FWHM to re-
duce the noise prior to cluster detection using SExtractor with a
threshold fixed classically to a multiple of the rms noise (signal-
to-noise ratio ranging from 3 to 6). The brightest IR galaxies and
radiosources are masked to reduce contamination. Finally, mul-
tiple detections due to the overlap of local maps are removed.
Multiscale ILC proved to be more efficient than regular ILC to
remove large angular scale contamination on local map simu-
lations. However, the cluster catalogue appears comparatively
more contaminated which may be due to an imperfect clean-
ing of multiple detections. Also, the known point sources were
only masked before detection with SExtractor. Masking the ob-
served sky maps earlier could improve the component separation
using Multiscale ILC. Doing so may prevent a few very bright
pixels biasing the ILC parameter estimation but in turn raises
the question of data interpolation across masked regions. The
other implementations of the ILC do mask point sources before
combining the maps and are thus not subject to this bias.

3.4. GMCA

Generalized morphological component analysis is a blind source
separation method devised for separating sources from instanta-
neous linear mixtures using the model given by: Y = AS + n.
The components S are assumed to be sparsely represented (i.e.
have a few significant samples in a specific basis) in a so-called
sparse representation Φ (typically wavelets). Assuming that the
components have a sparse representation in the wavelet domain
is equivalent to assuming that most components have a certain
spatial regularity. These components and their spectral signa-
tures are then recovered by minimizing the number of significant
coefficients in Φ:

min{S,S}λ‖SΦT ‖ + 1
2
‖Y − AS‖22 (8)

where || . . . ||2 is the L2 (Euclidean) norm. In Bobin et al. (2008),
it was shown that sparsity enhances the diversity between the
components thus improving the separation quality. The spec-
tral signatures of CMB and SZ are assumed to be known. The

spectral signature of the free-free component is approximately
known up to a multiplicative constant (power law with fixed
spectral index).

Hence, GMCA furnishes a noisy SZ map in which we want
to detect the SZ clusters. This is done in three steps:

– wavelet denoising;
– SExtractor to extract the clusters from the noise-free SZ map,

and finally;
– a maximum likehood to get the flux of the detected sources.

4. Results

We evaluated each extracted catalogue in terms of catalogue
content and photometric recovery based on comparisons be-
tween the extracted catalogues and the simulated input SZ clus-
ter catalogue. For this purpose, we cut the input catalogue at
Y > 5 × 10−4 arcmin2, well below the theoretical Planck detec-
tion limit (see below), and restrict ourselves to the high latitude
sky at |b| > 20 deg to reduce contamination by galactic fore-
grounds. We then cross-match the candidate cluster in a given
catalogue to a corresponding input cluster. Each match results in
a true detection, while candidates without a match are labeled
as false detections. In a second step, we compare the extracted
properties, namely SZ Compton parameter and size, of the true
detections to the input cluster properties.

Angular proximity was the only association criterion used
for the matching. Specifically, we matched an extracted cluster
to an input cluster if their separation on the sky θ < θmax = f (θv),
a function of the true angular virial radius of the (input) cluster.
The function f (θv) varied over three domains: f (θv) = 5 arcmin
for θv < 5 arcmin; f (θv) = θv for 5 arcmin < θv < 20 arcmin; and
f (θv) = 20 arcmin for θv > 20 arcmin.

We first focus on the catalogue completeness and purity, both
of which we define immediately below. We then test the accu-
racy of the recovered flux and size estimates, as well as each
algorithm’s ability to internally evaluate the uncertainties on
these photometric quantities. Since many fewer codes ran on the
Challenge v2, we focus mainly on Challenge v1. We include re-
sults for those codes that did run on Challenge 2 to gauge the in-
fluence of the underlying cluster model used for the simulation.

4.1. Catalogue content

A useful global diagnostic is the curve of yield versus global pu-
rity for a given catalogue (see e.g. Pires et al. 2006). The former
is simply the total number of clusters detected and the latter we
define as 1 − Γg, where Γg is the global contamination rate:

Γg ≡ total number of false detections
total number of detections

· (9)

The yield curve is parametrized by the effective detection thresh-
old of the catalogue construction algorithm. It is a global di-
agnostic because it gauges the total content of a catalogue,
rather than its content as a function of flux or other measurable
quantities.

Figure 1 compares the yield curves of outputs of all the
algorithms in the SZ Challenge v1, and Fig. 2 those for the
SZ Challenge v2. Increasing the detection threshold moves a
catalogue along its curve to higher purity and lower yield.
Algorithms increase in performance towards the upper right-
hand corner, i.e., both high yield and high purity.

As to be expected, algorithms that locally estimate the noise
(both instrumental and astrophysical), i.e. on local patches of
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Fig. 1. For SZ Challenge v1: yield as a function of global purity. The right handside panel is a zoom on the high-purity region. Each curve
is parameterized by the detection threshold of the corresponding algorithm. As discussed in the text, the overall value of the yields should be
considered with caution, due to remaining modeling uncertainties (see text). We focus instead on relative yield between algorithms as a measure
of performance.

Fig. 2. For SZ Challenge v2: yield as a function of global purity. The same comment applies concerning the overall yield values; in particular,
the cluster model changed significantly between the versions v1 and v2 of the Challenge resulting in lower overall yields here. Fewer codes
participated in the Challenge v2 (see text).

a few square degrees, perform much better than those that em-
ploy a global noise estimate, such as MMF4 and ILC3. For those
methods with local noise estimation, we note that their effec-
tive survey depth appears to anticorrelate with the instrumen-
tal noise, indicating that astrophysical confusion is effectively
removed. This can be seen in Fig. 3, which compares the den-
sity of detected SZ sources (top panel) to the pixel hit count
(bottom panel). The result illustrated with one single method,
ILC2 run on the SZ challenge v1, holds for the other algorithms.
The cluster detection limit appears to be primarily modulated by
the instrumental noise at high Galactic latitude, as opposed to
foreground emission.

Less expected, perhaps, is the fact that all algorithms tend
to miss nearby clusters. These are extended objects, and al-
though they have large total SZ flux, these clusters are “resolved-
out” – missed because of their low surface brightness. This is
an extreme example of resolution effects expected in the case
of SZ detection in relatively low resolution experiments like
Planck. It is not related to the foreground removing efficiency
since the effect can also be mimicked in simulations including
only instrumental white noise. Apart from the few clusters that

are fully resolved, many have angular sizes comparable to the
effective beam, and this leads to a non-trivial selection function
(White 2003; Melin et al. 2005, 2006).

We emphasize that the numerical values of the yields depend
on the cosmological model, on the foreground model and on the
cluster model used in the simulations. They must be considered
with caution because of the inherent modeling uncertainties. As
for the foreground model, the templates used to model Galactic
components in the PSM were chosen so that they are reasonably
representative of the complexity of the diffuse galactic emission.
Thanks to many new observations in particular in the IR and
submm domain (Lagache et al. 2007; Viero et al. 2009; Hall
et al. 2010; Amblard et al. 2011; Planck Collaboration 2011d),
the models of point sources have evolved very much between
the beginning of the SZ challenge and the publication of these
results. These updates were not taken into account in the PSM
when the study was performed. Moreover, the cluster model in
challenge v1 was based on the isothermal β-model, while v2
employed a modified NFW pressure profile favoured by X-ray
determinations of the gas pressure (Arnaud et al. 2010) with a
normalization of the Y − M relation lower by ∼15% than in v1.
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Fig. 3. Illustrated for ILC2 on the SZ Challenge v1, the detection density (top panel) is compared to the pixel hit count for the map at 143 GHz
(bottom panel). The noise in the simulated Planck maps scales as 1/

√
hits. At high Galactic latitudes, the detection density clearly anticorrelates

with map noise. Both maps are smoothed on a scale of 20 degrees, and the Galactic plane (|b| < 20 deg) is masked.

Finally, σ8 changed from 0.85 in challenge v1 to 0.796 in v2
which strongly influences the total cluster yield.

The more peaked profile actually improves detection ef-
ficiency, while the lower normalization reduces the predicted
yield. Along with the much lower value of σ8, the net result is
that the yields in challenge v2 are noticeably lower than in v1
as seen in Figs. 1 and 2. We thus only discuss, in this study, the
relative yields of the codes as a gauge of performance treating
the absolute value of the yield with caution.

Focusing on the relative merit of the algorithms, we see that
Figs. 1 and 2 display large dispersion in the yield at a given
purity. This reflects of course the intrinsic performance of the
algorithms, but also for the detection methods that share simi-
lar underlying algorithms, e.g. MMF and ILC, the dispersion in
the yield reflects the differences in implementations (e.g. noise
estimation, de-blending, etc.).

Somewhat deceptively, these yield variations correspond to
only minor differences in detection threshold, as illustrated for
the SZ Challenge v1 in Fig. 4. This figure traces the curves above
which 90% and 10% (lower set and upper set respectively) of
the clusters detected by each method lie in the true Y−true θv
plane. As already mentioned, many clusters are marginally re-
solved (sizes at least comparable to the beam), which means that
detection efficiency depends not only on flux, but also on size6.

The algorithms all have similar curves in this plane. This
means that the differences in yield are due to only small varia-
tions of the selection curve since completeness is expected to be
monotonic. The black points represent a random sample of 1/4
of the input clusters and show where the bulk of the catalogue
lies. These small variations have important consequences for

6 This was shown on real data in Planck Collaboration (2011b).
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Fig. 4. Selection curves for each algorithm in
the true Y–true θv plane for SZ Challenge v1.
The lower set of curves indicate the 90th per-
centiles, i.e., the curve above which lie 90% of
the detected clusters; the upper set corresponds
to the 10th percentile. The colour codes are
as in Fig. 1. We see that the Planck selection
function depends not just on flux, but also on
cluster angular size. Many clusters are at least
marginally resolved by Planck, leading to these
size effects in the selection fuction. The dashed
lines show contours of fixed mass and redshift,
as indicated, while the cloud of points shows
the distribution of the input catalogue (in fact
a subsample of 1 in 4 randomly selected input
clusters). We see that small variations in selec-
tion curves generate significant yield changes.

Fig. 5. Positional accuracy of the recovered
clusters illustrated for MMF3 in the SZ chal-
lenge v2.

cosmological interpretation of the counts and hence must be
properly quantified.

We compute for all the methods and in the SZ challenges v1
and v2 the completeness defined as the ratio [true detections
(recovered clusters)/simulated clusters] over bins of true (sim-
ulated) flux Y. We find it varies from 80 to 98% at Ylim =
10−2 arcmin2 for the direct methods (based on frequency maps).
The completness is of order of 80% at the same Ylim for the indi-
rect methods (based on detections in SZ maps). We note a slight
increase of the completeness from the SZ Challenge v1 to v2. We
also estimate the contamination of the output catalogues defined
as the ratio [false detections/total detections]. This is evaluated
as as a function of recovered flux. The average contamination
of the output catalogues ranges between 6 and 13% both in the
case of the challenge 1 and 2. However, the purity with respect
to the Y bins differ significantly from method to method. As a
general trend, the lowest Y bin, i.e. the smallet recovered fluxes

centred around 10−3 arcmin2, is more contaminated (∼75% on
average) in the case of the indirect method than in the case of
direct methods (∼50% on average).

4.2. Photometric and astrometric recovery

Cluster characterization is a separate issue from detection. It in-
volves determination of angular positions as well as photometry.
Since Planck will marginally resolve many clusters, photometry
here means both flux Yrec and characteristic size measurements.
Moreover, each method should provide an estimate of the errors
on these quantities for each object in the catalogue.

We illustrate in Fig. 5, a scatter diagram of positional off-
set for MMF3 as a function of true cluster size, θv. On av-
erage, all the algorithms perform similarly and recover clus-
ter position to ∼2 arcmin with a large scatter. In addition, we
see that it is more difficult to accurately determine the position
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Fig. 6. Flux recovery bias. The figure shows for
a subset of methods the average recovered Yrec,
normalized to the true input Y , as a function
of Y . At the bright end, most codes extract an
unbiased estimate of cluster flux, while the ex-
pected Malmquist bias appears at the faint-end,
just below Y ∼ 2 × 10−3 arcmin2.

Fig. 7. Flux recovery uncertainty for the subset
of methods given in Fig. 6. The Figure shows
the dispersion in measured flux about the true
input Y flux as a function of the true input
flux. The best algorithms are affected by ∼30%
dispersion.

of intrinsically extended clusters, as shown by the fact that the
cloud of points is elongated and inclined.

Concerning photometry, we show in Figs. 6 and 7 the mean
recovered SZ flux, Yrec, normalized to the true (simulated) flux,
Y, as a function of the latter. Only true detections are used in this
comparison. We illustrate our results for a subset of methods
namely MMF1, MMF2, MMF3, ILC1, ILC2, ILC3. Methods
that filter the maps such as ILC4 and GMCA, or that use the
SExtractor photometry such as BNP and ILC5 exhibit significant
bias in flux recovery at the bright end. At the faint end, we see the
appearance of Malmquist bias as an upturn in the measured flux.
The importance of this bias varies from algorithm to algorithm.

Figure 7 gives the dispersion in the recovered flux σYrec as a
function of true Y (once again, only involving true detections).
Here, we see that some codes perform significantly better than
others. Those that adjust an SZ profile to each cluster outper-
form by a large margin those that do not. Photometry based on
SExtractor, for example, fares much worse than the MMF codes.
Even among the best performing codes, however, the intrinsic
photometric dispersion is of order 30%. This is important, be-
cause we expect SZ flux to tightly correlate with cluster mass,
with a scatter as low as ∼10% as indicated by both numerical
simulations (Kravtsov et al. 2006) and recent X-ray data (Arnaud
et al. 2007; Nagai et al. 2007). The SZ flux hence should offer
a good mass proxy. What we see from this figure, however, is
that the observational scatter will dominate the intrinsic scatter
of this mass proxy and needs to be properly accounted for in the
cosmological analyses.

We have attributed the origin of the photometric scatter to
difficulty in determining cluster size. Although methods adjust-
ing a profile to the SZ are able to estimate the size of many
clusters, they do so with significant dispersion. Furthermore,

this issue arises specifically for Planck-like resolution because a
large number of clusters are only marginally resolved. Imposing
the cluster size, for example from external data, such as X-ray
or optical observations or higher resolution SZ measurements,
would significantly reduce the observational scatter.

5. Discussion and conclusion

In the present study, we compare different codes and algorithms
to detect SZ galaxy clusters from multi-wavelength experiments
using Plank’s instrumental characteristics. These methods may
be usefully divided into direct methods (four matched-filter ap-
proaches and PowellSnakes) using individual frequency maps,
and indirect methods (five ILC methods, GMCA and BNP) that
first construct an SZ map in which they subsequently search for
clusters.

As already emphasized, the global yield values of all meth-
ods must be considered with caution because of inherent model-
ing uncertainties of the sky simulations and cluster models used,
and to the underlying cosmological model. Therefore, we focus
on relative yields as a gauge of performance of the algorithms. It
is worth noting that results of a direct or indirect method signif-
icantly vary (within factors of as much as three) with the details
of their implementation, with clear impact on the survey yield as
demonstrated in Figs. 1 and 2. Using the PSM simulations and
including th noise as described in 2.1, we would expect of order
of 1000–2000 clusters at a purity of ∼90% with |b| > 20 deg.
This number depends on the extraction method used and may
vary with a more detailed modeling of the sky. The cluster
yield can be increased by accepting a higher contamination rate
and calling for extensive follow-up to eliminate false detections
a posteriori.
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The indirect methods seem to offer greater opportunity for
optimization with a larger number of tuning parameters. They
are also less model dependent for the SZ map construction
and the cluster detection. Although, they can be coupled with
matched filters for the SZ flux measurement. In turn, the direct
methods are linear, easy to implement and robust. One of their
advantages relies in the fact that they can be optimized to de-
tect objects of a given shape (SZ profile) and and a given spec-
tral energy distribution (SED; SZ spectrum). This characteris-
tic of the direct method is particularly important for Planck-like
multi-frequency surveys with moderate resolution. Indeed, due
to lack of resolution, spurious sources (galactic features or point
sources) may be detected by the spatial filter and in that case the
frequency coverage and the spectral matching is the best strat-
egy to monitor the false detections. Due to their robustness and
easy implementation direct methods are more adapted to run in
pipelines7. The situation is quite different for high resolution,
arcminute-scale, SZ experiments such as ACT and SPT where
the filtering of one unique low frequency map (where the SZ sig-
nal is negative) is sufficiently efficient to unable cluster detec-
tion. In these cases though, extended clusters are not well recov-
ered as they suffer more from the CMB contamination and thus
from the filtering.

The comparison of different codes and cluster detection
methods exhibits selection effects and catalogue uncertainties,
neither of which depend, for example, on the actual cluster
physics model. This is shown in the selection curves Fig. 4. In
a Planck-like case, with moderate resolution, clusters do not ap-
pear as point sources, but many are resolved or have sizes com-
parable to the effective SZ beam. In view of this, the use of an
adapted spatial filter to optimally model the SZ profile provides
a significant improvement in the detection yield and in the pho-
tometry. Clusters being partially resolved leads to non-trivial se-
lection criteria that depend both on flux and true angular size, as
demonstrated by the fact that the curves in Fig. 4 are not horizon-
tal lines. In that respect, the use of X-ray information from the
ROSAT All-Sky Survey (RASS) cluster catalogues (Böhringer
et al. 2000, 2004; Piffaretti et al. 2011) or from optical cata-
logues, e.g. in the SDSS area (Koester et al. 2007), will be of par-
ticular value as they will give us a handle on both flux and size
of the clusters detected by Planck and, even more importantly,
understand better the completeness in studying those which are
missed (Chamballu et al. 2012). As already stated, the exact po-
sition of each selection curve in Fig. 4 depends on the algorithm
and small variations in the position of this curve produce signif-
icant changes in catalogue yield. Most of the differences bew-
teen catalogues occur at small flux and size, where the bulk of
the cluster population resides. These objects are for the major-
ity low mass, intermediate redshift clusters. Moreover, detection
becomes progressively less efficient for large objects; this is in-
trinsic and hence shared by all algorithms.

Concerning individual cluster measurements we find that the
astrometry is recovered to ∼2 arcmin on average and photometry
to ∼30% for the best-behaving algorithms. The positional error
is not a problem for X-ray/optical follow-ups because Planck is
expected to detect massive clusters which will be easy to find
in the XMM/Chandra/1 to 4 m class optical telescope fields of
view. The photometric error in our Planck-like case is dominated
by the difficulty in accurately determining the cluster extent/size.
This is another consequence of the fact that many clusters are

7 MMF1, MM2, MMF3 and PwS were all implemented in Planck’s
pipelines. Furthermore, MMF3 was used to extract the Planck clusters
published in the ESZ sample.

marginally resolved by Planck: large enough that their angular
extent matters, but small enough that we have difficulty fixing
their true size. One way of reducing the photometric error is
thus using external constraints on cluster size. One again an-
cillary data from RASS or optical cluster catalogues will help
in this regard, at least at low redshift (z < 0.3−0.5); at higher
redshift, we will rely on follow-up observations if we want to
reduce photometric uncertainties.

The comparison of an ensemble of cluster extraction meth-
ods in the case of a multi-frequency moderate resolution experi-
ment shows that the optimization of the cluster detection in terms
of yield and purity, but also in terms of positional accuracy and
photometry, is very sensitive to the implementation of the code.
The global or local treatment of the noise estimate or the clean-
ing from point sources are the two main causes of difference.
However and most importantly, the use of as realistic as possi-
ble SZ profile (as opposed to model independent profile) to filter
out the signal or to measure the fluxes is a key aspect of cluster
detection techniques in our context. In that respect, using exter-
nal information from SZ observations or from other wavelength
will significantly help in improving the measurement of the clus-
ter properties and in turn optimize the catalogue yields and their
selection function.
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ABSTRACT

We present the first all-sky sample of galaxy clusters detected blindly by the Planck satellite through the Sunyaev-Zeldovich (SZ) effect from
its six highest frequencies. This early SZ (ESZ) sample is comprised of 189 candidates, which have a high signal-to-noise ratio ranging from 6
to 29. Its high reliability (purity above 95%) is further ensured by an extensive validation process based on Planck internal quality assessments
and by external cross-identification and follow-up observations. Planck provides the first measured SZ signal for about 80% of the 169 previously-
known ESZ clusters. Planck furthermore releases 30 new cluster candidates, amongst which 20 meet the ESZ signal-to-noise selection criterion.
At the submission date, twelve of the 20 ESZ candidates were confirmed as new clusters, with eleven confirmed using XMM-Newton snapshot
observations, most of them with disturbed morphologies and low luminosities. The ESZ clusters are mostly at moderate redshifts (86% with z
below 0.3) and span more than a decade in mass, up to the rarest and most massive clusters with masses above 1 × 1015 M�.

Key words. cosmology: observations – galaxies: clusters: general – catalogs

1. Introduction

Galaxy clusters provide valuable information on cosmology,
from the nature of dark energy to the physics that drives galaxy
and structure formation. The main baryonic component in these

� Corresponding author: M. Douspis,
e-mail: marian.douspis@ias.u-psud.fr
�� Appendix is available in electronic form at
http://www.aanda.org

dark matter dominated objects is a hot, ionised intra-cluster
medium (ICM). The ICM can be studied both in the X-ray
and through the Sunyaev-Zeldovich effect (SZ) (Sunyaev &
Zeldovich 1972; Sunyaev & Zeldovich 1980), a fairly new and
highly promising technique that has made tremendous progress
in recent years since its first observations (Birkinshaw & Gull
1978); see also Rephaeli (1995); Birkinshaw (1999); Carlstrom
et al. (2002).
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The SZ effect is undoubtedly the best known and most stud-
ied secondary contribution, due to cosmic structure, that is im-
printed on the cosmic microwave background (CMB) after de-
coupling (for a review of secondary anisotropies see Aghanim
et al. 2008). It is caused by the inverse Compton interaction be-
tween the CMB photons and the free electrons of the hot ICM.
It can be broadly subdivided into the thermal SZ (TSZ) effect,
where the photons are scattered by the random motion of ther-
mal electrons, and the kinetic SZ (KSZ) effect caused by the bulk
motion of the electrons. In the former case, the scattered CMB
photons have a unique spectral dependence, whereas the final
spectrum remains Planckian in the case of the KSZ effect.

The SZ effect offers a number of advantages for cluster stud-
ies. First, the Compton y parameter, which measures the integral
of the gas pressure along the line of sight and sets the ampli-
tude of the SZ signal, does not suffer from cosmological surface-
brightness dimming. This implies that the SZ effect is an effi-
cient method for finding high-redshift clusters. Second, the total
SZ signal Y, integrated over the cluster’s angular extent, directly
measures the total thermal energy of the gas and as such is ex-
pected to correlate closely (i.e., with a tight scatter in the scaling
relation) with total cluster mass. This fact is borne out both by
numerical simulations (Borgani 2006; da Silva et al. 2001; Motl
et al. 2005; Pfrommer et al. 2007) and indirectly from X-ray ob-
servations (Nagai et al. 2007; Arnaud et al. 2007; Vikhlinin et al.
2009) using YX, the product of the gas mass and mean tempera-
ture giving an X-ray analogue of the integrated SZ Compton pa-
rameter first introduced by Kravtsov et al. (2006). This contrasts
with the X-ray luminosity which, at a given mass, is very sensi-
tive to the cluster’s thermodynamical state, for instance due to a
recent merger event or in the presence of a strong cooling core.
Hence SZ surveys are expected to provide clean cluster samples
over a wide range of redshifts, in the sense of being close to
an unbiased mass-limited selection. These are key properties for
statistical studies with clusters, either to constrain cosmological
models (e.g., from the evolution of the mass function) or to probe
the physics of structure formation (e.g., from cluster scaling and
structural properties).

For these reasons, alongside the efforts developed to mea-
sure CMB anisotropies many pioneering instruments were used
or developed to observe the SZ effect and use it as new obser-
vational probe of cluster physics, large-scale structure, and the
cosmological model. The first observations of the SZ effect, tar-
geted at specific X-ray selected clusters, were performed using
interferometric or single-dish experiments mostly observing in
the Rayleigh-Jeans part of the spectrum: the Ryle Telescope at
15 GHz (Jones et al. 1993), the OVRO 5 m telescope at 32 GHz
(Birkinshaw & Hughes 1994), the SuZIE array at 140 GHz
(Holzapfel et al. 1997), BOLOCAM at 143 and 265 GHz (Glenn
et al. 1998), the Diabolo array on IRAM 30 m telescope at
140 GHz (Pointecouteau et al. 1999), MITO at 143, 214, 272,
and 353 GHz (De Petris et al. 1999), the Nobeyama 45 m tele-
scope at 21 GHZ, 43 GHz and 150 GHz (Komatsu et al. 1999),
the BIMA array at 30 GHz (Dawson et al. 2001), ACBAR at 150
and 220 GHz (Gómez et al. 2003), CBI working between 25 and
36 GHz (Udomprasert et al. 2004), VSA at 30 GHz (Lancaster
et al. 2005), the Atacama Pathfinder Experiment (APEX) SZ
Camera at 150 GHz (Dobbs et al. 2006), the SZ Array at 30 GHz
(Muchovej et al. 2007), AMI at 15 GHz (Zwart et al. 2008), and
AMIBA at 90 GHz (Wu et al. 2008); see Birkinshaw & Lancaster
(2005) for a review of observational techniques. Measurements
of the SZ effect were further made or attempted in the Wien part
of the spectrum with PRONAOS (Lamarre et al. 1998), SCUBA

(Zemcov et al. 2007), and more recently with the Herschel Space
Observatory (Zemcov et al. 2010).

These experiments have not only allowed us to accumulate
SZ measurements for about a hundred clusters, but have also
laid the groundwork for SZ-based studies of clusters and of
cosmology. In combination with other observations, especially
in X-rays, they were used to measure cosmological parameters
such as the Hubble constant, and to probe the distance-duality
relation between the angular-diameter and luminosity distances,
bulk flows, and the cluster gas mass fraction (e.g., Silk & White
1978; Kobayashi et al. 1996; Grego et al. 2001; Reese et al.
2002; Uzan et al. 2004; Ameglio et al. 2006; Bonamente et al.
2006; Kashlinsky et al. 2008). The SZ effect has also been used
to characterise the clusters themselves, as it can potentially mea-
sure their radial peculiar velocities (Benson et al. 2003). The
relativistic corrections to the SZ effect (e.g., Itoh et al. 1998)
can be used to measure the gas temperature directly for mas-
sive clusters (Pointecouteau et al. 1998). The spectral signature
of the SZ effect can in principle even probe the electron gas dis-
tribution and constrain any non-thermal electron population in
the ICM (Colafrancesco et al. 2003; Shimon & Rephaeli 2004).
The SZ effect can also be used as a tracer of the WHIM diffuse
gas (Génova-Santos et al. 2005; Battistelli et al. 2006). Moreover
multi-frequency SZ measurements might provide a novel way of
constraining the CMB temperature and its evolution with red-
shift (Battistelli et al. 2002; Horellou et al. 2005; Luzzi et al.
2009).

Deep surveys covering hundreds of square degrees and capa-
ble of detecting many tens to hundreds of clusters, performed by
the South Pole Telescope (SPT) (Carlstrom et al. 2011) and the
Atacama Cosmology Telescope (ACT) (Marriage et al. 2011),
are accumulating, and already delivering, data. One of their
goals is to use SZ cluster counts and the SZ angular correlation
function as cosmological tools (Haiman et al. 2001; Weller et al.
2002; Levine et al. 2002; Majumdar & Mohr 2004; Douspis et al.
2006). Such surveys are particularly powerful for detecting dis-
tant clusters, as was recently proven by results from Vanderlinde
et al. (2010).

In this context ESA’s Planck1 mission, launched on 14 May
2009, carries a scientific payload consisting of an array of 74 de-
tectors sensitive to a range of frequencies between roughly 25
and 1000 GHz, which scan the sky simultaneously and con-
tinuously with an angular resolution varying between about
30 arcmin (FWHM) at the lowest frequencies and about four
arcmin at the highest. The array is arranged into two instru-
ments. The detectors of the Low Frequency Instrument (LFI)
are pseudo-correlation radiometers covering three bands centred
at 30, 44, and 70 GHz. The detectors of the High Frequency
Instrument (Lamarre et al. 2010; Planck HFI Core Team 2011a,
HFI;) are bolometers covering six bands centred at 100, 143,
217, 353, 545, and 857 GHz with bolometers cooled to 0.1 K.
The design of Planck allows it to image the whole sky ap-
proximately twice per year, with an unprecedented combination
of sensitivity, angular resolution, and frequency coverage. The
Planck satellite, its payload, and its performance as predicted
at the time of launch are described in 13 articles included in a
special issue (Volume 520) of Astronomy & Astrophysics. The

1 Planck (http://www.rssd.esa.int/Planck) is a project of the
European Space Agency (ESA) with instruments provided by two sci-
entific consortia funded by ESA member states (in particular the lead
countries France and Italy), with contributions from NASA (USA) and
telescope reflectors provided by a collaboration between ESA and a sci-
entific consortium led and funded by Denmark.
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Fig. 1. Planck y-map of Coma on a ∼3◦ × 3◦ patch with the ROSAT-
PSPC iso-luminosity contours overlaid.

main objective of Planck is to measure the spatial anisotropies
of the temperature of the CMB with an accuracy set by funda-
mental astrophysical limits. Its level of performance will enable
Planck to extract essentially all the information in the CMB tem-
perature anisotropies. Planck will also measure to high accuracy
the polarisation of the CMB anisotropies, which not only en-
codes a wealth of cosmological information but also provides a
unique probe of the thermal history of the Universe during the
time when the first stars and galaxies formed. In addition, the
Planck sky surveys will produce a wealth of information on the
dust and gas in our own galaxy and on the properties of extra-
galactic sources.

Planck was specifically designed from the beginning to mea-
sure the SZ effect (Aghanim et al. 1997) and provide us with an
all-sky SZ cluster catalogue. The first galaxy cluster searched
for in the HFI data, Abell 2163 (Figs. 5 and 6), was indeed
found from 100 GHz to 353 GHz shortly after the First Light
Survey (FLS) was performed and observations in routine mode
by Planck started. Three other known clusters falling in the FLS
region were seen across the positive and negative parts of the
SZ spectrum. The scanning strategy soon allowed us to map ex-
tended clusters such as Coma on wide patches of the sky (Fig. 1).
SZ detection techniques were then applied to the data and the
first blind detections were performed.

The Planck all-sky SZ cluster catalogue, with clusters out to
redshifts z ∼ 1, that will be delivered to the community at the
end of the mission will be the first all-sky cluster survey since
the ROSAT All-Sky Survey (RASS), which was at much lower
depth (the median redshift of the NORAS/REFLEX cluster cata-
logue is z � 0.1). Thanks to its all-sky nature, Planck will detect
the rarest clusters, i.e., the most massive clusters in the expo-
nential tail of the mass function which are the best clusters for
cosmological studies. The Planck early SZ (ESZ) sample is de-
livered alongside the Early Release Compact Source Catalogue
(ERCSC) (Planck Collaboration 2011c), the nine-band source
catalogue, and the Early Cold Core (ECC) catalogue (Planck
Collaboration 2011s) at http://www.rssd.esa.int/Planck
(Planck Collaboration 2011v). The ESZ is a high-reliability

sample of 189 SZ clusters or candidates detected over the whole
sky from the first ten months of the Planck survey of the sky.

The present article details the process by which Planck ESZ
sample was constructed and validated. The Planck data and the
specific SZ extraction methods used to detect the SZ candidates
are presented in Sects. 2 and 3. Planck’s measurements provide
an estimate of the integrated Compton parameter, Y, of de-
tected SZ cluster “candidates”. A subsequent validation process
is needed to identify which among the candidates are previously
known clusters, and an additional follow-up programme is re-
quired to scientifically exploit Planck cluster data. This includes
cluster confirmation (catalogue validation) and the measurement
of relevant physical parameters. These different steps of the ESZ
construction and validation are presented in Sect. 4 and the sub-
sequent results are given in Sect. 5. Finally, Sects. 6–8 present
the general properties of the ESZ cluster sample. Planck early
results on clusters of galaxies are presented here and in a set of
accompanying articles (Planck Collaboration 2011e,f,g,h).

Throughout the article, and in all the above cited Planck SZ
early result papers, the adopted cosmological model is a ΛCDM
cosmology with Hubble constant, H0 = 70 km s−1 Mpc−1, mat-
ter density parameter Ωm = 0.3 and dark energy density param-
eter ΩΛ = 0.7. The quantity E(z) is the ratio of the Hubble
constant at redshift z to its present value, H0, i.e., E2(z) =
Ωm(1 + z)3 + ΩΛ.

2. Planck data description

The ESZ sample was constructed out of the Planck channel maps
of the HFI instrument, as described in detail in Planck HFI Core
Team (2011b). These maps correspond to the observations of
the temperature in the first ten months of the survey by Planck,
which give complete sky coverage. Raw data were first pro-
cessed to produce cleaned time-lines (time-ordered information,
TOI) and associated flags correcting for different systematic ef-
fects. This includes a low-pass filter, glitch treatment, conver-
sion to units of absorbed power, and a decorrelation of thermal
stage fluctuations. For cluster detection, and more generally for
source detection, one data flag of special importance is associ-
ated with solar system objects (SSO). These objects were identi-
fied in TOI data using the publicly-available Horizon ephemeris,
and the SSO flag was created to ensure that they are not pro-
jected onto the sky, in order to avoid possible false detections,
ringing, etc.

Focal-plane reconstruction and beam-shape estimates were
obtained using observations of Mars. Beams are described by an
elliptical Gaussian parameterisation leading to FWHM θS given
in Planck HFI Core Team (2011b). The attitude of the satellite
as a function of time is provided by the two star trackers in-
stalled on the Planck spacecraft. The pointing for each bolome-
ter was computed by combining the attitude with the location
of the bolometer in the focal plane reconstructed from Mars
observations.

From the cleaned TOI and the pointing, channel maps have
been made by co-adding bolometers at a given frequency. The
path from TOI to maps in the HFI data processing is schemati-
cally divided into three steps: ring-making, destriping, and map-
making. The first step averages circles within a pointing period
to make rings with higher signal-to-noise (S/N) ratio, taking
advantage of the redundancy of observations provided by the
Planck scanning strategy. The low amplitude 1/ f component is
accounted for in the second step using a destriping technique.
Finally, cleaned maps are produced using a simple co-addition
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of the Healpix-based rings2. SSO flag channel maps, used in the
internal validation of the ESZ sample, were also made following
the same procedure.

The noise in the channel maps is essentially white with
a standard deviation of 1.6, 0.9, 1.4, 5.0, 70, 1180 μK degree3

from low to high frequencies (Planck HFI Core Team 2011b).
Photometric calibration is performed for the lower frequency
channels at the ring level using the CMB dipole (from WMAP
Hinshaw et al. 2009), and at the map level using FIRAS data
(Fixsen et al. 1994) for the higher frequency channels at 545 and
857 GHz. The absolute gain calibration of HFI Planck maps is
known to better than 2% (Planck HFI Core Team 2011b).

3. Detection and cluster extraction

In order to generate a cluster candidate list, a suitable extraction
algorithm must be run on the maps. SZ clusters can be consid-
ered as compact sources with respect to the Planck beam, but
they are definitely not point sources. Their extension thus merits
a special adapted processing. For this reason, several extraction
methods were developed within the Planck collaboration, and
those were tested and compared using the Planck Sky Model
Simulation (PSM4). The details of the comparison of the cluster
extraction algorithms, called the “SZ challenge”, can be found
in Melin et al. (in prep.).

Methods fall into two classes: “direct” methods use individ-
ual channel maps to extract the clusters, while “indirect” meth-
ods use sky y-maps obtained via component separation algo-
rithms. The methods used in this article are direct methods, with
the reference method chosen on the basis of the SZ challenge.
The direct detection algorithms used to construct and validate the
ESZ sample incorporate prior assumptions on the cluster signal,
specifically its spectral and spatial (i.e., the shape of ICM pres-
sure profile) characteristics (see Sect. 3.1). This enhances the
cluster contrast over a set of observations containing contami-
nating signals.

Most of the methods developed prior to the launch were ap-
plied to the Planck data, but only direct methods were favoured
for implementation in the pipeline infrastructure. The following
three were used to construct and validate the ESZ sample:

– a matched multi-frequency filter (MMF) algorithm, referred
to henceforth as MMF3, was the reference method used for
the blind detection of SZ candidates, and the construction of
the ESZ list;

– two other methods (Sects. 3.3.2 and 3.3.1) were used to con-
firm the blind detections of the ESZ candidates.

In addition, a slightly different version of MMF3 was run as part
of ESZ validation, in order to re-extract the Compton Y parame-
ter of the SZ clusters incorporating fixed cluster sizes and posi-
tions taken from X-ray observations (see Sect. 6.2).

3.1. Baseline cluster model

The ICM pressure profile has historically been described by an
isothermal β-model (Cavaliere & Fusco-Femiano 1978; Grego
et al. 2001; Reese et al. 2002, e.g.,). However, recent X-ray ob-
servations have shown that a β-model is a poor description of

2 http://healpix.jpl.nasa.gov/ (Górski et al. 2005).
3 In the following and unless otherwise stated, μK refers to equivalent
CMB temperature fluctuations in μK.
4 “Planck Sky Model”, http://www.apc.univ-paris7.fr/
APC_CS/Recherche/Adamis/PSM/psky-en.php

the gas distribution in clusters, leading several authors to pro-
pose more realistic analytical functions based on a Generalised
Navarro-Frenk-and-White (GNFW) profile (Nagai et al. 2007;
Arnaud et al. 2010).

The baseline pressure profile used in the present work is
the standard “universal” pressure profile derived by Arnaud
et al. (2010). It is constructed by combining the observed X-ray
pressure profile within R500, from 31 galaxy clusters of the
REXCESS sample (Böhringer et al. 2007), with data from state-
of-the-art numerical simulations (Borgani et al. 2004; Nagai
et al. 2007; Piffaretti & Valdarnini 2008) out to 5 R500. In the
following, R500 is the cluster size defined as the radius where the
mean enclosed density is 500 times the critical density. It relates
to the characteristic cluster scale Rs through the NFW concen-
tration parameter c500 (Rs = R500/c500).

The pressure profile model used in the present article
is equivalent to the standard self-similar case described in
Appendix B of Arnaud et al. (2010)5. It is equivalent to a shape
function characterised by two free parameters, a central value
and a characteristic scale θs.

The SZ effect from the hot ICM is due to the first-order
correction for energy transfer in Thomson scattering. There is
a spectral distortion, energy being transferred from photons in
the Rayleigh-Jeans tail of the cosmic blackbody radiation to the
Wien tail. In the non-relativistic limit the frequency dependence
of the distortion is universal (the same for all clusters), charac-
terised by a distinct frequency, ν ∼ 220 GHz, where the TSZ
effect vanishes. Below this frequency there is a decrement of the
CMB intensity, giving an apparent decrease in the sky bright-
ness, and above lies an enhancement.

The magnitude of the SZ effect, known as the Compton
parameter y, depends only on the cluster’s characteristics,
electronic temperature Te and density ne, as

y =
kσT

mec2

∫ l

Te(l)ne(l) dl

where k is the Boltzmann constant, σT the Thomson cross sec-
tion, mec2 the electron rest mass and l is the distance along the
line of sight. The total SZ signal is characterised by the inte-
grated Compton parameter denoted Y =

∫
y dΩ, whereΩ is solid

angle. It can be written as D2
AY = (σT/mec2)

∫
PdV , where DA

is the angular-diameter distance to the system and P = nekTe the
electron pressure. In the following, the integral performed over
the sphere of radius R500 (5R500) is denoted Y500 (Y5R500).Thus,
as defined here, Y500 and Y5R500 have units of solid angle, e.g.,
arcmin2.

3.2. Reference extraction method (matched multi-filter,
MMF3)

The ESZ sample is the result of a blind multi-frequency search
in the all-sky Planck-HFI maps, i.e., no prior positional infor-
mation on detected known clusters was used as input to the de-
tection algorithm. The ESZ sample is produced by running the
MMF3 algorithm, which is an all-sky extension of the matched
multi-frequency filter algorithm described in Melin et al. (2006),
over the six HFI frequency maps. The spectral distortion of the
CMB due to the ICM can in principle be detected down to the
lowest frequencies at which Planck operates; however, the beam
at the lowest frequencies is large compared to typical cluster
sizes. Since clusters at moderate redshifts typically span angular

5 More details on the pressure profile can be found in Planck
Collaboration (2011f).
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scales of ∼5 arcmin, the large beam of Planck at the LFI bands
results in beam dilution of the SZ signal. The inclusion of the
lowest Planck frequencies using the current algorithm therefore
results in a lower S/N for the detected sources than if only the
HFI bands were used. This reduces the efficiency of SZ cluster
detection, which can potentially be improved in the future with
refinements to the algorithm. As a consequence, for the genera-
tion of the ESZ list, only the Planck all-sky maps at frequencies
of 100 GHz and above are considered.

The MMF algorithm, studied extensively by Herranz et al.
(2002) and Melin et al. (2006), enhances the contrast, and thus
S/N, of objects of known shape and known spectral emission
profile over a set of observations containing contaminating sig-
nals. In its application for SZ, the method makes use of the uni-
versal frequency dependence of the thermal SZ effect. The filter
optimises the detectability using a linear combination of maps
(which requires an estimate of the statistics of the contamina-
tion) and uses spatial filtering to suppress both foregrounds and
noise (making use of the prior knowledge of the cluster profile).
The filter optimises cluster detection but it is not immune to con-
tamination by false, non-SZ, detections which calls for an exten-
sive validation procedure described in Sect. 4.

MMF3 first divides the all-sky maps into a set of 504 over-
lapping square patches of area 10 × 10 square degrees. Holes in
the maps due to unsampled or badly sampled pixels are identi-
fied to construct an effective detection mask and are then filled in
with the median value of the adjacent pixels. The matched multi-
frequency filter then combines optimally the six frequencies of
each patch assuming the SZ frequency spectrum and using the
reference pressure profile presented in Sect. 3.1.

Auto- and cross-power spectra used by MMF3 are directly
estimated from the data and are adapted to the local instrumen-
tal noise and astrophysical contamination. For each patch, the
position and the scale radius (chosen to be 5 R500) of the clus-
ter profile, i.e., the cluster size 5θ500, are varied to maximise the
S/N of each detection. The algorithm hence assigns to each de-
tected source a position, an estimated cluster size, 5θ500, and
an integrated Compton parameter, Y5R500. In the present article
and unless otherwise stated the measured integrated Compton
parameter, noted Y5R500, is thus computed by integrating the
GNFW profile within a sphere of 5R500

6 encompassing most of
the SZ signal. The detected sources extracted from the individ-
ual patches, with their assigned sizes and integrated Compton
parameters, are finally merged into an all-sky cluster list. In prac-
tice the MMF3 algorithm is run in an iterative way; after a first
detection of the SZ candidates, consecutive runs centred on the
positions of the candidates refine the estimated S/N and candi-
date properties. At this stage, the uncertainty on Y5R500 is pro-
vided and takes into account the uncertainty in the cluster size
estimate. The MMF3 algorithm can also be performed with fixed
cluster size and position to estimate the SZ signal. This version
of the algorithm was used to measure the integrated Compton
parameters of known X-ray clusters in the ESZ sample, as ex-
plained in Sect. 6.2.

In order to address contamination by point sources, MMF3
uses a built-in source detection algorithm to reject point sources
with S/N above ten which are then masked. This step avoids
most of the false SZ detections associated with point sources.
However, some residual contamination by non-SZ sources cap-
tured by the MMF3 algorithm may still be present and requires
additional validation of the detection candidates (see Sect. 4).

6 In the spherical assumption with this profile, Y500 the integrated
Compton parameter within R500 relates to Y5R500 by Y5R500 = 1.81×Y500.

3.3. Other extraction methods

The two other “direct” SZ detection methods used to confirm
the blind detections of the ESZ candidates by MMF3 are dis-
cussed below. These methods previously compared rather well
to each other within the SZ challenge match in terms of the de-
tection properties (especially for high S/N sources). Their esti-
mated sizes and SZ signals agree on average as well, though they
differ on a case by case basis.

3.3.1. The matched multi-filter method, MMF1

The MMF1 algorithm is a completely independent implementa-
tion of the multi-frequency matched filter integrated within the
Planck-HFI pipeline and infrastructure. A more detailed descrip-
tion of MMF1 is given in Melin et al. (2011). The full-sky Planck
frequency maps are divided into 640 flat patches, each 14.66 de-
grees on a side (corresponding to 512 by 512 pixels), with over-
lapping regions of six degrees. The performance of the MMF
algorithm is extremely sensitive to the quality of the estimated
auto- and cross-power spectra of the background component in
each frequency map. The size of the patches thus needs to be
large enough to ensure a representative assessment of the back-
ground. The large overlap between patches was chosen so that all
detections in a two-degree border around the edge of the patch
may be discarded.

The detection of the SZ-candidates is performed on all the
patches, and the resultant sub-catalogues are merged together to
produce a single SZ-candidate catalogue. Similarly to MMF3,
the candidate size is estimated by filtering the patches over the
range of potential scales, from point-source sized objects and
larger, and finding the scale which maximises the S/N of the
detection of the candidate. In the version used on the Planck
data, when merging sub-catalogues produced from the analysis
of individual patches, it is also the S/N of the detection which is
used when deciding which detection of the candidate is kept.

3.3.2. PowellSnakes (PwS) for SZ

PowellSnakes (PwS) is quite different from the MMF methods.
It is a fast Bayesian multi-frequency detection algorithm de-
signed to identify and characterise compact objects buried in a
diffuse background. The detection process is grounded in a sta-
tistical model comparison test where two competing hypothe-
ses are compared: the detection hypothesis and the null hypothe-
sis. The statistical foundations of PwS are described in Carvalho
et al. (2009).

Similarly to the MMF algorithms, a template parameterised
SZ pressure profile is assumed known and representative of the
majority of the cluster population observable with the resolution
and noise characteristics of the instrumental setup. According to
our data model, the pixel intensities result from the contribution
of three independent components: the SZ signal, the astronom-
ical background component, and the instrumental pixel noise.
The last is assumed to be a realisation of a homogeneous sta-
tionary Gaussian random white noise process. The background
astronomical components and the pixel noise are assumed un-
correlated and can each be modelled locally by a homogeneous
Gaussian process.

The algorithm starts by minimising the model’s likelihood
ratio with respect to the model’s parameters by using a Powell
minimiser iteratively one source at a time. We assume that the
sources are well separated and the fields not too crowded. The
parameter estimation and the acceptance/rejection threshold is
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defined using Bayesian approach with priors adjusted on the
Planck Sky Model SZ Catalogue.

PwS performs on flat 512 × 512 pixel patches of 14.66 de-
grees on a side. When applying a Galactic cut of |b| > 14 de-
grees, PwS splits the sphere into 2324 patches. However, only
detections lying inside the inner 256×256 pixels are considered.
So, on average PwS detects each cluster more than three times
(usually four times), increasing the reliability of the detection.
The selection of the candidate detection that goes into the final
catalogue uses the Bayesian mode of PwS, based on the highest
ratio of model posteriors.

4. Validation of the ESZ sample

The SZ validation process, Fig. 2, is an integrated HFI-LFI
effort within Planck Working Group 5 (WG57) “Clusters and
Secondary anisotropies”. It has been established in order to val-
idate the full SZ candidate lists obtained from the extraction
methods developed by the Planck collaboration. It relies mainly
on a three-stage process detailed in the following subsections:

– Internal validation steps based on Planck data:
– search for and rejection of associations with SSOs and

artefacts;
– rejection of sources with rising spectral energy distribu-

tion in the high HFI frequency bands;
– cross-check with other Planck source catalogues to reject

SZ candidates identified with cold cores (CC) and other
Galactic sources; and

– redundant detections of the same candidates by methods
other than the reference one.

– Candidate identification steps based on ancillary data:
– identification of SZ candidates with known clusters from

existing X-ray, optical/near infrared (NIR), and SZ cata-
logues and lists; and

– search in NED and SIMBAD databases.
– Follow-up programmes for verification and confirmation of

SZ candidates.

4.1. Construction of ESZ sample and internal validation

The construction of the ESZ list of SZ candidates starts with
the blind detection of candidates using the implementation of
the MMF3 algorithm at the US Planck Data Center applied to
Planck-HFI channel maps at Galactic latitudes |b| > 14 deg. A
total of about 1000 blind SZ candidates are detected with S/N ≥
4. As discussed above, the MMF3 algorithm uses prior informa-
tion on the SZ spectrum and on the cluster shape. However, espe-
cially due to the beam-sizes of the order of a few arcminutes, the
resulting list of SZ candidates is not immune from false detection
due mainly to dust emission at high frequencies from the inter-
stellar medium (ISM) or infrared sources, and very moderately
to the CMB fluctuations at low frequencies (see illustrations of
channel maps in upper panels of Fig. 5). In the following, we
do not explicitly check for association with extragalactic point
sources emitting at Planck-HFI frequencies, which is essentially
dealt with internally by the MMF3 algorithm (Sect. 3.2). Some
residual contamination of the SZ Compton Y parameter by point
sources may, however, still be present (see Sect. 6.4 for a specific
discussion).

7 http://www.ita.uni-heidelberg.de/collaborations/
planck/
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Fig. 2. Flowchart of the SZ validation process applied to the Planck
cluster sample.

The internal validation process starts by removing spurious
detections from the output list of blind SZ candidates, which is
achieved in two steps. We first reject the candidates showing ris-
ing spectral energy distributions in the highest Planck-HFI fre-
quency bands. They represent around 14% of the initial blind
SZ candidates. Second, the remaining blind SZ candidate sam-
ple is further cleaned by rejecting all objects associated with ei-
ther Galactic sources, or CC detected using the CoCoCodet algo-
rithm (Montier et al. 2010; Planck Collaboration 2011s) within
a 7 arcmin radius of SZ candidates. This step further reduces the
sample of remaining SZ candidates by about 17%.

After this two-step process, the initial blind SZ candidate
sample has been reduced to around 770 blind SZ candidates with
S/N ≥ 4. However at this S/N level many candidates will not
correspond to actual clusters. Theoretical predictions based on
the PSM simulations indicate that the purity (ratio of true to all
detections) is expected to be of the order of 70% at S/N = 4
(Fig. 15). The simulations do not account fully for the com-
plexity of the true sky nor for the inhomogeneity of the noise
across the sky. The actual purity is thus likely to be worse than
the prediction. In order to ensure a high level of purity in the
ESZ sample and based on lessons learnt from the XMM-Newton
observations of low S/N candidates (see Planck Collaboration
2011e), an early decision was made to cut at a higher S/N level
of S/N ≥ 6 for this first Planck data release. This more stringent
condition retains 201 SZ cluster candidates. Taking advantage of
the outcome of the follow-up programme for cluster confirma-
tion by XMM-Newton, we further retain only the SZ candidates
detected blindly by the MMF3 algorithm and at least one other
method, be it MMF1 or PowellSnakes. This results in 190 SZ
cluster candidates; these constitute the baseline ESZ sample. A
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detailed inspection of the SZ maps and spectra of the 11 dis-
carded SZ candidates was performed (see Sect. 5.2.2) and con-
firmed that these sources were false detections.

A final internal check consisted of searching for associations
of the obtained 190 SZ candidates with possible artefacts such
as low-frequency noise stripes, ringing from neighbouring bright
sources, hot pixels, non-observed pixels or poorly sampled pix-
els in the vicinity of SSO-flagged regions. None of the 190 ESZ
candidates was associated with such artefacts.

4.2. Candidate identification with ancillary data

The second stage of the SZ validation process consisted of cross-
matching the obtained list of 190 blind SZ candidates with ex-
ternal cluster catalogues in X-rays, optical and SZ domains. This
allowed us to identify the SZ candidates associated with previ-
ously known clusters and consequently isolate the Planck candi-
date new clusters.

4.2.1. With X-ray cluster catalogues

For the association of Planck SZ candidates from the blind ex-
traction with known X-ray clusters, we have used the Meta-
Catalogue of X-ray detected Clusters of galaxies (MCXC,
Piffaretti et al. 2011). This homogenised compilation of
X-ray detected clusters of galaxies comprises approximately
1800 clusters from publicly available ROSAT All Sky Survey-
based (NORAS, REFLEX, BCS, SGP, NEP, MACS, and CIZA)
and serendipitous (160SD, 400SD, SHARC, WARPS, EMSS,
etc.) cluster catalogues.

For each X-ray cluster in the MCXC several properties are
available, amongst which are the X-ray centroid coordinates,
redshift, identifiers, and L500

8. The luminosities are adopted as
proxies to estimate the total mass M500 using the L–M relation
from REXCESS (Pratt et al. 2009), and radius R500, and to pre-
dict the integrated Compton YLX

5R500, or alternatively YLX

500, as de-
tailed in Planck Collaboration (2011f) as well as other Planck-
related quantities.

Because the MCXC compilation includes only clusters with
available luminosity (redshift) information, we supplement it
with about 150 clusters where this information is missing. This
implies that for the latter only centroid positions are avail-
able. The resulting meta-catalogue, for simplicity referred to as
MCXC in the reminder of the article, is extensively used dur-
ing the external validation process. For a given Planck candidate
cluster we identify the closest MCXC cluster. The reliability of
the association is checked based on the distance, as compared to
the cluster size, and on the measured Y5R500 (or S/N) values, as
compared to the expected values YLX

5R500 (or S/N) for the MCXC
clusters.

4.2.2. With optical cluster catalogues

The baseline for the identification of blind SZ candidates from
the ESZ with clusters known in the optical is the cross-match
with the Abell cluster catalogue (Abell 1958, 5250 clusters of
which 1026 have a redshift) and the Zwicky cluster catalogue
(Zwicky et al. 1961, 9134 objects). The association criterion here
was a positional match with a search radius for both catalogues
set to five arcminutes.

8 The X-ray luminosities as measured within an aperture of ra-
dius R500.

Furthermore, the ESZ sample was cross-checked against the
MaxBCG (Koester et al. 2007) and Wen et al. (2009) catalogues
with a search radius of 5 arcmin.

4.2.3. With known SZ clusters

The identification of SZ candidates is also performed at millime-
tre wavelengths by cross-matching the SZ candidate list with
a compilation of SZ observed galaxy clusters from the litera-
ture undertaken by Douspis et al. (in prep.). This compilation is
based on SZ observations conducted with the numerous experi-
ments developed during the last 30 years (Ryle, OVRO, BIMA,
MITO, Nobeyama, SZA, APEX-SZ, AMI, Diabolo, Suzie, Ryle,
AMIBA, ACBAR, etc). It also includes the new clusters re-
cently discovered through their SZ signature by ACT and SPT.
In total the compilation comprises 111 SZ clusters including
28 newly discovered by ACT and SPT (Menanteau et al. 2010;
Vanderlinde et al. 2010). The association of the Planck SZ can-
didates was based on positional matching with a search radius of
five arcminutes.

4.2.4. Queries in SIMBAD and NED databases

The information provided from querying databases is mainly
redundant with cross-checks with cluster catalogues in X-ray
or optical. However, running both cross-matches is important
to avoid missing a few associations. It is also important to re-
trieve the information on redshifts for those identified clusters
not included in the MCXC. We therefore performed a system-
atic query in SIMBAD. The adopted search radius was set to five
arcminutes. For NED, no systematic query was implemented.
Cluster candidates within the same search radius were rather
checked against a list of objects retrieved from NED flagged as
“Clusters of galaxies”. Finally the candidates were also checked
against the X-ray cluster database (Sadat et al. 2004, BAX:).

4.3. Follow-up programme for validation and confirmation

In parallel to the effort of SZ candidate cross-identification, a
coherent follow-up programme targeted towards the verifica-
tion/validation of the cluster candidates in the SZ catalogue was
put into place in the form of an internal roadmap. The main goals
of this follow-up programme are to confirm Planck candidates as
new clusters, and as a consequence to better understand both the
SZ selection criteria in the Planck survey and the reliability of
selected sources.

Considering the complementarity of X-ray, optical and
IR/SZ, observational follow-ups have been coordinated to
optimise the validation and the understanding of the Planck
selection. In practice, this took the form of a confirmation
programme relying on observations with XMM-Newton9 mak-
ing use of Director Discretionary Time (DDT) as detailed in
Planck Collaboration (2011e). This is complemented by obser-
vations in the optical using the European Northern Observatory
facilities (ENO), the European Southern Observatory 2.2 m-
telescope, and two pilot programmes, one with the WISE ex-
periment (Wright et al. 2010) for the search of overdensities in

9 XMM-Newton is an ESA science mission with instruments and
contributions directly funded by ESA Member States and the USA
(NASA).
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Fig. 3. Distribution of ESZ clusters and candidate clusters on the sky (Galactic Aitoff projection). Left panel: in blue are ESZ clusters identified
with known clusters, in green the ESZ confirmed candidates, and in red the ESZ candidate new clusters yet to be confirmed. Right panel: in red
diamonds the ESZ sample, in black crosses the compilation of SZ observations prior to 2010, in dark blue triangles ACT clusters from Menanteau
et al. (2010), and in purple squares SPT clusters from Vanderlinde et al. (2010). The blue area represents the masked area of |b| < 14 deg.

the IR data, and one with the Arcminute MicroKelvin Imager10

(AMI, Zwart et al. (2008)) for the confirmation of Planck candi-
dates with SZ observations.

An ensemble of SZ candidates spanning a range of S/N be-
tween four and eleven was selected from earlier versions of the
HFI channel maps and sent to the above-mentioned facilities.
The targets were selected from a list of SZ candidates after the
external validation stage (i.e., identification of known clusters).
They went through visual inspection of their maps and spectra
produced by all the available methods described in Sect. 5.2.2.
Furthermore, in order to avoid duplicating existing observations
of candidates with the same or similar facilities, the cluster can-
didates were further cross-matched with logs of X-ray, optical,
and NIR observatories.

The search in X-ray observatories (ROSAT, Suzaku,
XMM-Newton, and Chandra) was performed using the
HEASARC tool11. For XMM-Newton and Chandra both master
catalogues and accepted GO (Guest Observer) targets were used
in the search. For Suzaku, only the master catalogue was used.
In the case of optical and NIR observatories, the search was per-
formed in the public logs of several optical/infrared observato-
ries. In some cases, this search was completed using VO (Virtual
Observatory) tools12. The checked resources were: ING Archive,
UKIRT Archive, ESO Archive, HST Archive (at ESO), CFHT
Archive, AAT Archive, NOAO Science Archive, Multimission
Archive at STScI (MAST), Gemini Science Archive, and
SMOKA (Subaru Mitaka Okayama Kiso Archive). In addition, a
search in the footprint of the covered area for known surveys was
performed. The searched areas considered were those of SDSS,
UKIDSS, and HST (ACS-WFC) as they are described in the VO
footprint service13 (Budavári et al. 2007), as well as those of SPT
and ACT experiments.

The details and results of the confirmation follow-up with
XMM-Newton are given in Planck Collaboration (2011e). A to-
tal of 25 targets were observed with short snapshot exposures
(i.e., 10 ks nominal EPN) out of which 21 were confirmed as
clusters or systems of multiple extended X-ray sources (i.e., dou-
ble or triple). Complying with Planck policies and following the
agreement between the Planck and XMM-Newton ESA project
scientist, all the data are made public with the publication of the

10 AMI is a pair of interferometer arrays located near Cambridge, UK,
operating in six bands between 13.5 and 18 GHz, with sensitivity to
angular scales 30 arcsec–10 arcmin.
11 http://heasarc.gsfc.nasa.gov/cgi-bin/W3Browse/
w3browse.pl
12 VO command line tools http://iraf-nvo.noao.edu/vo-cli/
13 http://www.voservices.net/footprint

Planck early results and the Planck ERCSC. Of the 21 confirmed
Planck SZ sources, 11 are found in the ESZ sample and are dis-
cussed in Sect. 5.2.1. The remaining clusters with S/N < 6 are
discussed in Planck Collaboration (2011e). One candidate clus-
ter in the ESZ sample was confirmed by AMI and WISE. None
of the targets sent for observation in the optical with the ENO
telescopes met the ESZ selection criteria.

5. Results of the validation

In the following we will detail the outcome of the external val-
idation of the 190 SZ candidate clusters retained after the inter-
nal validation. We find that they are distributed between known
clusters (169 in total, Fig. 3 blue) and 21 candidate new clusters.
Among those 21, twelve have been confirmed (Fig. 3 yellow)
and these are discussed in Sect. 5.2.1. Nine remain as candidate
new clusters requiring confirmation (Fig. 3 red); they are de-
scribed in Sect. 5.2.2. The further checks performed on the can-
didate new clusters resulted in the rejection of one of the nine
candidates.

The final released ESZ list thus comprises 189 clusters or
candidate new clusters. The content of the released data14 is pre-
sented in Appendix A.1. Table 1 summarises the different steps
of ESZ sample construction and validation detailed in the previ-
ous sections. Figures 5 and 6 show illustrations of the raw and
“cleaned” channel maps (from 100 to 545 GHz) as well as corre-
sponding y-maps, for a few clusters, with S/N ranging from the
highest ones to more typical ones.

5.1. ESZ candidates identified with known clusters

The external validation with ancillary data identified 169 clus-
ters in total out of the 190 candidates detected blindly. They are
known X-ray or optical clusters and Planck data provide the first
measure of the SZ signal for the majority of them, opening a new
observational window on those already known objects.

Most of the identified SZ candidates, 162 in all, were associ-
ated with known clusters from the MCXC compilation and 158
have known redshifts (provided in the compilation), X-ray lumi-
nosities, X-ray estimated sizes (θ500), etc. Moreover, as expected,
a very large fraction of them (127 clusters) are at the same time
identified in the optical. They are mostly Abell clusters from the
ROSAT X-ray cluster catalogues.

The remaining seven identified Planck clusters were ob-
tained from search in SIMBAD (one cluster, RXJ0748.7+5941,

14 http://www.rssd.esa.int/Planck
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Table 1. Summary of the ESZ sample construction and validation steps.

Selection SZ Candidates Rejected
S/N ≥ 6 and good quality flag on SZ spectrum 201

Detected by one method only 11
Bad quality flag from visual inspection 1

ESZ sample 189
Known clusters 169

X-ray only 30
Optical only 5

NEDSimbad only 1
X-ray + Optical 128

X-ray + SZ 1
SZ + Optical 1

X-ray + Optical +SZ 3
New Planck clusters 20

XMM confirmed 11
AMI confirmed 1

Candidate new clusters 8

observed by ROSAT but not part of the NORAS catalogue
(Appenzeller et al. 1998) and without published redshift), from
logs of observatories (one cluster, H1821+643 at z = 0.299
(Schneider et al. 1992)) and from optical only, i.e., without an
X-ray counterpart, identification with Abell or Zwicky clusters
(five clusters). These are ZwCl2120.1+2256, AC114Northern,
A3716S, ZwCl1856.8+6616, and ZwCl0934.8+5216 clusters.
The last two have no published redshifts. For all these clusters,
redshifts when they are available are retrieved from the SIMBAD
and NED databases.

The cross-match with known SZ clusters further indicates
that one cluster, AS0520, is common to Planck, ACT and SPT.
Additionally, five15 clusters from ACT are in common with the
Planck ESZ sample, and twelve massive clusters observed by
SPT (Plagge et al. 2010) are also observed by Planck and quoted
in the ESZ. Finally by comparing with the SZ compilation from
Douspis et al. (in prep.) we find that, in total, 41 clusters from
the ESZ sample have already been observed in SZ by previous
experiments. For these clusters Planck provides us with a homo-
geneous set of SZ measures. Moreover, out of the full ESZ sam-
ple about 80% have been observed in SZ for the first time and
have a homogeneous measurement of their Compton parameter
from Planck.

Out of the known clusters in the ESZ sample, a few are
given in the Early Release Compact Source Catalogue (ERCSC)
(Planck Collaboration 2011v) as they were detected by the
source extraction techniques used to construct the ERCSC. They
are 1ES 0657-55.8 (commonly known as the bullet cluster and
detected blindly with an S/N of 19.7), A2218, ACO S0520,
CIZA J1938.3+5409, A0119, RXC J1720.1+2637, A3376, and
MACS J2135.2-0102. It is worth noting that the quoted fluxes
in the ERCSC are obtained using aperture photometry on the
channel maps without band merging. They cannot be compared
easily with the obtained integrated Compton parameters in the
present article. Moreover, two of the above-listed clusters, RXC
J1720.1+2637 and MACS J2135.2-0102, suffer from astrophys-
ical contamination that may affect the computed Y.

15 One of the candidate new clusters confirmed by XMM-Newton ap-
peared in publication as one of the ACT SZ optically-confirmed clusters
(Menanteau et al. 2010) to be observed by Chandra, after we scheduled
it for observation with XMM-Newton: PLCKESZ G262.7-40.9/ACT-CL
J0438-5419. We retain it as new candidate in the following.

5.2. New Planck clusters in the ESZ sample

The ESZ sample contains 20 new clusters or candidates clus-
ters with S/N ranging from 11.5 to 6. As mentioned above, a
follow-up programme set up to help understand the selection of
Planck clusters allowed us to confirm 12 clusters. Eleven were
confirmed with XMM-Newton snapshot observations, while one
cluster was confirmed with AMI observations and corresponds
to an overdensity of galaxies in the WISE data.

5.2.1. Confirmed ESZ cluster candidates

The XMM-Newton observations for confirmation of SZ candi-
dates were based on earlier versions of the channel maps and
an earlier version of the data processing than that used for the
ESZ construction. The 25 targets sent for observation were se-
lected in two different campaigns, a pilot programme (explor-
ing S/N from six down to four) and a higher S/N programme
(above S/N of 5). Among the 21 Planck cluster candidates con-
firmed by snapshot observation with XMM-Newton, 11 clusters
have a Planck S/N above six (in the present map version) and
thus meet the ESZ selection criteria. Two of them were found
to be double clusters on the sky. All eleven are published in the
ESZ release. Together with the remaining ten clusters confirmed
by XMM-Newton, all are described in Planck Collaboration
(2011e). In the following we just summarise the general prop-
erties of the new confirmed clusters in the ESZ.

The eleven new clusters in the ESZ confirmed by
XMM-Newton have S/N ranging from 11.5 to 6.3. They were
found to lie below the REFLEX flux limit of 3 × 10−12 erg s−1,
except for two confirmed clusters above the limit. These clusters
happen to have associations with BSC sources and to be situ-
ated above the MACS limit; however their redshifts, z = 0.27
and z = 0.09 are below the considered redshifts for MACS (see
the detailed discussion in Planck Collaboration (2011e)). The
redshifts of the new confirmed clusters were estimated directly
from X-ray observations of iron emission lines, and range be-
tween z = 0.2 and 0.44. Only two out of the eleven confirmed
new clusters have optical redshift estimates. For one new clus-
ter (PLCKESZ G285.0-23.7), the agreement between the X-ray
estimated and photometric redshifts is quite good. The second
cluster, PLCKESZ G262.7-40.9, was found to be an ACT clus-
ter, published after the scheduling of XMM-Newton observation,
for which there is a discrepancy between the X-ray-estimated
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Fig. 4. y-map of PLCKESZ G139.59+24.19 as observed by Planck
(colour image) and AMI (contours) at a common resolution of 13 ar-
cmin. The contours are from two to nine in S/N ratio.

redshift (z = 0.39) and the photometric redshift (z = 0.54) from
Menanteau et al. (2010). The range in temperature spanned by
the new confirmed clusters in the ESZ is from about 4 to 12 keV,
and the derived masses range from about 4 to 15×1014M�. Three
new clusters in the ESZ sample have masses of 10 × 1014 M� or
above, including the most massive cluster detected by Planck
with a mass of about 15 × 1014 M�. The confirmation of the
Planck new clusters by XMM-Newton provides us with positions
and, most of all, a better estimate of the cluster size that will be
important for the re-extraction of Y values (see Sect. 6.2).

One additional candidate cluster, PLCKESZ G139.59+24.19
detected at S/N = 7.2, was confirmed by a pilot project for
confirmation with the AMI interferometer (see Fig. 4 show-
ing the Planck y map with the AMI contours, obtained after
the subtraction of bright sources with the large array observa-
tions, overlaid). The Planck cluster was detected at 9σ by AMI
in a long-time exposure of approximately 30 h. Preliminary
results from AMI give an integrated Compton parameter of
Y5R500 = (17.0 ± 1.7) × 10−4 arcmin2, extracted fixing the clus-
ter size to the estimated size from Planck. The Planck value,
Y5R500 = (32 ± 13) × 10−4, is obtained from the blind detection
of the cluster. The error bar takes into account the uncertainty
in the cluster size estimate by the MMF3 algorithm. A detailed
comparison is planned. This same cluster was also confirmed at
a S/N level of five by WISE.

5.2.2. ESZ candidate new clusters

A closer inspection of the ESZ candidate new clusters was per-
formed in order to ensure the reliability of the retained candidate
new clusters. The same close inspection was also performed, a
posteriori, in order to confirm the rejection of the 11 candidates
excluded in the final steps of the ESZ construction because they
were observed solely by MMF3 (Sect. 4.1). This closer inspec-
tion of the candidates was based on both internal (using Planck
alone) and external data.

For the in-depth inspection of the Planck data, we used
cleaned channel maps, reconstructed y-maps and SZ spectra.

All these products are quite sensitive to the procedure used for
cleaning the channel maps, i.e., to the component separation
method. We therefore simultaneously employed different clean-
ing approaches developed by the Planck collaboration, briefly
described below, in order to ensure convergence and redundancy
in the derived conclusions. One of the methods is based on the
construction of SZ y-maps centred on the ESZ candidate posi-
tions using the Modified Internal Linear Combination Algorithm
(MILCA, Hurier et al. 2010) applied independently on each SZ-
centred patch. The contribution from other sources of sky emis-
sion such as thermal dust and radio and infrared sources is thus
more accurately reduced. Other approaches based on local com-
ponent separation and aperture photometry were also developed
in order to check the y-maps and SZ spectra of the candidates.
Patches centred on the SZ candidates are produced from the
Planck channel maps and the IRIS map (Miville-Deschênes &
Lagache 2005). Local component separation is performed by
decorrelating from the low-frequency channels an extrapolation
of the dust emission computed with the 857 GHz and IRIS maps.
The “dust-free” 217 GHz map is then removed from all channels
and visual inspection can then be performed on these cleaned
patches. From this set of maps we then obtain SZ reconstructed
y-maps and an SZ spectrum by applying aperture photometry to
each patch. The internal inspection of the Planck data (y-maps,
frequency maps and spectra) therefore provides us with a set of
quality flags that were used for the selection of targets for the
follow-up programmes and that are used for a qualitative assess-
ment of the reliability of the candidates.

Converging negative quality assessments result in the rejec-
tion of the SZ candidates. However in most cases, it is useful
to combine and complement the Planck-internal quality flags
with external information. In practice this consists in searching
for associations with FSC (Faint Source Catalogue) and BSC
(Bright Source Catalogue) RASS sources, searching in, and vi-
sualising, the RASS maps at the candidate cluster positions, and
finally performing visual checks of the DSS (Digital Sky Survey)
images in the candidate field (within a five arcminute radius
from the Planck position). Based the lessons learnt from the
XMM-Newton confirmation programme, the association of can-
didates with FSC or BSC-RASS sources (in the five arcminute
radius field) was considered as an indication of the reliability of
the candidate. The presence of an excess in the count-rate RASS
images in the candidate field was also used as a reliability flag.
The DSS images were used simply as an “empirical” assessment
of the presence of an overdense region. It is worth noting that the
external information provided in particular by the RASS data
never supersede the Planck-internal quality flags. As a matter of
fact, two of the confirmed new clusters had neither FSC nor BSC
associations. Conversely, associations with FSC and BSC-RASS
sources were found for SZ candidates that turned out to be false
detections (Planck Collaboration 2011e).

Using the internal quality flags and the additional external
checks, out of the nine candidate new clusters retained by the
ESZ construction, seven were judged reliable. Two candidate
new clusters had rather poor quality flags and no external associ-
ations. One of them was found to be associated with dust cloud
emission. Note that this source was not flagged by the cross-
match with the CC and Galactic sources, nor identified with a
rising spectral distribution at high frequencies during the inter-
nal validation and ESZ construction. This candidate was rejected
from the final ESZ sample, reducing the total number of clusters
and candidate clusters from 190 to 189. The second cluster can-
didate with low reliability (PLCKESZ G189.84-37.24), was kept
in the ESZ list as it was not associated clearly with any non-SZ
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Fig. 5. Observations of a few clusters from the ESZ sample. For each cluster, the upper panels show the raw (1 square degree) maps at 100, 143,
217, 353, and 545 GHz. The lower panels show the corresponding cleaned maps (see Sect. 5.2.2). These clusters span S/N from 29 to 6 from the
upper left to the lower right.

source. Table 2 summarises the external information associated
with the candidate new clusters in the ESZ sample16.
16 During the review process 6 of the 8 Planck cluster candidates were
confirmed by SPT (Story et al. 2011; Williamson et al. 2011) and AMI

(Hurley-Walker et al. 2011) experiments independently of the Planck
collaboration.
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Fig. 6. Illustrations of reconstructed y-maps (1.5◦ × 1.5◦, smoothed to 13 arcmin) for clusters spanning S/N from 29 to 6 from the upper left to the
lower right.

6. Error budget on the cluster parameters

6.1. Position

The ESZ sample contains a list of 189 clusters or candidate clus-
ters distributed over the whole sky with positions obtained from
blind detection with the MMF3 algorithm. Based on the simula-
tion used for the SZ challenge comparison, we find that MMF3

recovers cluster positions to ∼2 arcmins on average. However,
there is a large scatter in the positional accuracy, as seen in Fig. 7.

For the 158 ESZ candidates identified as X-ray clusters with
known X-ray size, the coordinates of the X-ray counterpart are
given by the MCXC. The X-ray position is also given for the
Planck cluster candidates confirmed by XMM-Newton as single
objects. The comparison of the SZ candidate positions derived
from the blind detection with the X-ray positions of the identified
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Table 2. For the Planck candidate new clusters not yet confirmed at the time of submission, external information from RASS.

Name RASS Distance to S/N of S/N of RASS Note
association source (arcmin) RASS source in Planck aperture

PLCKESZ G115.71+17.52 BSC 0.17 8.7 8.5 Possible contamination by
dust emission

PLCKESZ G121.11+57.01 FSC 1.72 2.9 4.1 Possible association with
WHL J125933.4+600409
from Wen et al. (2009), z =
0.33

PLCKESZ G189.84-37.24 None – – 1.3 Low reliability, high
level of contamination by
Galactic emission

PLCKESZ G225.92-19.99 FSC 1.11 2.5 6.7 With XMM-Newton and
HST pointed observations

PLCKESZ G255.62-46.16 FSC 0.9 2.7 3.8 With ESO and Suzaku
pointed observations

PLCKESZ G264.41+19.48 BSC 1.22 4.6 5.7
PLCKESZ G283.16-22.93 FSC 0.54 3.6 4.2
PLCKESZ G304.84-41.42 BSC 0.55 3.6 5.1 With ESO pointed observa-

tions

or confirmed clusters for a total of 167 clusters is shown in Fig. 7,
left panel. The positional offset between Planck blind and X-ray
positions, DSZ−X, is of the order of 2 arcmin on average, con-
sistent with the estimates obtained from the SZ challenge sim-
ulation. Very few clusters (8 in total over 167) have an offset
DSZ−X > 4 arcmin, and stand out as clear outliers in the dis-
tribution. It is worth noting that such a positional offset com-
bines both the uncertainty in the position reconstruction from
MMF3 and the possible physical offset between the centroids of
X-ray and SZ signals (e.g., in merging clusters). The eight clus-
ters with DSZ−X > 4 arcmin are all nearby merging clusters or
members of larger structures such as A3532 in the Shapley su-
percluster, or contaminated by radio source emission. The clus-
ter A1066 (z = 0.07), which has the largest positional offset
(DSZ−X = 10 arcmin), is in the Leo Sextans supercluster (Einasto
et al. 2001). In addition, it may suffer from point source contam-
ination. The cluster Abell 1367 at z = 0.02 with DSZ−X = 7.8
arcmin is a young cluster currently forming at the intersection
of two filaments (Cortese et al. 2004) with complex gas density
and temperature structures (Ghizzardi et al. 2010).

As seen from Fig. 7, right panel, large (greater than four ar-
cmin) offsets are only seen in nearby clusters (seven out of the
eight clusters with DSZ−X > 4 have redshifts lower than 0.08).
They remain smaller than the cluster size, as expected for offsets
dominated by physical effects. On average, the offsets tend to de-
crease with increasing redshift and seem to become independent
of redshift above z ∼ 0.3. This is due to the decreasing contribu-
tion of possible physical offsets, which become unresolved. The
overall offset, including the absolute reconstruction uncertainty,
remains smaller than the cluster size for most of the clusters in
the ESZ θ500 (Fig. 7, right panel). However, we expect that it
will be of the order of cluster size for clusters at higher redshifts
than the range currently probed. This positional offset is there-
fore an additional source of uncertainty in the cluster position
which needs to be taken into account in the follow-up observa-
tions for candidate confirmation.

6.2. Cluster size-Y degeneracy

The MMF algorithm, and more generally algorithms that are
based on the adjustment of an SZ profile to detect clusters, gen-
erally perform better than algorithms which do not assume an SZ
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Fig. 7. Upper left panel: positional accuracy from MMF3 based on sim-
ulations for the SZ challenge. Upper right panel: distribution of the
distance between the SZ blind position and the X-ray position (DSZ−X)
for 167 known, or confirmed with XMM-Newton, X-ray clusters. Lower
panel: separation of the SZ blind and X-ray positions DSZ−X as a func-
tion of DSZ−X normalised to the cluster size θ500,X.

profile. The GNFW profile used in the present study corresponds
to a shape function characterised by two parameters, the cen-
tral value and a characteristic scale θs (with θs = θ500/c500 and
c500 is the concentration parameter). Simulations showed that
the intrinsic photometric dispersion of the recovered integrated
Compton parameter, with a GNFW profile, could be of order
30% (see Fig. 8) even with the prior information on the pressure
profile. This is due to the difficulty of estimating the cluster size,
which in turn is degenerate with the SZ Y estimate.

This cluster size-Y degeneracy is illustrated, here using PwS,
in two extreme situations (Fig. 9) showing the likelihood plots
(integrated Compton vs cluster size) of an extended high S/N
cluster such as Coma (blue contours) and an unresolved S/N = 6
cluster (black contours). In both cases, the integrated Compton
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Fig. 8. Input versus recovered integrated Compton parameter from
MMF3, based on simulations for the SZ challenge.
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Fig. 9. Illustration of the cluster size-Y degeneracy from PwS. Shown
are the cases of Coma cluster (high S/N and extended in blue), and that
of an S/N = 6 unresolved cluster (in black). Parameters are plotted with
respect to the best fit points in each direction.

parameter Y is highly correlated with the estimated cluster size.
We find a correlation coefficient ρ = 0.91 and ρ = 0.75 for Coma
and the “unresolved cluster” respectively. On average over the
ESZ sample we find a correlation of ρ = 0.85. The degener-
acy between cluster size and Y is extremely detrimental, as it
will more than double the average fractional uncertainty relative
to the Y value in the case where we knew the true value of θs
perfectly. As a result, any attempt to constrain the cluster size
(equivalently θs), fixing or assuming a prior for its value, brings
a significant reduction on the Y value dispersion.

The issue of the cluster size-Y degeneracy is of particular
importance in the case of Planck, for which a vast majority of
clusters are only marginally resolved. This issue is also crucial
when one wants to use the SZ signal as a mass proxy. Indeed,
the dispersion in Y due to the cluster size-Y degeneracy is likely
to dominate the intrinsic scatter of order 10% of this mass proxy
(da Silva et al. 2004; Arnaud et al. 2007).

As a result, we have re-estimated the integrated Compton
parameter for all the ESZ candidates with prior information on
their sizes. We have chosen the X-ray sizes (θ5R500) derived from
the X-ray luminosities, L500, as detailed in Piffaretti et al. (2011),
as suitable estimates of the cluster sizes. Using the MMF3 ver-
sion implemented in HFI Core team and SZ validation team,
Y5R500 were thus re-computed from the Planck channel maps
at fixed X-ray position and with imposed cluster size equal
to the X-ray luminosity based θ5R500. The integrated Compton
parameter Y was re-estimated for all the clusters with known
X-ray counterparts, being the 158 ESZ candidates identified with
known clusters from the MCXC and the nine ESZ clusters con-
firmed by XMM-Newton as single objects.

Figure 10, left panel, illustrates the effect of fixing the posi-
tion and the cluster size, in the GNFW profile, to θ5R500 for the
158 ESZ identified clusters. The figure displays the measured
Y5R500 values versus the predicted YLX

5R500 values using X-ray lu-
minosities. The squares stand for integrated Compton param-
eters obtained from the blind detection whereas the diamonds
are integrated Compton parameters re-extracted from the Planck
channel maps for the MCXC-identified clusters. Figure 10, right
panel, displays the ratio of blind to predicted Y5R500 versus the ra-
tio of estimated cluster size from blind detection to X-ray cluster
size derived from X-ray luminosity. This clearly confirms for
the 158 identified clusters that an overestimate of cluster size in-
duces an overestimate of the SZ signal. As seen in the Fig. 10
(left panel), the scatter is significantly reduced from about 43%
to 34% by imposing a cluster size. Likewise the offset changes
from 80% to 14%.

The dispersion in the predicted integrated Compton parame-
ter is affected by the intrinsic dispersion in the L500-M relation
used to derive the predicted SZ quantities as shown in Fig. 11.
The selection criterion S/N ≥ 6 (blue diamonds in the figure)
used to construct the ESZ sample indicates that the high S/N
clusters are biased towards larger SZ signals, showing that the
obtained positive offset in Fig. 10 (left panel) is indeed expected.

As emphasised, a prior on the cluster size helps to break the
degeneracy between Y and cluster-size estimates. As a conse-
quence, the better the cluster size estimate, the more reliable
the Compton Y parameter estimate. From a selected subsam-
ple of 62 ESZ clusters with XMM-Newton archival data (Planck
Collaboration 2011g) we have derived accurate estimates of the
X-ray sizes, without using the X-ray luminosities, and the Y500
were re-evaluated on the Planck channel maps, allowing us to
tightly constrain the local SZ versus X-ray scaling properties.
As shown in Appendix A of Planck Collaboration (2011g), the
scatter is reduced even more than in Fig. 10 (left panel) and no
offset is observed any more between the predicted and measured
Y500 values.

6.3. Systematic effects

Due to the cluster size-Y degeneracy discussed above, beam un-
certainties are likely to have a significant impact on Y estimates
for our candidates because they affect both the original detec-
tion and the estimation of cluster size. The beams can be charac-
terised by their shapes and the associated accuracies. The beams
for each frequency channel, used for the detection and Y esti-
mate with all methods presented in this study, were assumed
Gaussian with FWHM given Planck HFI Core Team (2011b).
Uncertainties on the recovered beams have been estimated in
Planck HFI Core Team (2011b) and found to range between
1 and 7% (from 100 to 857 GHz). These uncertainties on the
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Fig. 10. Left: the scatterplot of the measured integrated Compton parameter Y5R500 from the 158 X-ray identified ESZ clusters against the pre-
dicted YLX . Black squares: Estimated cluster size from blind detections. Red diamonds: Re-computed integrated Compton parameter at X-ray
positions and with X-ray derived cluster size. Right: the ratio between the Y values and the predicted YLX against the ratio between the estimated
cluster size and the predicted size (θ/θX).

beams have been propagated to the Y measurements by applying
the MMF3 algorithm on the channel maps varying the beam size
within the uncertainties at ±1σ. In doing so we treat differently
the ESZ clusters with known X-ray cluster size, for which X-ray
positions and estimated θ5R500 are fixed, and the ESZ clusters or
candidate clusters without estimated cluster size for which the
Y were re-estimated without prior information. We find that the
uncertainty on the obtained Y5R500 is of the order of 10% across
the ESZ sample.

The Planck HFI maps used for the cluster extraction are cal-
ibrated to better than 2% for frequencies from 100 to 353 GHz,
and to better than 7% beyond (see Planck HFI Core Team
2011b). This uncertainty in the calibration is accounted for again
by performing the SZ-candidate detection with the MMF3 algo-
rithm on the channel maps. We find that on average, the cali-
bration uncertainty propagates into an uncertainty on the Y less
than 2%. The highest Planck-HFI frequencies, with the largest
calibration uncertainties, have a low impact on the SZ Y mea-
surement and thus do not impact significantly the overall error
budget.

Finally, we have checked that the colour corrections, i.e., the
average SZ signal in the HFI bandpasses, induces less than a
3% difference on the estimated Y5R500. The SZ-candidate de-
tection and the Y estimates by the MMF3 algorithm were thus
performed without taking into account the integration of the SZ
spectrum in the Planck bandpasses is negligible.

Table 3 summarises the effects of beam, calibration, and
colour correction. It shows that the beam effect is the major
source systematic uncertainty in the SZ signal estimate. It is
worth noting that the systematic uncertainties are not included in
the uncertainties quoted in the ESZ table provided at http://
www.rssd.esa.int/Planck (Planck Collaboration 2011v).

6.4. Contamination by astrophysical sources

Galactic and extragalactic sources (both radio and infrared
galaxies) are known to lie in the interior of galaxy clusters and
hence are a possible source of contamination for the SZ clusters
and candidates (Rubiño-Martín & Sunyaev 2003; Aghanim et al.
2005; Lin et al. 2009).

In the course of ESZ validation, we have gone through an in-
spection of thirteen known clusters which show some poor qual-
ity flags. All these clusters were annotated and the notes can be
found in Planck Collaboration (2011v). Ten of them are likely
to be contaminated by dust emission from our Galaxy or by IR
point sources in their vicinity. Two of them were found to be
contaminated by NVSS (at 1.4 GHz, Condon et al. 1998) ra-
dio sources that are clearly seen in the LFI channels. Combining
data from SUMSS (at 0.85 GHz, Bock et al. 1999), NVSS,
and Planck’s LFI and HFI frequencies we find that most ra-
dio sources in the ESZ sample have a steep spectrum which
makes their contamination to the SZ signal negligible. Three
additional clusters (beyond the thirteen), have relatively bright
(S 1.4 GHz > 0.2 Jy) radio sources in their vicinity (r < 15 ar-
cmin). NVSS+LFI data reveal flat spectra (indexes between
α = 0 and α = −0.5). The flux of the radio sources is thus still
significant and hence the SZ signal could be affected by their
presence.

A statistical analysis has been performed in order to ex-
plore the astrophysical contamination over the entire ESZ sam-
ple, rather than on an individual cluster basis.

In order to exhibit the initial average level of contamina-
tion prior to the use of the MMF algorithm, we have stacked
cutouts 4.5 degrees on a side from the channel maps centred at
the ESZ cluster/candidate positions from 100 to 857 GHz using
a stacking library17 detailed in Dole et al. (2006) and Bethermin
et al. (2010). The Y values per frequency, obtained from aperture
photometry on the stacked cutouts, are displayed in red triangles
Fig. 12. The spectral signature normalised to the averaged inte-
grated Compton-y over the whole ESZ sample shows quite good
agreement with the theoretical SZ spectrum at low frequencies
(Fig. 12, black solid line). Above 353 GHz the signal is highly
contaminated by IR emission from Galactic dust and IR point
sources.

The Y measurements, per frequency, of the MMF3 algo-
rithm normalised to the integrated Compton-y are averaged over
the ESZ sample and the resulting spectral energy distribution is

17 http://www.ias.u-psud.fr/irgalaxies/ (Bethermin et al.
2010)
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Fig. 11. Ratio of predicted vs. observed Y5R500 for the MCXC clusters
as a function of the X-ray luminosity L500 used to estimate the cluster
properties (radius and integrated Compton parameter). The light-blue
diamonds indicate a cut of 6 in predicted S/N corresponding to the ESZ
selection criterion.

Table 3. Systematic error budget on the Y5R500 values for the ESZ
clusters.

Source Beam Calibration Colour Astrophysical
correction contamination

Error
contribution 8% 2% 3% 3%

compared with the normalised SZ spectrum (see Fig. 12, blue
crosses). The excess of emission at high frequencies is sig-
nificantly reduced by the filtering technique of the MMF al-
gorithm, reinforcing the idea that most of the excess at the
highest frequencies is due to large-scale (larger than the beam)
fluctuations in Galaxy emission. The remaining excess after the
filtering could be due to a combination of small-scale Galactic
fluctuations and/or infrared galaxies. In order to quantify the ef-
fect of this residual IR emission on the integrated Compton-y de-
termination, an SZ spectrum was fitted to the averaged spectrum.
The normalisation was left free. The displayed error bars contain
the dispersion of the measured Y per frequency and, added in
quadrature, the uncertainties due to the beam, the colour correc-
tion, and the calibration (∼10%, ∼3%, ∼2% respectively). The
best value for the normalised integrated Compton parameter is
Yfit = 1.01, showing an excellent agreement with the expected
spectrum despite the IR excess emission at high frequencies. The
same procedure was applied to the 100, 143, 217, and 353 GHz
Y values and led to Yfit100−353 = 0.97. This shows that, on average,
the residual IR contamination has a negligible effect (∼3%) on
the integrated Compton-y value estimated for the ESZ sample.

7. Purity and completeness

The ESZ sample is characterised by the fact that a significant
fraction of the clusters and candidate clusters lies near a selection
cut. In a catalogue of this sort, the properties of the catalogued
clusters will not be representative of the true underlying cluster
population. For example, if the SZ signal of a cluster is related
to a different cluster property such as mass (collectively referred
to as “scaling relations”) the observed integrated Compton-y
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Fig. 12. Average contamination of the ESZ sample by astrophysical
sources. Blue crosses: Average Y measurements from MMF3 algorithm
normalised to the integrated Compton-y. Red triangles: Y , obtained
from aperture photometry on the stacked cutouts in the channel maps
prior filtering by the MMF. Black solid line: Normalised theoretical SZ
spectrum.

parameter values, Y, will be biased near the selection cut, an ef-
fect known as Eddington and Malmquist biases (for discussions
in a cluster context, see Mantz et al. 2010 and Andersson et al.
2011).

For the full ESZ sample, we do not always have other clus-
ter properties to relate the integrated Compton-y to, but we can
nevertheless examine some statistical effects of selection. In or-
der to do this, we generate large mock cluster catalogues whose
properties are designed to mimic those of the observed sample.
To impose a selection cut on the mock catalogues, we use the
observed relation between Y500 and S/N from the region signif-
icantly above the selection cut and extrapolate below it, along
with an estimate of scatter again from observations. This is car-
ried out in several redshift bins, and leads to a predicted S/N–Y
scaling given by

S/N = 101.38±0.03 (1 + z)−5.92±0.24

⎡⎢⎢⎢⎢⎣
YE−2/3D2

A

10−4 Mpc2

⎤⎥⎥⎥⎥⎦ ,

with scatter σlog−log = 0.16 in log-log scale. We then construct
large mock catalogues of clusters through drawing of Poisson
samples from the Jenkins et al. (2001) mass function normalised
with σ8 = 0.8, a value consistent with the latest WMAP con-
straints. To each cluster and consistent with Planck observations,
we assign values of Y5R500 by adopting the Y-M scaling rela-
tion from Planck Collaboration (2011g). An S/N value is then
assigned as described above, and the cut imposed to create the
mock catalogue.

We first use these simulations to estimate the completeness
of the ESZ sample as a function of Y5R500. For clusters within
a given bin in Y5R500, we extract the fraction of mock clus-
ters which lie above the selection cut. The result is shown in
Fig. 13 (solid line), and indicates that the sample becomes sig-
nificantly incomplete (less than 90% complete) below Y5R500 �
0.013 arcmin2. This result is fairly insensitive to the assumed
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Fig. 13. Expected completeness of the ESZ sample as a function of
Y5R500, estimated from mock cluster catalogues.
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Fig. 14. Expected mean Y5R500, as a function of cluster mass, for the ob-
served sample and for the predicted underlying cluster sample. At low
masses, the observed mean rises above the true mean due to Malmquist
bias.

mass function normalisation. For example, changing to σ8 = 0.9
(dashed line) causes only small variations in the completeness
function. For this case, a completeness of 90% is obtained at
Y5R500 � 0.010 arcmin2.

We then analyse the extent to which the mean Y5R500 of the
observed clusters is biased in relation to the mean Y5R500 of the
underlying cluster distribution, through those clusters with low
Y5R500 for a given mass being lost via selection. The underlying
mean Y5R500 in the mock samples is given by the input Y500–
M500 scaling relation from Planck Collaboration (2011g) and the
observed Y5R500–Y500 scaling; as shown in Fig. 14 the mean of
the observed clusters will be biased upwards from this, the effect
becoming significant for M500 < 6×1014 M�. Note that this bias
does not imply that the Y5R500 measurements for the ESZ clusters
are systematically wrong; the bias is because the selection cut
prevents those clusters being representative of the true cluster
population at those masses.
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Fig. 15. Purity as a function of S/N from MMF3, based on simulations
for the SZ challenge.

Finally, numerical simulations based on the Planck Sky
Model were used to estimate the purity of the Planck SZ cat-
alogue. They showed on a simulated sky that a cut in S/N of
five ensures 100% purity of the obtained sample (see Fig. 15).
However, the simulation does not capture the entire complexity
of the real sky and, in particular, the contamination by astrophys-
ical sources emitting above 217 GHz from IR sources and dust
emission or cold cores was found to be higher than expected. The
final ESZ sample obtained after applying the selection criterion
cut in S/N of 6 contained 190 SZ candidates. The validation of
the sample showed that one of them was found to be a spurious
source identified with dust emission and it was rejected. The re-
maining candidate new clusters are to be confirmed. The purity
of the ESZ sample thus lies between about 95% and 99%.

Although an attempt to characterise the completeness and
purity is made, we do not provide a fully characterised selection
function along with the ESZ sample. The cluster size-Y degen-
eracy discussed above, together with the large scatter in the con-
tamination level of the SZ detections due mostly to dust emis-
sion, makes it difficult to draw a simple relation between the
S/N limit used to construct the sample and the measured Y5R500.
It is thus not presently possible to provide a reliable mass limit
to our sample. When the telescope beam is larger than the cluster
size, a survey is limited by SZ signal. Then, since for the SZ sig-
nal the redshift dependence enters through the angular-diameter
distance rather than the luminosity distance, the mass selection
function is more uniform in SZ than in X-ray surveys. However
in our case most of the clusters detected by Planck are at nearby
redshifts (zmedian = 0.15) and the majority are resolved, adding
even more complexity to the selection function.

8. Statistical characterisation of the ESZ sample

The ESZ sample is the first all-sky sample of high S/N SZ-
detected clusters of galaxies produced by Planck. Its high relia-
bility is ensured by the high S/N of the reported detections and
by the subsequent validation process. The S/N of the objects in
the sample, obtained from blind detection using MMF3 on the
reference channel maps, are displayed in Fig. 16. They range
between 6 and 29 with median S/N of about eight. Six clusters,
including A2163 with S/N = 26 and Coma with S/N = 22,
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Fig. 16. Distribution of S/N (for the full ESZ sample: clusters and can-
didate clusters).
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Fig. 17. Distribution of ESZ sample in integrated Compton parameter Y .

are in the tail of the S/N distribution with S/N above 20. The
twelve confirmed Planck new SZ clusters, included in the ESZ,
have their S/N distributed between 6.3 and 11.5. Additional
confirmed new clusters with lower S/N are given in Planck
Collaboration (2011e). The eight candidate new clusters yet to
be confirmed have S/N ranging from 6 to 8.5.

The ESZ provides us with measures of the integrated
Compton parameter within a 5R500 sphere, Y5R500, for 189 clus-
ters or candidates. For about 80% of the known clusters in the
ESZ, this is the very first SZ measure performed in their di-
rection. The integrated Compton parameter of the whole sam-
ple, displayed in Fig. 17, shows that the SZ signal extends
over about two orders of magnitude from about 1.5 × 10−3 to
120 × 10−3 arcmin2. Unsurprisingly, the largest value is that of
the Coma cluster. Moreover, the estimated cluster sizes from
the MMF3 algorithm for the ESZ clusters and candidates are
all above 5θ500 = 8 arcmin, indicating that the high S/N clus-
ters under study can all be considered as extended sources. We

compare the estimated cluster size (from blind detection) with
the X-ray cluster size obtained from the X-ray observation of
the confirmed SZ clusters, considered as a representative clus-
ter size. We find that the SZ blind size is generally larger than
the X-ray cluster size; it can be two times larger. As discussed
previously, due to the cluster size-Y degeneracy this affects the
integrated Compton parameter measurement.

Using the MCXC compilation and the XMM-Newton ob-
servations of the confirmed Planck SZ candidates, we obtain
masses, M500, estimated from mass proxies (luminosity, L–M
relation, or YX) for 167 clusters out of the 189 of the ESZ sam-
ple. Furthermore, using the redshift information compiled in the
MCXC that we retrieved during the validation process and the
redshift estimates from XMM-Newton follow-up observations,
we gather the redshifts for 173 clusters of the ESZ sample. The
distributions of redshifts and masses are exhibited in Figs. 18
and 19, respectively. The redshifts of the ESZ sample are dis-
tributed in the range of small to moderate redshifts from about
z = 0.01 to z = 0.55, with a median redshift of 0.15. The
vast majority of the ESZ clusters, 86%, are thus nearby ones
lying below z = 0.3. Most of the newly-discovered clusters con-
firmed by XMM-Newton within the ESZ sample have redshifts
of the order of 0.4. Among the new Planck clusters confirmed
by XMM-Newton, but with S/N lower than 6, released outside
the ESZ we find a cluster with z = 0.54. As for the mass dis-
tribution of the ESZ clusters, it spans over a decade with clus-
ter masses ranging from 0.9 to 15 × 1014 M� within a surveyed
volume of the order of 3.5 × 1010Mpc3. It is worth noting that
in surveying the whole sky, Planck has a unique capability to
detect rare massive clusters in the exponential tail of the mass
function. Indeed, among the 21 newly discovered clusters con-
firmed by XMM-Newton in total (pilot follow-up programme and
high-S/N programme) three have total masses of 10×1014 M� or
larger and two of them are high S/N clusters in the ESZ sample.

In order to check the consistency of the cosmological model,
we compare the measured Y5R500 with the X-ray predicted YLX

5R500
that is derived in a given cosmology. To do so, we use the 158
ESZ clusters with X-ray-based size estimates. We vary the cos-
mological parameter H0, in a range of 30 to 100 km s−1/Mpc
assuming a flat universe (Ωm = 0.3 and ΩΛ = 1 − Ωm). The
integrated Compton parameters of the 158 clusters were re-
estimated from the Planck data with the size 5R500 obtained
for each explored set of cosmological parameters. The pre-
dicted SZ signals are then compared with the SZ signal mea-
sured by Planck providing us with the best value for H0. We
find that h is barely constrained, with a best estimate of H0 =
71+10
−20 km s−1 Mpc−1 (1σ uncertainty).

8.1. Comparison with existing catalogues

After the first blind detection of galaxy clusters through their SZ
signature by SPT (Staniszewski et al. 2009) and further discover-
ies by both SPT (Vanderlinde et al. 2010) and ACT (Menanteau
et al. 2010), Planck with its broad frequency coverage provides
the first sample of SZ clusters detected blindly over the whole
sky. For its first and early release, Planck delivers to the com-
munity 189 clusters and candidates with S/N ≥ 6 in the ESZ
sample, and an additional ten clusters at lower S/N. In total, the
30 new SZ-discovered clusters or candidates by Planck double
the number of new clusters provided by ACT and SPT during
the last year based on their 455 deg2 and 178 deg2 respective
surveys. Moreover, Planck provides the first homogeneous SZ
measurements for many known X-ray or optical clusters.
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Fig. 18. Distribution of ESZ sample in redshift. The 177 identified ESZ
clusters with redshift (from optical or X-ray observations) are in blue,
the ESZ clusters confirmed with XMM-Newton in red, and the RASS
clusters (number density divided by 10) in black solid line.
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Fig. 19. Distribution of ESZ sample in mass. The 167 identified ESZ
clusters with masses are in blue, the ESZ clusters confirmed with
XMM-Newton in red, and the RASS clusters (number density divided
by 10) in black solid line.

It is worth examining the distribution of the SZ clusters in the
M-z plane (see Fig. 20). The range of redshifts covered by the
Planck ESZ sample, from z = 0.01 to 0.55 with more than 80%
of the clusters lying below z = 0.3, is quite complementary to the
high redshift range explored by ACT and SPT experiments, from
z � 0.15 to 1.2. The comparison of the estimated masses from
the different experiments is complicated by the fact that they are
obtained using different approaches, from the use of X-ray prox-
ies to that of mass-significance relations. Overall, we can see
from Fig. 20 that the SPT cluster masses quoted in Vanderlinde
et al. (2010) range between 1 and 5×1014 M�. As mentioned pre-
viously, Planck, being an all-sky survey, spans a broader cluster
mass range from 0.9 to 10× 1014 M� and is particularly adapted

to the detection of very massive clusters in the tail of the distri-
bution.

The combination of Planck with ACT and SPT experiments
already nicely samples the M-z plane (see Fig. 22). In particu-
lar the highest redshift clusters are accessible to ACT and SPT
and the most massive clusters to Planck. Moreover, Planck al-
ready samples the low-mass low-redshift space quite well and
will provide us with a robust reference point in this range. With
the deeper observations of the whole sky, combined with ap-
propriate follow-up programmes for redshift estimates, Planck
will be able to explore the cluster mass function in its most cos-
mologically interesting regimes: high redshifts and high masses.
However, the detection of the highest redshift clusters is likely
to be hampered by the dilution by Planck beam. A combination
of the Planck ACT, and SPT carefully taking into account the
selection functions of all three experiments will thus be needed
to fully take advantage of SZ clusters as a cosmological probe.

Moreover, combining the data from a sample of clusters
with different resolutions (including high-resolution imaging
of SZ clusters with interferometric experiments like SZA and
CARMA) will allow us to perform detailed studies of extended
clusters and have a much better handle on the pressure profile
from SZ data directly.

Although the ESZ sample is not a catalogue with a fully
characterised selection function, it is worth comparing it to
the ROSAT-based cluster catalogues. To do this we take ad-
vantage of the MCXC, which contains not only NORAS and
REFLEX but other survey-based and serendipitous cluster cata-
logues. Using the homogenised cluster properties of the MCXC
compilation, we can moreover predict the SZ signal and the S/N
ratio for a measurement of the Compton Y parameter. In order
to do this we estimate the Planck noise from real noise maps at
the cluster positions using MMF3. Using this information, we
compared the number of detected clusters in the ESZ at S/N ≥ 6
to the number predicted at that level of significance. We find
very good overall agreement in terms of detected and predicted
clusters, despite the fact that the predictions we use are based
on X-ray-selected clusters from the MCXC compilation and that
the cluster model used for the prediction does not account for the
dispersion in the scaling relations, and despite the noise proper-
ties of channel maps being inhomogeneous across the sky. Only
26 MCXC clusters with predicted S/N ≥ 6 are not within the
ESZ sample. For 20 of these clusters information on the pres-
ence of a cool core or peculiar morphology is available in the
literature. We find that 13 of these host cool cores. For these
clusters, the X-ray luminosity is boosted due to the central den-
sity peak. The mass predicted from the luminosity, and hence
the predicted SZ signal, is over-estimated. For 3 clusters the lu-
minosity measurements adopted in the MCXC are not reliable
because of evidence of AGN contamination (e.g., A689). The re-
maining four clusters are peculiar because they have very asym-
metric morphologies or are located in superclusters (e.g., A3526
in Centaurus and the A901/A902 system), making the SZ signal
predictions highly uncertain.

There is a large overlap between the Planck ESZ sample and
the RASS-based cluster catalogues, in particular REFLEX and
NORAS (Fig. 21). The 162 SZ candidates identified with X-ray
clusters from the MCXC compilation are predominantly clus-
ters from the REFLEX (74) and NORAS (59) surveys, which
corresponds to an overlap of 17% and 13% with the REFLEX
and NORAS surveys respectively. The eleven ESZ clusters con-
firmed by XMM-Newton with S/N ≥ 6 were found to lie just
around the REFLEX flux limit (only two are above this limit).
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Fig. 20. The 158 clusters from the Planck ESZ sample identified with
known X-ray clusters in redshift-mass space, compared with SPT and
ACT samples from Menanteau et al. (2010); Vanderlinde et al. (2010),
as well as serendipitous and RASS clusters.
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Fig. 21. The 158 clusters from the Planck ESZ sample identified with
known X-ray clusters in redshift-luminosity space, compared with
serendipitous and RASS clusters.

It is thus interesting to compare the ESZ sample mass and
redshift distributions with those of the RASS-based catalogues.
This is illustrated in Figs. 18 and 19 in which the RASS-based
mass and redshift distribution divided by ten are over-plotted on
the ESZ histograms in thick solid line. We find that the ESZ
clusters with masses below 4 × 1014 M� represent only 12%
of the RASS-based clusters in the same mass range; however
they represent 90% of the RASS-based clusters at higher masses
M ≥ 9×1014 M�. As for the redshift distribution, the Planck ESZ
clusters represent 14% of the RASS-based clusters with redshifts
lower than 0.3 and they constitute 31% of the RASS-based clus-
ters above z = 0.3.

The SDSS-MaxBCG cluster catalogue is the basis of the
study of optical-SZ scaling relations (Planck Collaboration
2011h) in Planck data. It is used in particular to measure an
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Fig. 22. The ESZ sample compared to the previously observed SZ clus-
ters in redshift-mass space.

integrated Compton parameter, YMaxBCG
5R500 , from the Planck chan-

nel maps at the MaxBCG position using fixed cluster size ac-
cording to published weak-lensing calibrated mass-richness re-
lations for the MaxBCG catalogue. Only 20 clusters from the
MaxBCG have a measured S/N larger than six and are thus ex-
pected to be within the ESZ selection18. Among them, 18 are ef-
fectively associated with ESZ clusters (within a search radius of
five arcminutes). One of the two clusters not in the ESZ sample
is Abell 1246 (z = 0.18). The second is a fortuitous association
with a low-redshift (z = 0.06) group of the MaxBCG catalogue
near the position of Abell 1795, which is detected in the ESZ
catalogue.

9. Summary

Thanks to its all-sky coverage and to its frequency range span-
ning the SZ decrement and increment, Planck provides us with
the very first all-sky S/N-selected SZ sample. This early re-
lease sample of high-reliability SZ clusters and candidates (S/N
from 6 to 29) was constructed using a matched multi-filter de-
tection technique. It was validated using Planck-internal qual-
ity assessment, external X-ray and optical data, and a multi-
frequency follow-up programme for confirmation relying mostly
on XMM-Newton snapshot observations. The ESZ sample com-
prises 189 candidates, of which 20 are candidate new clusters
and 169 have X-ray or optical counterparts. Of these, 162 were
observed in X-ray. Planck provides for the first time SZ ob-
servations for about 80% of the ESZ clusters and hence a ho-
mogeneously measured SZ signal. Twelve candidate clusters in
total, out of the 20, have been confirmed. One candidate was
confirmed by AMI and WISE. Eleven were confirmed with
XMM-Newton, including two candidates found to be double
clusters on the sky.

The clusters in the ESZ sample are mostly at moderate red-
shifts lying between z = 0.01 and z = 0.55, with 86% of them
below z = 0.3. The ESZ-cluster masses span over a decade from
0.9 to 15×1014 M�, i.e. up to the highest masses. The ESZ, con-
structed using clear selection criteria, is a nearly complete (90%
above E−2/3(z)Y5R500D2

A � 4 × 10−4 Mpc2), high-purity (above

18 This number accounts for the possible association of a candidate new
cluster with a cluster from Wen et al. (2009).
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95%) SZ cluster sample. However, as mentioned above, it is not
possible at the present stage to provide users with a full selection
function.

Thanks to its all-sky coverage, Planck has a unique capabil-
ity to detect the rarest and most massive clusters in the exponen-
tial tail of the mass function. Planck is detecting new clusters
in a region of the mass-redshift plane that is sparsely populated
by the RASS catalogues. As a matter of fact, two of the newly-
discovered clusters in the ESZ and confirmed by XMM-Newton
have estimated total masses larger than 1015 M�. Furthermore,
as indicated by XMM-Newton snapshot observations, most of
the new clusters have low luminosity and a disturbed morphol-
ogy, suggestive of a complex dynamical state. Planck may thus
have started to reveal a non-negligible population of massive
dynamically-perturbed objects that is under-represented in X-ray
surveys.

A significant fraction of the ESZ clusters have good archival
X-ray and optical data. In addition, the ESZ sample should mo-
tivate follow-up effort by the community. It will hence serve as
a valuable reference for studies of cluster physics at low and
moderate redshifts (e.g., galaxy properties versus intra-cluster
gas physics, metallicities, dynamical state and its evolution,
etc). These studies will require multi-wavelength observations
including further SZ observations at higher spatial resolution
and observations in X-rays (with XMM-Newton, Chandra, and
Suzaku), in the optical (imaging and spectroscopy), and in the
radio (e.g., with LOFAR).

The ensemble of early results on the SZ signal in Planck us-
ing a selected local sub-sample of ESZ clusters with high-quality
XMM-Newton archival data (Planck Collaboration 2011g) and
using the compilation of about 1600 MCXC clusters (Planck
Collaboration 2011f), shows excellent agreement between ob-
served SZ quantities and X-ray-based predictions underlining
the robustness and consistency of our overall view of ICM prop-
erties. These results shed light on long-standing questions re-
garding the consistency between the SZ and X-ray view of
hot gas in galaxy clusters. In contrast, the SZ signal-to-optical-
richness relation measured from the SDSS-MaxBCG cluster cat-
alogue Planck Collaboration (2011h) has a lower SZ signal than
predicted. Extensive SZ-optical statistical studies of this kind are
new. The result, and the origin of the difference, may be re-
lated to the cluster population, such as the existence of a sub-
population of X-ray under-luminous clusters, or to selection ef-
fects in optical cluster catalogues.

In the future, Planck will deliver a larger all-sky SZ cluster
catalogue. The characterisation of the Planck selection function
together with the construction of this legacy catalogue, includ-
ing its validation using follow up observations in particular with
XMM-Newton, will be one of the major activities.

The usefulness of the SZ cluster abundance in achieving pre-
cise cosmological constraints relies on several theoretical and
observational requirements. One of them is the ability to ob-
tain redshift measurements for each confirmed SZ cluster. Cross-
correlation of Planck data with the only available large optical
survey to date, the Sloan Digital Sky Survey (SDSS), can be used
to confirm Planck candidates and provide redshift estimates on a
area restricted to the SDSS coverage area. The XMM-Newton
confirmation observations can provide redshift estimates, but
only for the X-ray brightest clusters. A significant follow-up ef-
fort in the optical (with ESO, ENO, and NOAO facilities) has
thus been put in place by the Planck collaboration in order to
obtain redshifts (photometric and spectroscopic) for the SZ clus-
ters. Another key requirement for the cosmological use of the SZ
catalogue is the derivation of the fundamental relation between

the integrated Compton parameter, Y, and the cluster mass and
its evolution with redshift. Planck Collaboration (2011g) have
calibrated the local relation between Y and YX , the analogue
of the SZ signal, measured from the X-ray gas mass and tem-
perature, to an unprecedented precision and, for the first time,
have demonstrated its remarkably small intrinsic scatter. We will
build an even more robust and controlled observational proxy of
the cluster mass which is fundamental for cosmological appli-
cations. To do this, specific studies based on the comparison of
mass estimates from lensing, X-rays and SZ observations for a
selected representative sample of the SZ catalogue will be most
crucial.

Finally, combining Planck all-sky SZ data with near fu-
ture and planned observations of the large-scale structure by
large surveys, e.g., PANSTARRS, LOFAR, Euclid, LSST, and
e-ROSITA, will allow us to understand the physical processes
governing large-scale structure formation and evolution.
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Appendix A: ESZ sample extract

Table A.1 is an extract from the Planck ESZ sample available
at www.rssd.esa.int/Planck aiming at presenting the con-
tent of the released product. Four entries are given as exam-
ples for each category (Planck ESZ known clusters, Planck ESZ
new confirmed clusters, Planck ESZ clusters candidates). In the
present extract, only Galactic longitudes and latitudes are given.
The ESZ sample contains, in addition, the right ascensions and
declinations for all the entries.

For each entry the following fields are provided:

– name: Planck Name of Cluster Candidate;
– GLON: Galactic Longitude from Planck ;
– GLAT: Galactic latitude from Planck ;
– S/N: Signal-to-noise ratio returned by the matched multi-

Filter algorithm (MMF3);
– ID: external Identifier of Planck Clusters e.g. Coma, Abell

2163 etc.;
– z: redshift of Cluster from the MCXC X-ray cluster compi-

lation unless otherwise stated in the individual notes;
– ΘX : angular size at 5R500 from X-ray data;
– YPS X : integrated Compton parameter at X-ray position and

within 5R500 (ΘX) in arcmin2;
– YERR

PS X : uncertainty in Integrated Compton parameter at X-ray
position and within 5R500 (ΘX) in arcmin2;

– Θ: estimated angular size from matched multi-Filter
(MMF3),

– Y: integrated Compton parameter at Planck position and
within Θ, from matched multi-Filter (MMF3) in arcmin2;

– YERR: uncertainty in Integrated Compton parameter at
Planck position and within Θ from matched multi-
Filter (MMF3) in arcmin2.
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Table A.1. ESZ sample.

Name GLON GLAT S/N ID z ΘX YPS X YERR
PS X Θ Y YERR

PLCKG111.0+31.7 110.98 31.73 28.93 A2256 0.06 NaN 0.0242 0.0009 NaN NaN NaN
PLCKG57.3+88.0 57.34 88.01 21.94 Coma 0.02 NaN 0.1173 0.0054 NaN NaN NaN
PLCKG239.3+24.8 239.28 24.77 25.67 A0754 0.05 NaN 0.0330 0.0012 NaN NaN NaN
PLCKG272.1-40.2 272.11 –40.15 25.90 A3266 0.06 NaN 0.0282 0.0012 NaN NaN NaN
PLCKG6.8+30.5 6.78 30.47 26.40 A2163 0.20 NaN 0.0173 0.0007 NaN NaN NaN
PLCKG340.9-33.3 340.89 –33.35 22.02 A3667 0.06 NaN 0.0266 0.0014 NaN NaN NaN
PLCKG266.0-21.3 266.04 –21.25 19.75 1ES 0657-55.8 0.30 NaN 0.0067 0.0003 NaN NaN NaN
PLCKG44.2+48.7 44.23 48.68 18.46 A2142 0.09 NaN 0.0241 0.0013 NaN NaN NaN
PLCKG93.9+34.9 93.92 34.91 17.31 A2255 0.08 NaN 0.0103 0.0006 NaN NaN NaN
PLCKG164.2-38.9 164.19 –38.89 13.79 A0401 0.07 NaN 0.0193 0.0016 NaN NaN NaN
PLCKG72.6+41.5 72.63 41.46 17.44 A2219 0.23 NaN 0.0085 0.0005 NaN NaN NaN
PLCKG263.7-22.5 263.67 –22.54 16.70 A3404 0.16 NaN 0.0064 0.0004 NaN NaN NaN
PLCKG97.7+38.1 97.74 38.12 14.65 A2218 0.17 NaN 0.0044 0.0003 NaN NaN NaN
PLCKG263.2-25.2 263.21 –25.21 11.24 A3395 0.05 NaN 0.0073 0.0009 NaN NaN NaN
PLCKG262.3-35.4 262.25 –35.37 15.19 ACO S0520 0.30 NaN 0.0034 0.0003 NaN NaN NaN
PLCKG74.0-27.8 73.97 –27.82 14.25 A2390 0.23 NaN 0.0056 0.0005 NaN NaN NaN
PLCKG332.2-46.4 332.23 –46.37 13.89 A3827 0.10 NaN 0.0086 0.0007 NaN NaN NaN
PLCKG265.0-48.9 265.01 –48.95 13.95 A3158 0.06 NaN 0.0117 0.0010 NaN NaN NaN
PLCKG115.2-72.1 115.16 –72.09 13.14 A0085 0.06 NaN 0.0210 0.0018 NaN NaN NaN
PLCKG316.3+28.5 316.35 28.54 12.85 A3571 0.04 NaN 0.0372 0.0031 NaN NaN NaN
PLCKG86.5+15.3 86.46 15.30 12.33 CIZA J1938.3+5409 0.26 NaN 0.0031 0.0003 NaN NaN NaN
PLCKG33.8+77.2 33.78 77.16 12.39 A1795 0.06 NaN 0.0169 0.0014 NaN NaN NaN
PLCKG6.5+50.5 6.48 50.55 13.36 A2029 0.08 NaN 0.0180 0.0015 NaN NaN NaN
PLCKG349.5-59.9 349.46 –59.95 13.93 ACO S1063 0.35 NaN 0.0046 0.0003 NaN NaN NaN
PLCKG186.4+37.3 186.39 37.26 12.61 A0697 0.28 NaN 0.0051 0.0005 NaN NaN NaN
PLCKG229.9+15.3 229.94 15.30 12.46 A0644 0.07 NaN 0.0116 0.0010 NaN NaN NaN
PLCKG149.7+34.7 149.73 34.70 11.57 A0665 0.18 NaN 0.0060 0.0005 NaN NaN NaN
PLCKG3.9-59.4 3.91 –59.42 12.06 A3888 0.15 NaN 0.0061 0.0005 NaN NaN NaN
PLCKG312.0+30.7 312.00 30.72 9.04 A3558 0.05 NaN 0.0223 0.0024 NaN NaN NaN
PLCKG313.9-17.1 313.87 –17.11 11.57 CIZA J1601.7-7544 0.15 NaN 0.0078 0.0007 NaN NaN NaN
PLCKG335.6-46.5 335.59 –46.46 10.17 A3822 0.08 NaN 0.0084 0.0008 NaN NaN NaN
PLCKG288.6-37.7 288.62 –37.66 9.86 A3186 0.13 NaN 0.0053 0.0006 NaN NaN NaN
PLCKG315.7-18.0 315.71 –18.04 11.44 A3628 0.10 NaN 0.0088 0.0008 NaN NaN NaN
PLCKG263.2-23.4 263.16 –23.41 10.08 ACO S0592 0.23 NaN 0.0032 0.0003 NaN NaN NaN
PLCKG149.2+54.2 149.24 54.19 11.58 A1132 0.14 NaN 0.0052 0.0005 NaN NaN NaN
PLCKG21.1+33.3 21.09 33.26 10.61 A2204 0.15 NaN 0.0076 0.0007 NaN NaN NaN
PLCKG322.0-48.0 321.96 –47.98 11.27 A3921 0.09 NaN 0.0053 0.0006 NaN NaN NaN
PLCKG182.4-28.3 182.44 –28.30 12.77 A0478 0.09 NaN 0.0167 0.0014 NaN NaN NaN
PLCKG242.0+14.9 241.97 14.86 10.49 A3411 0.17 NaN 0.0041 0.0005 NaN NaN NaN
PLCKG29.0+44.6 29.01 44.56 10.25 A2147 0.04 NaN 0.0148 0.0021 NaN NaN NaN
PLCKG228.5+53.1 228.50 53.13 12.20 Zw 3179 0.14 NaN 0.0022 0.0005 NaN NaN NaN
PLCKG62.9+43.7 62.93 43.71 10.03 A2199 0.03 NaN 0.0241 0.0023 NaN NaN NaN
PLCKG206.0-39.5 205.96 –39.48 9.26 MACS J0417.5-1154 0.44 NaN 0.0038 0.0004 NaN NaN NaN
PLCKG336.6-55.4 336.59 –55.45 10.29 A3911 0.10 NaN 0.0057 0.0006 NaN NaN NaN
PLCKG67.2+67.5 67.23 67.46 11.03 A1914 0.17 NaN 0.0057 0.0005 NaN NaN NaN
PLCKG92.7+73.5 92.73 73.46 11.26 A1763 0.23 NaN 0.0045 0.0004 NaN NaN NaN
PLCKG146.3-15.6 146.33 –15.59 7.10 CIZA J0254.4+4134 0.02 NaN 0.0392 0.0060 NaN NaN NaN
PLCKG112.5+57.0 112.46 57.04 9.81 A1767 0.07 NaN 0.0053 0.0006 NaN NaN NaN
PLCKG55.6+31.9 55.60 31.86 9.27 A2261 0.22 NaN 0.0049 0.0005 NaN NaN NaN
PLCKG58.3+18.6 58.28 18.59 9.19 CIZA J1825.3+3026 0.06 NaN 0.0087 0.0009 NaN NaN NaN
PLCKG159.9-73.5 159.86 –73.47 10.63 A0209 0.21 NaN 0.0053 0.0005 NaN NaN NaN
PLCKG282.5+65.2 282.49 65.17 8.49 ZwCl 1215.1+0400 0.08 NaN 0.0095 0.0012 NaN NaN NaN
PLCKG313.4+61.1 313.36 61.12 10.12 A1689 0.18 NaN 0.0071 0.0008 NaN NaN NaN
PLCKG53.5+59.5 53.52 59.54 8.50 A2034 0.11 NaN 0.0055 0.0008 NaN NaN NaN
PLCKG244.3-32.1 244.34 hline-32.14 8.39 RBS0653 0.28 NaN 0.0029 0.0004 NaN NaN NaN
PLCKG46.9+56.5 46.88 56.50 9.07 A2069 0.11 NaN 0.0067 0.0008 NaN NaN NaN
PLCKG294.7-37.0 294.67 –37.03 8.64 RXCJ0303.7-7752 0.27 NaN 0.0028 0.0004 NaN NaN NaN
PLCKG346.6+35.0 346.60 35.05 9.38 RXCJ1514.9-1523 0.22 NaN 0.0048 0.0006 NaN NaN NaN
PLCKG243.6+67.8 243.57 67.76 8.57 A1307 0.08 NaN 0.0062 0.0007 NaN NaN NaN
PLCKG166.1+43.4 166.13 43.39 9.23 A0773 0.22 NaN 0.0038 0.0004 NaN NaN NaN
PLCKG226.2+76.8 226.25 76.77 9.18 A1413 0.14 NaN 0.0058 0.0006 NaN NaN NaN
PLCKG107.1+65.3 107.11 65.31 8.85 A1758A 0.28 NaN 0.0031 0.0004 NaN NaN NaN
PLCKG42.8+56.6 42.83 56.62 8.36 A2065 0.07 NaN 0.0099 0.0011 NaN NaN NaN
PLCKG125.6-64.1 125.59 –64.14 10.47 A0119 0.04 NaN 0.0141 0.0017 NaN NaN NaN
PLCKG57.3-45.4 57.27 –45.36 8.11 MACS J2211.7-0349 0.40 NaN 0.0032 0.0004 NaN NaN NaN
PLCKG33.5-48.4 33.46 –48.43 9.24 A2384A 0.09 NaN 0.0054 0.0006 NaN NaN NaN
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Table A.1. continued.

Name GLON GLAT S/N ID z ΘX YPS X YERR
PS X Θ Y YERR

PLCKG241.8-24.0 241.78 –24.00 8.94 A3378 0.14 NaN 0.0038 0.0005 NaN NaN NaN
PLCKG46.5-49.4 46.50 –49.44 8.55 A2420 0.08 NaN 0.0064 0.0008 NaN NaN NaN
PLCKG304.9+45.5 304.90 45.45 8.99 A1644 0.05 NaN 0.0152 0.0018 NaN NaN NaN
PLCKG209.6-36.5 209.56 –36.49 7.96 A0496 0.03 NaN 0.0162 0.0021 NaN NaN NaN
PLCKG57.0-55.1 56.97 –55.08 8.16 MACS J2243.3-0935 0.45 NaN 0.0029 0.0004 NaN NaN NaN
PLCKG56.8+36.3 56.81 36.32 9.15 A2244 0.10 NaN 0.0058 0.0007 NaN NaN NaN
PLCKG57.6+34.9 57.61 34.94 9.54 A2249 0.08 NaN 0.0052 0.0007 NaN NaN NaN
PLCKG49.2+30.9 49.20 30.86 8.33 RXC J1720.1+2637 0.16 NaN 0.0043 0.0005 NaN NaN NaN
PLCKG6.7-35.5 6.70 –35.54 8.45 A3695 0.09 NaN 0.0059 0.0008 NaN NaN NaN
PLCKG77.9-26.6 77.91 –26.65 8.36 A2409 0.15 NaN 0.0040 0.0005 NaN NaN NaN
PLCKG8.9-81.2 8.94 –81.24 8.39 A2744 0.31 NaN 0.0042 0.0005 NaN NaN NaN
PLCKG106.7-83.2 106.73 –83.23 8.55 A2813 0.29 NaN 0.0036 0.0004 NaN NaN NaN
PLCKG269.5+26.4 269.52 26.42 8.40 A1060 0.01 NaN 0.0215 0.0029 NaN NaN NaN
PLCKG180.2+21.0 180.24 21.05 8.36 MACS J0717.5+3745 0.55 NaN 0.0028 0.0004 NaN NaN NaN
PLCKG241.7-30.9 241.74 –30.89 7.42 RXCJ0532.9-3701 0.27 NaN 0.0028 0.0004 NaN NaN NaN
PLCKG332.9-19.3 332.89 –19.28 7.72 CIZA J1813.3-6127 0.15 NaN 0.0043 0.0006 NaN NaN NaN
PLCKG48.1+57.2 48.05 57.18 7.14 A2061 0.08 NaN 0.0067 0.0010 NaN NaN NaN
PLCKG139.2+56.4 139.20 56.36 7.65 A1351 0.32 NaN 0.0012 0.0003 NaN NaN NaN
PLCKG306.7+61.1 306.68 61.06 8.02 A1650 0.08 NaN 0.0095 0.0012 NaN NaN NaN
PLCKG167.7+17.6 167.66 17.65 8.11 ZwCl 0634.1+4750 0.17 NaN 0.0045 0.0005 NaN NaN NaN
PLCKG49.3+44.4 49.34 44.38 7.40 A2175 0.10 NaN 0.0054 0.0009 NaN NaN NaN
PLCKG226.2-21.9 226.18 –21.91 7.28 A0550 0.10 NaN 0.0047 0.0007 NaN NaN NaN
PLCKG195.8-24.3 195.77 –24.31 7.23 A0520 0.20 NaN 0.0046 0.0006 NaN NaN NaN
PLCKG253.5-33.7 253.48 –33.72 6.73 A3343 0.19 NaN 0.0022 0.0004 NaN NaN NaN
PLCKG250.9-36.3 250.91 –36.26 8.62 A3322 0.20 NaN 0.0028 0.0004 NaN NaN NaN
PLCKG256.5-65.7 256.45 –65.71 7.77 A3016 0.22 NaN 0.0029 0.0004 NaN NaN NaN
PLCKG324.5-45.0 324.50 –44.97 6.22 RBS1847 0.10 NaN 0.0039 0.0005 NaN NaN NaN
PLCKG113.8+44.4 113.82 44.35 7.80 A1895 0.22 NaN 0.0012 0.0002 NaN NaN NaN
PLCKG125.7+53.9 125.71 53.86 7.36 A1576 0.30 NaN 0.0019 0.0003 NaN NaN NaN
PLCKG266.8+25.1 266.84 25.08 8.19 A3444 0.25 NaN 0.0027 0.0004 NaN NaN NaN
PLCKG216.6+47.0 216.62 47.02 7.48 RXC J0949.8+1707 0.38 NaN 0.0021 0.0004 NaN NaN NaN
PLCKG228.2+75.2 228.16 75.19 7.13 MACS J1149.5+2223 0.55 NaN 0.0016 0.0003 NaN NaN NaN
PLCKG342.3-34.9 342.32 –34.91 7.24 RXCJ2023.4-5535 0.23 NaN 0.0029 0.0004 NaN NaN NaN
PLCKG342.8-30.5 342.82 –30.46 6.01 A3651 0.06 NaN 0.0044 0.0009 NaN NaN NaN
PLCKG124.2-36.5 124.22 –36.49 7.74 A0115 0.20 NaN 0.0050 0.0007 NaN NaN NaN
PLCKG257.3-22.2 257.34 –22.18 7.13 A3399 0.20 NaN 0.0019 0.0003 NaN NaN NaN
PLCKG118.4+39.3 118.45 39.34 6.33 RXCJ1354.6+7715 0.40 NaN 0.0016 0.0003 NaN NaN NaN
PLCKG118.6+28.6 118.60 28.56 6.41 A2294 0.18 NaN 0.0022 0.0004 NaN NaN NaN
PLCKG229.6+78.0 229.64 77.96 7.45 A1443 0.27 NaN 0.0027 0.0004 NaN NaN NaN
PLCKG180.6+76.7 180.62 76.65 7.48 A1423 0.21 NaN 0.0027 0.0004 NaN NaN NaN
PLCKG2.7-56.2 2.75 –56.18 6.48 A3856 0.14 NaN 0.0031 0.0005 NaN NaN NaN
PLCKG347.2-27.4 347.19 –27.35 8.19 ACO S0821 0.24 NaN 0.0022 0.0004 NaN NaN NaN
PLCKG71.6+29.8 71.61 29.80 7.47 Zw 8284 0.16 NaN 0.0024 0.0004 NaN NaN NaN
PLCKG36.7+14.9 36.72 14.92 6.98 RXCJ1804.4+1002 0.15 NaN 0.0035 0.0006 NaN NaN NaN
PLCKG18.5-25.7 18.53 –25.72 7.30 RXCJ2003.5-2323 0.32 NaN 0.0027 0.0004 NaN NaN NaN
PLCKG237.0-26.7 236.96 –26.67 7.03 A3364 0.15 NaN 0.0030 0.0005 NaN NaN NaN
PLCKG273.6+63.3 273.64 63.28 7.30 A1437 0.13 NaN 0.0051 0.0007 NaN NaN NaN
PLCKG46.1+27.2 46.08 27.18 7.34 MACS J1731.6+2252 0.39 NaN 0.0021 0.0003 NaN NaN NaN
PLCKG49.7-49.5 49.67 –49.51 6.88 A2426 0.10 NaN 0.0038 0.0007 NaN NaN NaN
PLCKG143.2+65.2 143.25 65.22 7.34 A1430 0.21 NaN 0.0023 0.0003 NaN NaN NaN
PLCKG296.4-32.5 296.41 –32.49 7.20 ACO S0405 0.06 NaN 0.0044 0.0007 NaN NaN NaN
PLCKG269.3-49.9 269.31 –49.88 6.51 A3126 0.09 NaN 0.0040 0.0007 NaN NaN NaN
PLCKG83.3-31.0 83.29 –31.03 6.19 RXC J2228.6+2036 0.41 NaN 0.0021 0.0004 NaN NaN NaN
PLCKG304.7-31.7 304.67 –31.67 6.37 A4023 0.19 NaN 0.0020 0.0004 NaN NaN NaN
PLCKG39.9-40.0 39.86 –39.99 6.32 A2345 0.18 NaN 0.0031 0.0005 NaN NaN NaN
PLCKG56.0-34.9 55.98 –34.89 7.03 A2355 0.12 NaN 0.0036 0.0005 NaN NaN NaN
PLCKG303.8+33.7 303.76 33.66 6.05 A3528S 0.05 NaN 0.0085 0.0014 NaN NaN NaN
PLCKG163.7+53.5 163.72 53.53 7.46 A0980 0.16 NaN 0.0030 0.0004 NaN NaN NaN
PLCKG318.1-29.6 318.13 –29.58 6.63 RXCJ1947.3-7623 0.22 NaN 0.0031 0.0005 NaN NaN NaN
PLCKG244.7+32.5 244.70 32.49 6.27 A0868 0.15 NaN 0.0029 0.0005 NaN NaN NaN
PLCKG284.5+52.4 284.46 52.44 7.27 RXCJ1206.2-0848 0.44 NaN 0.0029 0.0004 NaN NaN NaN
PLCKG260.0-63.4 260.03 –63.44 7.29 RXCJ0232.2-4420 0.28 NaN 0.0024 0.0004 NaN NaN NaN
PLCKG253.0-56.1 252.97 –56.05 6.79 A3112 0.08 NaN 0.0047 0.0007 NaN NaN NaN
PLCKG234.6+73.0 234.59 73.02 6.39 A1367 0.02 NaN 0.0146 0.0029 NaN NaN NaN
PLCKG278.6+39.2 278.61 39.17 7.57 A1300 0.31 NaN 0.0035 0.0005 NaN NaN NaN
PLCKG246.5-26.1 246.52 –26.06 6.52 A3376 0.05 NaN 0.0053 0.0010 NaN NaN NaN
PLCKG114.3+64.9 114.34 64.87 6.18 A1703 0.28 NaN 0.0020 0.0003 NaN NaN NaN
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Table A.1. continued.

Name GLON GLAT S/N ID z ΘX YPS X YERR
PS X Θ Y YERR

PLCKG80.4-33.2 80.38 –33.20 6.06 A2443 0.11 NaN 0.0039 0.0006 NaN NaN NaN
PLCKG249.9-39.9 249.88 –39.87 6.25 A3292 0.15 NaN 0.0018 0.0004 NaN NaN NaN
PLCKG182.6+55.8 182.64 55.82 6.81 A0963 0.21 NaN 0.0019 0.0004 NaN NaN NaN
PLCKG62.4-46.4 62.42 –46.41 6.33 A2440 0.09 NaN 0.0041 0.0007 NaN NaN NaN
PLCKG8.4-56.4 8.45 –56.36 6.39 A3854 0.15 NaN 0.0024 0.0005 NaN NaN NaN
PLCKG229.2-17.2 229.22 –17.25 6.18 RXCJ0616.3-2156 0.17 NaN 0.0031 0.0005 NaN NaN NaN
PLCKG341.0+35.1 340.96 35.12 6.61 ACO S0780 0.24 NaN 0.0030 0.0007 NaN NaN NaN
PLCKG218.9+35.5 218.86 35.51 6.87 A0750 0.18 NaN 0.0027 0.0005 NaN NaN NaN
PLCKG165.1+54.1 165.09 54.12 6.34 A0990 0.14 NaN 0.0027 0.0005 NaN NaN NaN
PLCKG161.4+26.2 161.44 26.23 6.63 A0576 0.04 NaN 0.0076 0.0012 NaN NaN NaN
PLCKG295.3+23.3 295.33 23.34 6.11 RXCJ1215.4-3900 0.12 NaN 0.0042 0.0008 NaN NaN NaN
PLCKG280.2+47.8 280.20 47.82 7.06 A1391 0.16 NaN 0.0042 0.0006 NaN NaN NaN
PLCKG0.4-41.8 0.44 –41.84 6.55 A3739 0.17 NaN 0.0025 0.0005 NaN NaN NaN
PLCKG195.6+44.1 195.62 44.05 6.88 A0781 0.30 NaN 0.0017 0.0003 NaN NaN NaN
PLCKG241.9+51.5 241.86 51.53 6.96 A1066 0.07 NaN 0.0024 0.0007 NaN NaN NaN
PLCKG81.0-50.9 81.00 –50.91 6.76 A2552 0.30 NaN 0.0026 0.0005 NaN NaN NaN
PLCKG304.5+32.4 304.50 32.44 6.86 A3532 0.06 NaN 0.0068 0.0015 NaN NaN NaN
PLCKG306.8+58.6 306.80 58.61 6.81 A1651 0.08 NaN 0.0077 0.0012 NaN NaN NaN
PLCKG172.9+65.3 172.89 65.32 6.30 A1190 0.08 NaN 0.0030 0.0006 NaN NaN NaN
PLCKG99.0+24.9 98.95 24.86 6.49 A2312 0.09 NaN 0.0022 0.0004 NaN NaN NaN
PLCKG247.2-23.3 247.17 –23.33 6.19 ACO S0579 0.15 NaN 0.0019 0.0004 NaN NaN NaN
PLCKG176.3-35.1 176.28 –35.05 6.38 2A0335+096 0.03 NaN 0.0117 0.0025 NaN NaN NaN
PLCKG57.9+27.6 57.93 27.64 6.13 ZwCl 1742.1+3306 0.08 NaN 0.0037 0.0008 NaN NaN NaN
PLCKG275.2+43.9 275.22 43.92 6.29 A1285 0.11 NaN 0.0044 0.0008 NaN NaN NaN
PLCKG96.9+52.5 96.85 52.47 6.12 A1995 0.32 NaN 0.0015 0.0003 NaN NaN NaN
PLCKG72.8-18.7 72.80 –18.72 10.10 ZwCl2120.1+2256 0.14 NaN NaN NaN 37.22 0.0052 0.0010
PLCKG239.3-26.0 239.29 -26.00 8.64 MACS J0553.4-3342 0.41 NaN NaN NaN 17.22 0.0026 0.0006
PLCKG8.3-64.8 8.30 –64.76 8.47 AC114Northern 0.31 NaN NaN NaN 43.83 0.0048 0.0010
PLCKG94.0+27.4 94.02 27.43 6.92 H1821+643 0.30 NaN NaN NaN 40.25 0.0030 0.0014
PLCKG157.4+30.3 157.43 30.34 6.18 RXJ0748.7+5941 NaN NaN NaN NaN 22.43 0.0025 0.0014
PLCKG345.4-39.3 345.41 –39.34 7.10 ABELL3716S 0.04 NaN NaN NaN 118.59 0.0109 0.0032
PLCKG53.4-36.3 53.44 –36.27 6.88 MACS J2135.2-0102 0.32 NaN NaN NaN 8.07 0.0018 0.0003
PLCKG271.5-56.6 271.50 –56.56 6.71 ACO S0295 0.30 NaN NaN NaN 20.26 0.0025 0.0007
PLCKG86.0+26.7 86.00 26.71 6.55 A2302 0.18 NaN NaN NaN 56.62 0.0043 0.0019
PLCKG96.9+24.2 96.88 24.22 6.24 ZwCl1856.8+6616 NaN NaN NaN NaN 20.64 0.0015 0.0005
PLCKG164.6+46.4 164.61 46.39 6.06 ZwCl0934.8+5216 NaN NaN NaN NaN 16.50 0.0018 0.0006
PLCKG285.0-23.7 284.99 –23.71 11.48 null 0.44 NaN 0.0023 0.0002 NaN NaN NaN
PLCKG287.0+32.9 286.99 32.92 10.62 null 0.39 NaN 0.0061 0.0006 NaN NaN NaN
PLCKG171.9-40.7 171.95 –40.66 10.61 null 0.39 NaN 0.0062 0.0006 NaN NaN NaN
PLCKG271.2-31.0 271.20 –30.97 8.48 null 0.27 NaN 0.0020 0.0002 NaN NaN NaN
PLCKG262.7-40.9 262.71 –40.91 8.27 ACT-CLJ0438-5419 0.37 NaN 0.0021 0.0002 NaN NaN NaN
PLCKG308.3-20.2 308.32 –20.23 8.26 null 0.39 NaN NaN NaN 32.81 0.0049 0.0013
PLCKG277.8-51.7 277.75 –51.73 7.40 null 0.21 NaN 0.0027 0.0003 NaN NaN NaN
PLCKG286.6-31.3 286.59 –31.25 6.89 null 0.30 NaN 0.0026 0.0004 NaN NaN NaN
PLCKG292.5+22.0 292.52 21.99 6.88 null 0.35 NaN 0.0037 0.0006 NaN NaN NaN
PLCKG337.1-26.0 337.09 –25.97 6.59 null 0.48 NaN NaN NaN 31.56 0.0034 0.0008
PLCKG285.6-17.2 285.64 –17.25 6.35 null 0.12 NaN 0.0016 0.0003 NaN NaN NaN
PLCKG225.9-20.0 225.93 –20.00 8.07 null NaN NaN NaN NaN 28.21 0.0040 0.0011
PLCKG255.6-46.2 255.63 –46.17 8.46 null NaN NaN NaN NaN 31.23 0.0026 0.0006
PLCKG304.8-41.4 304.84 –41.42 7.58 null NaN NaN NaN NaN 21.68 0.0022 0.0006
PLCKG121.1+57.0 121.12 57.01 6.66 null NaN NaN NaN NaN 17.99 0.0016 0.0004
PLCKG283.2-22.9 283.16 –22.93 6.03 null NaN NaN NaN NaN 26.73 0.0018 0.0008
PLCKG139.6+24.2 139.60 24.19 7.21 null NaN NaN NaN NaN 24.52 0.0032 0.0013
PLCKG189.8-37.2 189.85 –37.24 6.71 null NaN NaN NaN NaN 62.50 0.0080 0.0021
PLCKG264.4+19.5 264.42 19.48 6.15 null NaN NaN NaN NaN 32.25 0.0028 0.0010
PLCKG115.7+17.5 115.72 17.53 6.78 null NaN NaN NaN NaN 17.48 0.0025 0.0008
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ABSTRACT

We describe the all-sky Planck catalogue of clusters and cluster candidates derived from Sunyaev-Zeldovich (SZ) effect detections using the first
15.5 months of Planck satellite observations. The catalogue contains 1227 entries, making it over six times the size of the Planck Early SZ (ESZ)
sample and the largest SZ-selected catalogue to date. It contains 861 confirmed clusters, of which 178 have been confirmed as clusters, mostly
through follow-up observations, and a further 683 are previously-known clusters. The remaining 366 have the status of cluster candidates, and we
divide them into three classes according to the quality of evidence that they are likely to be true clusters. The Planck SZ catalogue is the deepest
all-sky cluster catalogue, with redshifts up to about one, and spans the broadest cluster mass range from (0.1 to 1.6) × 1015 M�. Confirmation of
cluster candidates through comparison with existing surveys or cluster catalogues is extensively described, as is the statistical characterization of
the catalogue in terms of completeness and statistical reliability. The outputs of the validation process are provided as additional information. This
gives, in particular, an ensemble of 813 cluster redshifts, and for all these Planck clusters we also include a mass estimated from a newly-proposed
SZ-mass proxy. A refined measure of the SZ Compton parameter for the clusters with X-ray counter-parts is provided, as is an X-ray flux for all
the Planck clusters not previously detected in X-ray surveys.

Key words. large-scale structure of Universe – galaxies: clusters: general – catalogs

� The catalogue of SZ sources is available at Planck Legacy Archive and
http://www.sciops.esa.int/index.php?page=Planck_Legacy_Archive\&project=planck
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1. Introduction

This paper, one of a set associated with the 2013 release of data
from the Planck1 mission (Planck Collaboration I 2014), de-
scribes the construction and properties of the Planck catalogue
of SZ sources (PSZ).

Clusters of galaxies play several important roles in astro-
physics and cosmology. As rare objects, their number density is
especially sensitive to properties of the cosmological model such
as the amplitude of primordial density perturbations (Peebles
1980), and their development with redshift probes the growth
of cosmic structure, hence perhaps helping to distinguish be-
tween dark energy and modified gravity explanations for cosmic
acceleration (e.g., see reviews by Borgani & Kravtsov 2009;
Allen et al. 2011). The galaxies, hot gas and dark matter held in
their gravitational potential wells provide a sample of the uni-
versal abundance of these components (e.g., Voit 2005), while
the thermal state of the gas probes both the cluster formation
mechanism and physical processes within the cluster such as
cooling and energy-injection feedback (e.g., reviews by Fabian
2012; McNamara & Nulsen 2012). The study of the constituent
galaxies, including the brightest cluster galaxies normally found
at their centres, allows sensitive tests of galaxy formation
models.

Because of these uses, there is considerable interest in devel-
oping large galaxy cluster catalogues that can be used for pop-
ulation and cosmological studies (e.g., Schuecker et al. 2003;
Böhringer et al. 2004). Clusters are genuinely multi-wavelength
objects that can be selected in several ways: optical/infrared
(IR) imaging of the galaxy populations; X-ray imaging of
bremsstrahlung radiation from the hot cluster gas; and through
the Sunyaev-Zeldovich (SZ) effect (Sunyaev & Zeldovich 1972,
1980) whereby scattering of cosmic microwave background
(CMB) photons from that hot gas distorts the spectral shape of
the CMB along lines of sight through clusters and groups.

Construction of cluster catalogues in the optical/IR and in
the X-ray are relatively mature activities. The first large opti-
cal cluster survey is now over 50 years old (Abell 1958; Abell
et al. 1989), and current catalogues constructed from the Sloan
Digital Sky Survey data contain over a hundred thousand clus-
ters (e.g., Koester et al. 2007; Wen et al. 2012). In X-rays,
large samples first became available via ROSAT satellite ob-
servations (e.g., Vikhlinin et al. 1998; Böhringer et al. 2000,
2004; Gioia et al. 2003; Burenin et al. 2007; Ebeling et al.
2007), but also more recently for instance from dedicated or
serendipitous survey with XMM-Newton (Pacaud et al. 2007;
Fassbender et al. 2011; Takey et al. 2011; Mehrtens et al. 2012).
Currently several thousand X-ray selected clusters are known
(see for instance the meta-catalogue MCXC by Piffaretti et al.
2011). By contrast, although proposed about fifteen years ago
(e.g., Barbosa et al. 1996; Aghanim et al. 1997), it is only
very recently that SZ-selected samples have reached a signifi-
cant size, with publication of samples containing several hun-
dred clusters from the Early SZ (ESZ) catalogue from the
Planck Satellite (Planck Collaboration VIII 2011), the South
Pole Telescope (SPT, Reichardt et al. 2013) and the Atacama
Cosmology Telescope (ACT, Hasselfield et al. 2013).

1 Planck (http://www.esa.int/Planck) is a project of the
European Space Agency (ESA) with instruments provided by two sci-
entific consortia funded by ESA member states (in particular the lead
countries France and Italy), with contributions from NASA (USA) and
telescope reflectors provided by a collaboration between ESA and a sci-
entific consortium led and funded by Denmark.

Fig. 1. The Shapley super-cluster as seen in the Planck survey. Upper
panel: reconstructed thermal SZ map 3.2◦ × 1.8◦ from MILCA (Hurier
et al. 2013). The dotted circles represent apertures of θ500 from the
MCXC meta-catalogue around the resolved clusters. Lower panel: com-
posite view of the optical from DSS images (white), X-rays from
ROSAT (pink) survey and of the thermal SZ effect as seen in Planck
(blue).

The usefulness of the different selection methods, particu-
larly for cosmology, depends not just on the total number of
clusters identified but also on how readily the selection function
of the survey can be modelled, and on how well the observed
cluster properties can be related to quantities such as the total
cluster mass that are most readily predicted from theory (e.g.,
see Voit 2005). It has proven difficult to capitalize on the large
size of optical/IR cluster samples because the observable, the
number of galaxies in each cluster, exhibits large scatter with
respect to the total cluster mass (e.g., Johnston et al. 2007). In
this regard the X-ray selected samples are considerably more
powerful, due to the tighter correlations of X-ray properties with
mass (Arnaud et al. 2005; Vikhlinin et al. 2006; Pratt et al. 2009;
Reichert et al. 2011; Maughan et al. 2012). Simulations predict
that SZ-selected surveys may do even better, with a very tight
relation between SZ signal and mass (e.g., da Silva et al. 2004;
Motl et al. 2005; Nagai 2006; Wik et al. 2008; Aghanim et al.
2009; Angulo et al. 2012). Moreover, this relation, except at
low redshifts, corresponds to a nearly redshift-independent mass
limit, thus allowing such surveys to reach to high redshift and
provide a strong lever arm on growth of structure.

We report on the construction and properties of the PSZ cat-
alogue, which is to date the largest SZ-selected cluster catalogue
and has value added through compilation of ancillary infor-
mation. It contains 1227 entries including many multiple sys-
tems, e.g., the Shapley super-cluster displayed in Fig. 1 together
with a composite image. Of these 861 are confirmed, amongst
which 178 are new discoveries, whilst amongst the 366 can-
didate clusters 54 are of high reliability (class1 in our ter-
minology), 170 are reliable, and the remaining 142 are in the
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Fig. 2. Sky distribution of the 1227 Planck clusters and candidates (red dots), in a Mollweide projection with the Galactic plane horizontal and
centred at longitude zero. Small grey dots show the positions of masked point sources, and grey shading shows the mask used to exclude the
Magellanic clouds and the Galactic plane mask. The mask covers 16.3% of the sky.

lowest reliability class. In Sect. 2 we start with a description
of the Planck data used to provide cluster candidates, and the
two different methodologies (one of which has two indepen-
dent implementations) used to carry out the extraction of the
SZ sources. In Sect. 3 we provide a characterization of the
PSZ catalogue in terms of completeness, statistical reliability,
and accuracy of cluster parameters including size and photom-
etry. Section 4 extensively describes validation of cluster can-
didates through pre-existing surveys and cluster catalogues in
many wavebands, while Sect. 5 describes the follow-up cam-
paigns conducted by the Planck collaboration to confirm new
cluster discoveries. This leads to a description of the catalogue
properties in Sect. 6. The physical properties of the clusters are
exploited in Sect. 7. These include an update of the SZ–X-ray
scaling relations from the Planck data, the measure of the X-ray
flux for all SZ detections, and the production of homogenized
SZ-mass estimates for 813 clusters with measured redshifts that
are provided to the community as a value-added element to the
Planck SZ catalogue.

Throughout the article, the quantities M500 and R500 stand
for the total mass and radius where the mean enclosed den-
sity is 500 times the critical density at the cluster redshift.
The SZ flux is denoted Y500, where Y500 D2

A is the spherically-
integrated Compton parameter within R500, and DA is the
angular-diameter distance to the cluster. The physical cluster
quantities are computed with a fiducial ΛCDM cosmology with
H0 = 70 km s−1 Mpc−1, Ωm = 0.3 and ΩΛ = 0.7. Furthermore,
all the fits are undertaken in the log-log plane using the BCES or-
thogonal regression method of Akritas & Bershady (1996), with
bootstrap resampling, which allows for intrinsic scatter as well
as uncertainties in both variables. All uncertainties are given
at 68 per cent confidence level and all dispersions are given
in log10.

2. Construction of the Planck SZ Catalogue

2.1. Input Planck data

The Planck catalogue of SZ sources is constructed from the total
intensity data taken during the first 15.5 months of Planck survey

observations. Raw data were first processed to produce cleaned
time-lines (time-ordered information) and associated flags cor-
recting for different systematic effects; channel maps were then
produced for all the observing frequencies (see details in Planck
Collaboration VI 2014; Planck Collaboration II 2014). These
maps, together with the associated beam characteristics, are the
main inputs for the SZ-finder algorithms presented in Sect. 2.2.
Following Planck Collaboration VIII (2011), we used the six
highest-frequency Planck channel maps, from 100 to 857 GHz,
to produce the catalogue of SZ detections. This optimizes the
signal-to-noise (S/N) of the extracted SZ detections and the us-
able sky fraction; see Appendix A for the choice of channel
maps.

In order to optimize the SZ detection, together with avoid-
ing contamination of the PSZ catalogue by bright point sources
(PS), the latter are masked from the channel maps prior to
the SZ detection as detailed in the following. To construct the
PS mask, we use the Planck Catalogue of Compact Sources
(PCCS). The PCCS (Planck Collaboration XXVIII 2014) is a
collection of single-frequency source catalogues, one for each of
the nine Planck frequency channels. The six single Planck-HFI
frequency PS catalogues are used to first produce individual-
frequency masks constructed by masking a radius equivalent
to 1.28 FWHM (3σbeam) around every point source detected with
(S/N)PS ≥ 10. Then a single common PS mask (see Fig. 2),
which is the union of the six individual HFI-frequency channel
masks, is constructed. It is applied to all six highest-frequency
Planck channel-maps to mask the point sources prior to running
the algorithms to detect SZ signal. The masked regions are filled
using a harmonic in-painting method based on that of Bajkova
(2005), which has the advantage of eliminating the discontinu-
ities caused by the masking. In order to avoid any possible ar-
tificial spurious detections at the edges of the in-painted area,
we further reject detections within an expanded common mask,
constructed using the same procedure as described above, but
using a masking radius equivalent to 2.13 FWHM (5σbeam) and
covering less than 2.9% of the sky.

Bright radio sources are known to exist at the centre of
galaxy clusters, but they generally have steep spectra and hence
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their flux is significantly reduced at the six highest Planck fre-
quencies where the PS mask is constructed and where the clus-
ters are detected. The Perseus cluster (see Fig. 19 later and the
associated discussion) is one exception, with a point source that
is so bright that the cluster is masked and thus not included in
the Planck SZ catalogue.

2.2. Detection methods

The catalogue of SZ sources is the result of a blind multi-
frequency search, i.e., no prior positional information on known
clusters is used as input to the detection, by three detection algo-
rithms briefly described below. These algorithms were described
and tested using simulations (Melin et al. 2012). They were
used to construct the Early SZ (ESZ) Planck sample by Planck
Collaboration VIII (2011). All three assume priors on the cluster
spectral and spatial characteristics, which optimize the SZ de-
tection by enhancing the SZ contrast over a set of observations
containing contaminating signals. In the following we present
the cluster model used as a template by the SZ-finder algorithms
and we briefly describe the three detection methods (for details
we refer the reader to Herranz et al. 2002; Melin et al. 2006,
2012; Carvalho et al. 2009, 2012).

2.2.1. Cluster model

The baseline pressure profile model used in the detection
methods is the generalized NFW (Navarro et al. 1997) pro-
file of Arnaud et al. (2010). This profile model was con-
structed by combining the observed, scaled, X-ray pressure pro-
file of 31 clusters from the REXCESS sample (Böhringer et al.
2007) for R < R500,2 with the mean pressure profile from three
sets of numerical simulations (Borgani et al. 2004; Nagai et al.
2007; Piffaretti & Valdarnini 2008) for R500 < R < 5R500. New
observational constraints on the pressure distribution at R > R500
have become available. Planck Collaboration Int. V (2013) con-
strained the detection of the thermal pressure distribution out
to about 3R500 through stacking of the observed SZ profiles
of 62 nearby massive clusters detected with high significance in
the Planck ESZ sample. The resulting profile is in agreement
with that derived for the Coma cluster (Planck Collaboration
Int. X 2013). Both show a slightly flatter distribution in the outer
parts (i.e., beyond R500) with respect to the predictions from
the numerical simulations. These results are further confirmed
by independent measurements from Bolocam in a smaller radial
range (r < 2 R500, Sayers et al. 2013). Pressure profiles different
from the generalized NFW and consistent with the observations
can be devised, e.g., the SuperModel used by Lapi et al. (2012)
for SPT stacked clusters or by Fusco-Femiano et al. (2013)
for the Coma cluster. Using the profile of Planck Collaboration
Int. V (2013) does not affect the detection yield (see Sect. 3) and
only slightly modifies the measure of the SZ flux density (see
Sect. 7.5) as compared to the generalized NFW (GNFW) pro-
file adopted in the three cluster. The fiducial model parameters
for the GNFW profile are given by the parameterization of the
pressure profile in Eq. (12) of Arnaud et al. (2010). It states

p(x) =
P0

(c500x)γ [1 + (c500x)α](β− γ)/α , (1)

2 R500 relates to the characteristic cluster scale Rs through the NFW
concentration parameter c500 = 1.177 for the baseline profile (Rs =
R500/c500).
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Fig. 3. Noise maps per detection patch of MMF3 method measured for
a 6′ filter. The noise ranges from 0.5 to 2 times the average noise of
the map, which is σY = 2.4 × 10−4 arcmin2. The Ecliptic polar regions,
delimited by green contours, with increased redundancy in the observa-
tions define a deep survey zone covering in total 2.7% of the sky. It is
less noisy than the areas near the Galactic plane, where the dust emis-
sion is higher. Two other zones are defined: a medium-deep survey zone
of 41.3% coverage delimited by the red contours and with higher noise
level; and a shallow-survey zone covering 56% of the sky and with the
highest noise levels including regions near the Galactic plane.

with the parameters

[P0, c500, γ, α, β] = [8.40 h−3/2
70 , 1.18, 0.308, 1.05, 5.49]. (2)

The (weak) mass dependence of the profiles is neglected. Within
the SZ-finder algorithms, the size and amplitude of the profile
are allowed to vary but all other parameters are fixed. The clus-
ter model is thus equivalent to a shape function characterized
by two free parameters, its amplitude and a characteristic scale
θs = θ500/c500.

2.2.2. Matched multi-filter (MMF)

Two different implementations of the matched multi-frequency
filter algorithm (MMF1 and MMF3) are used to detect SZ clusters.
Both are extensions, over the whole sky, of the MMF algorithm
(Herranz et al. 2002; Melin et al. 2006). The matched filter op-
timizes the cluster detection using a linear combination of maps
(which requires an estimate of the statistics of the contamina-
tion) and uses spatial filtering to suppress both foregrounds and
noise (making use of the prior knowledge of the cluster pressure
profile and thermal SZ spectrum).

The MMF1 algorithm divides the full-sky Planck frequency
maps into 640 patches, each 14.66◦×14.66◦, covering 3.33 times
the sky. The MMF3 algorithm divides the maps into a smaller set
of 504 overlapping square patches of area 10◦ ×10◦ with the sky
covered 1.22 times. The smaller redundancy of MMF3 with re-
spect to MMF1 implies a potentially lower reliability of the SZ de-
tections. In order to increase the reliability of the detections, the
MMF3 algorithm is thus run in two iterations. After a first detec-
tion of the SZ candidates, a subsequent run centred on the posi-
tions of the candidates refines the estimated S/N and candidate
properties. If the S/N of a detection falls below the threshold at
the second iteration, it is removed from the catalogue. For both
implementations, the matched multi-frequency filter optimally
combines the six frequencies of each patch. Auto- and cross-
power spectra are directly estimated from the data and are thus
adapted to the local instrumental noise and astrophysical con-
tamination, which constitutes the dominant noise contribution.
Figure 3 illustrates, for a 6′ filter size, the ensemble noise maps
as measured by MMF3 in each of the patches. For both MMF1 and
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MMF3, the detection of the SZ-candidates is performed on all the
patches, and the resultant sub-catalogues are merged together to
produce a single SZ-candidate catalogue per method.

The candidate size in both algorithms is estimated by fil-
tering the patches over the range of potential scales, and find-
ing the scale that maximizes the S/N of the detected candidate.
When merging the sub-catalogues produced from the analysis
of individual patches, it is also the S/N of the detection (the re-
fined S/N estimate for MMF3) which is used when deciding which
detection of the candidate is kept. Furthermore, both MMF1 and
MMF3 can also be run with fixed cluster size and position to esti-
mate the SZ signal. This version of the algorithms is used to as-
sess the reliability of the association with known clusters and/or
to refine the measurement of the integrated Compton parameters
of known X-ray clusters, as presented in Sect. 7.2.1.

2.2.3. PowellSnakes

PowellSnakes (PwS) is different from the MMFmethods. It is a fast
Bayesian multi-frequency detection algorithm designed to iden-
tify and characterize compact objects buried in a diffuse back-
ground. The detection process is grounded in a statistical model
comparison test. The statistical foundations of PwS are described
in Carvalho et al. (2009), and more recently in Carvalho et al.
(2012) with a greater focus on the Planck setup. PwSmay be run
either based on a Generalized Likelihood Ratio Test or in full
Bayesian mode. This duality allows PwS measured quantities to
be consistently compared with those of the MMF algorithms.
PwS also operates in square flat patches of 14.66◦ × 14.66◦.

The total number of patches employed, of order 2800, varies
with sky area but always guarantees a very large overlap; on av-
erage each cluster is detected about 4.7 times. PwS detects pu-
tative clusters and at the same time it computes the evidence
ratio and samples from the posterior distributions of the clus-
ter parameters. Then, it merges all intermediate sub-catalogues
and applies the criterion of acceptance/rejection (Carvalho et al.
2012). PwS computes the cross-channel covariance matrix di-
rectly from the pixel data. To reduce the contamination of the
background by the SZ signal itself, the estimation of the covari-
ance matrix is performed iteratively. After an initial estimate, all
detections in the patch with S/N higher than the current target
detection are subtracted from the data using their best-fit values
and the cross-channel covariance matrix is re-estimated. This is
PwS “native” mode of background estimation that produces, on
average, an S/N estimate about 20% higher than MMF. However,
in order to produce a homogeneous Planck SZ catalogue from
the three algorithms, it is possible to run PwS in “compatibil-
ity” mode, skipping the re-estimation step to mimic more closely
the evaluation of the background noise cross-power spectrum of
the MMF algorithms and thus their evaluation of the S/N. In this
mode, PwS is a maximum likelihood estimator like the MMF.

In the following, unless stated otherwise, all quoted or plot-
ted S/N values from PwS are obtained in “compatibility” mode
in order to ensure homogeneity across the catalogue entries and
in order to ease the comparison with the MMF outputs.

2.3. Outputs of the detection methods

Each of the three detection algorithms outputs a catalogue of
SZ detections above S/N = 4.5 outside the highest-emitting
Galactic regions (this corresponds to a mask of about 15%
of the sky, see masked area in Fig. 2) and the Small and
Large Magellanic Clouds and outside the PS mask described
in Sect. 2.1. The union PS-Galactic mask covers 16.3% of the

sky. The survey area used for the SZ detections in Planck is
thus 83.7% of the sky coverage. The three individual lists of
SZ candidates are cleaned by removal of obvious false detec-
tions. These are spurious sources that pass the MMF and PwS fil-
ters despite the pre-processing step applied to the Planck channel
maps, see Sect. 2.1. In order to identify them, we cross-match the
SZ detections with an intermediate, low S/N cut of 4, catalogue
of point sources detected at the highest frequencies of Planck.
Galactic sources in dense and cold regions at high latitudes also
contaminate the SZ detections outside the Galactic mask. These
cold Galactic sources (CGS, see Planck Collaboration XXIII
2011; Planck Collaboration XXII 2011) are detected in the
Planck channel maps following an optimized method proposed
by Montier et al. (2010). The SZ detections matching with PS
at both 545 and 857 GHz, or with CGS sources, all show a ris-
ing spectrum at high frequencies, indicating that they are false
detections. The SZ detections corresponding to such PCCS or
CG sources are removed from the individual lists and from the
published Planck catalogue of SZ sources.

The three detection algorithms used in the present study de-
ploy the GNFW cluster profile to detect SZ signal with the two
parameters of the shape function, the central value and the char-
acteristic scale θs let free, with θs = θ500/c500. Each of the three
algorithms therefore assigns, to each detected SZ candidate, a
position with estimated uncertainty, a S/N value, and an esti-
mated size, θs or equivalently θ500, with its uncertainty. The de-
tection likelihood or the posterior probability of the integrated
Compton parameter within 5θ500, denoted Y5R500 , exhibits a large
correlation with the size. Figure 4 illustrates the likelihood plots
for two cases: a spatially-resolved cluster detected with a high
S/N, Abell 2163; and a non-resolved cluster at high redshift
(z � 1), PSZ1 G266.6-27.3 (also known as PLCK G266.6-27.3
in Planck Collaboration XXVI 2011). We also show in Fig. 5
the distribution of maximum likelihood SZ fluxes (Y5R500) and
sizes (θ500) for the MMF3 detections.

This “degeneracy” between cluster size and SZ flux propa-
gates the size uncertainty to the SZ flux estimate, increasing and
biasing its value dramatically. This effect being so detrimental,
both the SZ blind flux and size best-fit estimates, and respective
error bars, are not quoted in the catalogue outputs to avoid their
misuse. Only the full joint Y5R500– θs, or equivalently Y5R500– θ500,
posterior probability contours provide a complete description of
the information output by each detection method. They are thus
provided for each detection. In order to use the flux measure, one
ought to break the size–flux degeneracy. This can be achieved by
a joint analysis with a high-resolution observation of the same
objects, or by assuming a prior on, or fixing, the cluster size
e.g., to the X-ray size. The SZ signal can then be re-extracted
with an uncertainty much smaller than the variation of the joint
Y–θ probability distribution.

We now perform a systematic comparison of the outputs
of the three algorithms and we compare the S/N. In addi-
tion and for purposes of illustration, we compare the best-fit
blind Y value from maximum-likelihood or posterior probabil-
ity outputs, namely Y5R500

3. We show the comparison in Fig. 6,
considering detections down to S/N = 4.5. We quantify the dif-
ference between a given quantity estimated by two different al-
gorithms, Q2 and Q1, by fitting a power law to the data in the
form Q2/Qp = 10A (Q1/Qp)α with a pivot Qp = 6 for S/N and
Qp = 4×10−3 arcmin2 for Y5R500 . The results are given in Table 1,
including the scatter estimates. The raw scatter was estimated

3 Y5R500 can be rescaled to Y500 for the fiducial GNFW model as
Y5R500 = 1.79 × Y500 (Arnaud et al. 2010).
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Fig. 4. Illustration of the SZ size–flux degeneracy for two clusters detected by Planck. Right: Abell 2163 (S/N = 27) and left: PSZ1 G266.6-27.3
(S/N = 6 at z � 1). The contours show the 68, 95, and 99 percent confidence levels.

Fig. 5. Distribution of the maximum likelihood SZ flux Y5R500 and
size θ500 for Planck SZ detections in the union catalogue down to
S/N = 4.5. Detections associated with known or new confirmed clus-
ters are shown as open black circles. SZ cluster candidates are shown as
filled red circles.

using the error-weighted vertical distances to the regression line.
The intrinsic scatter on Y500 was computed from the quadratic
difference between the raw scatter and that expected from the
statistical uncertainties. Table 1 also lists the mean difference
in logarithm, Δ(log Q) = log(Q2/Q1), computed taking into
account both statistical errors and intrinsic scatter, estimated
iteratively.

2.3.1. Signal-to-noise

A crucial ingredient of the SZ detection algorithms, either the
MMFs or PwS, is the background cross-power spectrum used to

estimate the noise level. It is evaluated from the data locally on a
per-patch basis (see Fig. 3 for an example of the noise per patch
across the sky). The algorithms, and implementations, slightly
differ with respect to the stabilization assumptions (e.g., smooth-
ing) of the background noise cross-power spectrum and to the
treatment of the background SZ signal, now acting as a contam-
inant. These differences translate into variations in the S/N val-
ues per method. In particular, when operated in “compatibility”
mode (without background cluster subtraction), PwS estimation
of the background cross-power spectrum is more affected than
the MMF by SZ signal contamination. The SZ signal adds an extra
component to the background noise producing lower S/N esti-
mates. This is particularly noticeable when the SZ signal is very
strong compared with background (typically S/N ≥ 15).

Despite the differences in background estimates, the yields
from the three algorithms agree. In the left panel of Fig. 7, we
show that the detection counts as a function of S/N for each de-
tection method are in good overall agreement. The right panel
of Fig. 7 shows the fraction of common detections over the
union of detections from all three algorithms as a function of
S/N. Sources with S/N > 8.5 are detected by all three meth-
ods. However, we note that PwS number counts decrease more
rapidly than MMF counts above S/N = 15. This reflects the be-
haviour of PwS in “compatibility” mode described above, which
estimates a higher background than the MMFmethods at high S/N.
Figure 6 shows the comparison of the S/N estimates from all
three methods. The agreement is good on average. The mean ra-
tio (or the normalization at the pivot of the power-law relation)
deviates from unity by less than 2% and at less than 3σ sig-
nificance. Here again at high S/N values, we note the tendency
for lower S/N in PwS as compared to MMF (Fig. 6), and in-
deed the slope of the power-law relation is smaller than unity
(α = 0.94 ± 0.01 for MMF3).

2.3.2. Photometry

We now compare the best-fit Y values (from maximum like-
lihood and posterior probability) for the three detection algo-
rithms. The comparison (Fig. 6, lower panels) shows a system-
atic bias with PwS, yielding slightly smaller values than MMF,
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Fig. 6. Comparison of S/N (top panels) and maximum likelihood Compton-parameter values (bottom panels) from the three detection algorithms,
MMFs and PwS, down to S/N = 4.5 after removing obvious false detections (see Sect. 2.3). In each panel, the red line denotes the equality line. The
black line is the best fit to the data, and the dashed lines correspond to the ±1σ dispersion about the fit relation. For clarity, error bars are omitted
on Y5R500 values in the plot, but are taken into account in the fit. The green line of slope fixed to unity corresponds to the mean offset between the
two quantities. Numerical results for the fits are given in Table 1.

Table 1. Parameters of the fitted lines in Fig. 6.

Power-law Offset
Quantity and
Algorithms A α σ

log
int σ

log
raw Δlog Q σ

log
int σ

log
raw

S/N
MMF3-PwS . . . . . . −0.003 ± 0.002 0.94 ± 0.01 0.043 ± 0.002 . . . −0.006 ± 0.002 0.045 ± 0.002 . . .
MMF3-MMF1 . . . . . −0.005 ± 0.002 0.97 ± 0.01 0.050 ± 0.002 . . . −0.006 ± 0.002 0.051 ± 0.002 . . .
PwS-MMF1 . . . . . . −0.000 ± 0.002 1.04 ± 0.02 0.054 ± 0.003 . . . +0.002 ± 0.002 0.054 ± 0.002 . . .

Y5R500

MMF3-PwS . . . . . . −0.030 ± 0.004 1.01 ± 0.01 0.08 ± 0.03 0.116 ± 0.018 −0.027 ± 0.004 0.065 ± 0.006 0.102
MMF3-MMF1 . . . . . +0.011 ± 0.005 1.04 ± 0.02 0.11 ± 0.02 0.131 ± 0.014 +0.010 ± 0.005 0.085 ± 0.006 0.118
PwS-MMF1 . . . . . . +0.041 ± 0.004 1.02 ± 0.01 0.04 ± 0.01 0.088 ± 0.005 +0.038 ± 0.004 0.040 ± 0.007 0.079

Notes. The function Q2/Qp = 10A (Q1/Qp)α is fitted using BCES orthogonal regression, with pivot Qp = 6 for S/N and Qp = 4 × 10−3 arcmin2

for Y5R500 . The intrinsic and raw scatter (see text) around the fit are given by σlog
int and σlog

raw. The mean offset is given by Δlog Q = log(Q2/Q1).

typically by 10%. However, the slope is consistent with unity,
showing that this bias is not flux dependent. The MMF values
differ from each other by less than 3% on average. The scat-
ter between Y estimates is dominated by the intrinsic scatter
(Table 1). It is clearly related to the size-flux degeneracy, the
ratio between Y estimates for a given candidate being correlated
with the size estimate ratio, as illustrated by Fig. 8. The scatter
becomes compatible with the statistical scatter when a prior on
the size is used, e.g., size fixed to the X-ray size.

2.4. Definition of the Planck SZ catalogue

As discussed above, the processing details of each algo-
rithm/implementation differ in the computation of the back-
ground noise. The significance of the detections in terms of S/N,
although in overall agreement, differs from one algorithm to the
other and translates into different yields for the candidate lists
from the three algorithms. We choose to construct a catalogue
of SZ candidates that ensures, through redundant detections, an
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Fig. 7. Left: detection number counts as a function of S/N of the individual algorithms. The S/N value in the union catalogue is that of the MMF3
detections when available, followed by that of PwS followed by MMF1 (see Sect. 2.4). See text for discussion on the lower S/N values of PwS
compared to the MMF-based algorithms. Right: fraction of common detection over counts from the union catalogue. Sources with S/N > 8.5 are
detected by all methods.

Fig. 8. Correlation between the ratio of Y5R500 estimates with PwS and
MMF3 and the ratio of size estimates, shown on a grid of sizes.

increased reliability of the low S/N sources, when they are de-
tected by two methods at least, together with maximizing the
yield of the catalogue.

The Planck SZ cluster catalogue described in the following
is thus constructed from the union of the cleaned SZ-candidate
lists produced at S/N ≥ 4.5 by all three algorithms. It contains
in total 1227 SZ detections above S/N = 4.5. Note that in or-
der to ensure homogeneity, in terms of detection significance,
the S/N values of PwS quoted in the union catalogue are ob-
tained in compatibility mode, whereas the S/N obtained from
PwS native mode are quoted in the PwS individual list. The union
catalogue is constructed by merging detections from the three

methods within an angular separation of at most 5′, in agree-
ment with Planck position accuracy shown later in Fig. 12. As
mentioned, no reference photometry is provided. However a ref-
erence position for the SZ detection is needed. For compatibility
with the ESZ Planck sample, in the case of matching detection
between methods we arbitrarily choose to take the coordinates
from the MMF3 detection as the fiducial position (MMF3 was the
reference method used to construct the ESZ Planck sample).
When no detection by MMF3 above S/N = 4.5 is reported, we
took the PwS coordinates as fiducial, and the MMF1 coordinates
elsewhere. The S/N values in the union catalogue are taken fol-
lowing the same order, which explains why the MMF3 curve in
Fig. 6 coincides with the union curve. The cluster candidates
in the union catalogue are cross-referenced with the detections
in the individual lists. The reference positions and the S/N val-
ues are reported in the union catalogue. Given the size-flux de-
generacy, the full information on the degeneracy between size
and flux is provided with each individual list in the form of
the two-dimensional marginal probability distribution for each
cluster candidate as discussed above. It is specified on a grid
of 256 × 256 values in θs and Y5R500 centred at the best-fit values
found by each algorithm for each SZ detection.

An extract of the Planck SZ catalogue is given in
Appendix B. The full online table for union Planck catalogue,
the individual lists of SZ detections, and the union mask used
by the SZ-finder algorithms together with comments assembled
in an external file are available at ESA’s Planck Legacy Archive
(PLA)4.

3. Statistical characterization

The statistical characterization of the PSZ catalogue is achieved
through a process of Monte-Carlo quality assessment (MCQA)
that can be applied to each individual catalogue and to the
merged union catalogues. The statistical quantities produced in-
clude completeness, fraction of detections associated with true

4 http://www.sciops.esa.int/index.php?page=
Planck_Legacy_Archive\&project=planck.
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Table 2. Characteristics of the catalogues.

Y500 [10−3 arcmin2]

Catalogue Reliability[%] C = 50% C = 80% C = 95% Position error

Union . . . . . . . . . . . . 84 0.61 1.2 3.2 1.′2
Intersection . . . . . . . . 98 0.85 1.8 6.6 1.′1
MMF1 . . . . . . . . . . . . . 87 0.75 1.6 4.7 1.′2
MMF3 . . . . . . . . . . . . . 91 0.71 1.5 3.8 1.′2
PwS . . . . . . . . . . . . . . 92 0.65 1.4 3.2 0.′9

Notes. The union catalogue contains SZ detections found by at least one of the three extraction algorithms; the intersection catalogue contains
detections found by all three. Y500 at a given completeness C is estimated by marginalizing over θ500, weighting each (Y500, θ500) bin by the
theoretically-expected cluster counts. Position error is the median angular separation between real and estimated positions.

clusters called, statistical reliability or purity, positional ac-
curacy, and accuracy of parameter estimation. Together, these
statistics describe the quality of detections in the catalogue. The
quality of the parameter estimation, including astrometry (clus-
ter position and extent), is determined through comparison with
the parameters of the input clusters. The statistical characteris-
tics of the different lists are summarized in Table 2.

3.1. MCQA pipeline and simulations

The MCQA pipeline contains a common segment producing
simulated input catalogues and processed, source-injected maps,
which are then fed into the detection pipeline. In summary, the
pipeline steps per Monte-Carlo loop are:

1. creation of an input cluster catalogue;
2. injection of clusters into common simulated diffuse fre-

quency maps, including beam convolution;
3. injection of multi-frequency point sources;
4. pre-processing of maps, including masking and filling point

sources;
5. detection and construction of individual cluster-candidate

catalogues;
6. construction of a union catalogue given merging criteria;
7. collation of input and output catalogues, producing de-

tection truth-tables and catalogues of unmatched spurious
detections5.

To estimate the completeness, clusters are injected into the real
data. In this case, steps 3 and 4 are skipped and each detection
algorithm estimates noise statistics on the real data prior to in-
jection in order to avoid artificially raising the S/N and biasing
the completeness estimates. The pressure profiles of the injected
clusters follow that described in Sect. 2.2.1. To account for the
profile variation across the cluster population, the profile param-
eters are drawn from the covariance matrix of the 62 measured
pressure profiles from Planck Collaboration Int. V (2013), ensur-
ing that the injected profiles are consistent with measured disper-
sion and consistent, on average, with the extraction filter. The in-
jected clusters are convolved with effective beams in each pixel
including asymmetry computed following Mitra et al. (2011).

The simulated input cluster catalogues differ for statistical
reliability and completeness determination. For completeness,
clusters injected in real data are drawn from a uniform distribu-
tion in (Y500, θ500) so as to provide equal statistics in each com-
pleteness bin. To avoid an over-contamination of the signal, in-
jected clusters are constrained to lie outside an exclusion radius
of 5R500 around a cluster, either detected in the data or injected.

5 A cluster is considered to be matched if there is a detection within 5′

of its position.

For the statistical reliability estimation of the input clus-
ter distribution injected in simulations is such that cluster
masses and redshifts are drawn from a Tinker et al. (2008)
mass function and converted into the observable parameters
(Y500, θ500) using the Planck ESZ Y500–M500 scaling relation
(Planck Collaboration X 2011). The simulated maps consist
of CMB realizations, diffuse Galactic components and instru-
mental noise realizations, including realistic power spectra and
inter-detector correlations, from the FFP6 simulations (Planck
Collaboration XII 2014; Planck Collaboration 2013). Residual
extragalactic point sources are included by injecting, mock-
detecting, masking and filling realistic multi-frequency point
sources using the same process as for the real data (see Sect. 2.1).

3.2. Completeness

The completeness is the probability that a cluster with given
intrinsic parameters (Y500, θ500) is detected given a selection
threshold (here in S/N).

If the Compton-Y estimates are subject to Gaussian errors,
the probability of detection per cluster follows the error func-
tion and is parameterized by σYi(θ500), the standard deviation of
pixels in the multi-frequency matched-filtered maps for a given
patch i at the scale θ500, the intrinsic Compton Y500, and the de-
tection threshold q:

P (d|Y500, σYi(θ500), q) =
1
2

[
1 + erf

(
Y500 − qσYi(θ500)√

2σYi(θ500)

)]
, (3)

where erf(x) = (2/π)
∫ x

0
exp

(
−t2

)
dt and d is the Boolean detec-

tion state.
The completeness of the catalogue, thresholded at S/N q, is

expected to follow the integrated per-patch error function com-
pleteness

C(Y500, θ500) =
∑

i

fsky,iP
(
d|Y500, σYi(θ500), q

)
, (4)

where fsky,i is the fraction of the unmasked sky in the patch i. The
true completeness departs from this theoretical limit. This is due
to the non-Gaussian nature of the noise dominated by the astro-
physical, namely Galactic, contamination. This is also the case
when the actual cluster pressure profile deviates from the GNFW
used in the SZ-finder algorithms, or when the effective beams
deviate from constant symmetric Gaussians, and also when the
detection algorithm includes extra steps of rejection of spurious
sources not formulated in Eq. (3). This is why an MCQA-based
assessment of the completeness is essential to characterize the
Planck detections.
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Fig. 9. Top panel: differential completeness as a function of (Y500, θ500)
for each detection algorithm (MMF1 in blue, MMF3 in red, and PwS
in green) and for the union (shaded area) and intersection (black)
catalogues. From bottom to top, the solid, dashed, and dotted lines
show 15%, 50% and 85% completeness, respectively. Bottom panel:
slices through the MCQA-based completeness function at various θ500

for MMF3 compared to the error function approximation (solid curves).

The Monte-Carlo completeness of each of the individual lists
and the union catalogue are shown in Fig. 9. The MMF lists are
consistent with one another at θ500 > 4′, but MMF3 is more
complete at lower radii. This is due to an extra step imple-
mented in MMF1 that rejects as spurious the detections estimated
to be point-like. The union improves upon the completeness of
each of the individual catalogues, because it includes the faint
real detections by one method alone. In contrast, the intersec-
tion of the lists from the three algorithms, while more robust,

Fig. 10. Cumulative statistical reliability, defined as the fraction of
sources above a given S/N associated with a “real” cluster from the
simulated input catalogue.

is markedly less complete than the union and each of the in-
dividual catalogues. The intersection and union catalogues rep-
resent the extremes of the trade-off between statistical reliabil-
ity and completeness. The quantities for each of the catalogues,
plus the union and intersection, are summarized in Table 2.
Figure 9 shows four constant θ500 slices through the complete-
ness contours for MMF3, comparing the MCQA-based complete-
ness with the integrated error function completeness. At radii
smaller than 6′, the MCQA-based completeness is systemati-
cally less complete, and the drop-off of the completeness func-
tion shallower, than the theoretical expectation. This effect is a
consequence of the variation of intrinsic cluster profiles from the
GNFW profile assumed for extraction.

3.3. Statistical reliability

The fraction of detections above a given S/N that are associ-
ated with a real cluster is characterized by injecting clusters into
high-fidelity simulations of the Planck channels. Unassociated
detections from these simulations define the fraction of spuri-
ous detections. We have verified that the simulations produced
detection noise σY500 consistent with the real data and that the
simulated detection counts match the real data.

The cumulative fraction of true clusters, as characterized by
the simulations, is shown for the output of each detection algo-
rithm and for the union catalogue in Fig. 10. The union catalogue
is less pure than any of the individual lists because it includes all
the lower-reliability, individual-list detections, in addition to the
more robust detections made by all three SZ-finder algorithms.
The union catalogue constructed over 83.7% of the sky at S/N
of 4.5 is 84% pure.

The fraction of false detections is dominated by system-
atic foreground signals, in particular Galactic dust emission.
This is illustrated in Fig. 11 by the effect of dust contam-
ination on the cumulative reliability. We define two sky re-
gions by the level of dust contamination: “region 1” is the low
dust-contamination region outside of the Planck Galactic dust,
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Fig. 11. Top panel: cumulative reliability for the union and intersection
catalogues, as a function of dust contamination. Region 1 is the low-dust
contamination region, being the 65% of the sky outside the Galactic dust
mask, and region 2 is the complementary dustier region added to this
when the smaller 15% dust mask is applied. The Gaussian noise limit
is the expected reliability from purely Gaussian fluctuations. Bottom
panel: histogram of the y-signal in a typical filtered patch from a null-
test simulation, compared to the best-fit Gaussian (black dashed line).
The distribution of y-noise is non-Gaussian.

and PS, mask that excludes 35% of the sky. This mask is used
in Planck Collaboration XX (2014) for cosmological analysis
of SZ counts. “Region 2” is the complementary region included
by the smaller 15% dust mask but excluded by the 35% mask.
When the larger Galactic dust mask is applied leaving 65% of
the Planck sky survey in which to detect SZ signal, the statisti-
cal reliability increases from 84% in 83.7% of the sky to 88%
in 65% of the sky. As seen in Fig. 11 upper panel, the reliability

Fig. 12. Distributions of positional error for each catalogue, normalized
by the total number of detections in the catalogue. By construction, the
positional error is defined to be less than 5′.

of the detections deteriorates markedly in “region 2” relative to
“region 1”. The noisy behaviour of the curves in Fig. 11 upper
panel is due to the reduced size of sky area used in the analysis.

In both regions, the spurious count much higher than is pre-
dicted by Gaussian fluctuations. This reflects the non-Gaussian
nature of the filtered patches. The bottom panel of Fig. 11 il-
lustrates this for a typical mid-latitude patch from a null-test
simulation with no injected clusters. The patches are well ap-
proximated as Gaussian at deviations smaller than 3σ (consistent
with the assumptions of Eq. (3)), but show enhanced numbers of
high significance deviations, which can translate into spurious
detections.

3.4. Positional accuracy

Positional accuracy is characterized by the radial offset between
estimated and injected positions. The distribution of position er-
ror is shown in Fig. 12, for each individual list and the union
catalogue. In contrast to the MMFs, which estimate the maximum-
likelihood position, the PwS position estimator is the mean of
the position posterior, which produces more accurate positional
constraints. The union catalogue positions are taken from MMF3
if available, followed by PwS and then MMF1. Its positional esti-
mates are hence consistent with the MMFs. The mode of the union
distribution is consistent with a characteristic position error scale
of half an HFI map pixel (0.86′).

3.5. Parameter recovery

The Compton Y5R500 is characterized by comparing detected and
input values for matched detections from the injection of clusters
into the real data (see Fig. 13). The injection follows the scheme
outlined above with one exception: input cluster parameters are
drawn using the Tinker mass function and the scaling relations
discussed above for reliability simulations. This ensures a real-
istic distribution of parameters and S/N values.
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Fig. 13. Distributions of the ratio of detected over injected parameters
for Y5R500 and θ500.

What we characterize is slightly different for each catalogue.
For the MMFs, we characterize the maximum-likelihood point
of the 2D degeneracy contours provided in the individual lists.
For PwS, we characterize the mean of the marginal distribu-
tion for each parameter. In each case, the 2D (Y5R500 , θs) are
marginalized over position. The contours are scaled for each
cluster and are time consuming to compute, so we characterize
the parameters from a lower-resolution grid that is better suited
to Monte-Carlo analysis6.

The scatter between input and detected parameters is shown
in Fig. 14 as an example for PwS. Biases are evident at both the
low and high end for Y5R500 . The low-flux bias is the Malmquist

6 PwS does not resort to a low-resolution scale grid and always works
at the full resolution.

Table 3. Median and median absolute deviation (MAD) of the ratio of
detected to injected parameters.

Y5R500 θs

Catalogue median MAD median MAD

MMF1 . . . . . . . . 1.09 0.39 1.17 0.70
MMF3 . . . . . . . . 1.02 0.34 1.19 0.69
PwS . . . . . . . . . 0.99 0.27 1.21 0.56

bias related to the S/N ≥ 4.5 threshold. The high-flux bias is due
to a hard prior on the upper limit for cluster radius. Figure 14
also shows the distribution of the ratio of estimated over injected
parameters. The median and median absolute deviation of these
ratios are shown in Table 3.

The distributions for flux are positively skewed due to
Malmquist bias. The median ratios of the flux recoveries are
consistent with unity for MMF3 and PwS and are slightly higher
for MMF1. The recovery of θs is biased high in the median by
about 20% for each of the codes. This bias is a consequence of
the intrinsic cluster profile variation and disappears when the in-
jected profiles match the detection filter. The Y5R500 estimate by
contrast is relatively unaffected by profile variation. The param-
eter constraints from PwS are tighter than the MMFs due to the
PwS priors and the definition of the estimator as the expected
value of the parameters rather than the maximum likelihood.

4. External validation

The cluster-candidate catalogue constructed from the union of
all three SZ-finder algorithms undergoes a thorough validation
process that permits us to identify previously-known clusters and
to assess the reliability of the Planck SZ candidates not asso-
ciated with known clusters. In order to achieve this, we make
use of the existing cluster catalogues and we also search in op-
tical, IR, and X-ray surveys for counter-parts at the position of
the Planck SZ sources. In practice, we search within 5′ of the
SZ position, in agreement with Planck position errors shown in
Fig. 12. In Sect. 5, we present the follow-up programmes that
were undertaken by the Planck collaboration in order to confirm
and measure the redshifts of the Planck candidate new-clusters.

The first step of the validation of the PSZ catalogue is to
identify among the Planck SZ candidates those associated with
known clusters. For this purpose, we use existing X-ray, opti-
cal or SZ cluster catalogues. A positional matching is not suf-
ficient to decide on the association of a Planck SZ source with
a previously-known cluster, and a consolidation of the associ-
ation is needed. For the X-ray associations, a mass proxy can
be built and used to estimate the SZ flux, S/N, etc., that are
compared with measured quantities for the Planck cluster can-
didates. In contrast to the X-ray clusters, optical clusters either
have no reliable mass estimates or suffer from large uncertain-
ties in the mass-richness relations. In this case, the consolidation
cannot be performed uniquely through the coherence of mea-
sured versus predicted properties. It rather relies on extra infor-
mation from surveys in the X-ray, optical, or IR at the Planck
cluster-candidate positions.

In the following, we detail the search for counter-parts in op-
tical, IR, and X-ray surveys; list the cluster catalogues used for
the identification; and finally present the identification procedure
followed to associate Planck SZ detections with bona fide clus-
ters. In this process, we define quality flags for the association of
Planck SZ detections with external data. We set Q = 1 for high-
reliability associations, i.e., very clear cluster signatures, Q = 2
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Fig. 14. Injected versus detected values of Y5R500 (left panel) and θ500 (right-panel), illustrated for PwS.

for reliable associations, and Q = 3 for low-reliability associa-
tions, i.e., unclear cluster signature.

4.1. Search for counter-parts of Planck detections in surveys

We made use of the ROSAT All Sky Survey (RASS, Voges et al.
1999), the all-sky survey with the Wide-field Infrared Survey
Explorer (WISE, Wright et al. 2010), and the Sloan Digital Sky
Survey (SDSS, York et al. 2000) to search for counter-parts of
the Planck SZ detections. This information was used in two
ways. When Planck detections were associated with known clus-
ters from catalogues, in particular in the optical, the counter-
parts in RASS, WISE, or SDSS helped in consolidating the asso-
ciation, increasing the confidence in the identification of Planck
candidates with known clusters. When no association between
Planck detections and previously-known clusters was found,
the information on the counter-parts, in the surveys, of Planck
SZ detections was used to assess the reliability of the Planck
cluster candidates, i.e., clear or unclear cluster signatures.

4.1.1. Search in RASS data

As detailed in Planck Collaboration Int. IV (2013), the valida-
tion follow-up with XMM-Newton has shown the importance of
the RASS data to assess the reliability of the Planck sources.
In particular, Planck Collaboration Int. IV (2013) showed that a
large fraction of Planck clusters are detectable in RASS maps,
but this depends on the region of the sky and on the ratio Y500/S X
which exhibits a large scatter (see later in Fig. 31 the case of
the PSZ sources). We therefore exploit the RASS data to con-
solidate the identification with clusters from optical catalogues
(see below Sect. 4.3.2) and to assess the reliability of the Planck
SZ candidates.

We first perform a cross-match with the RASS bright source
catalogue (BSC, Voges et al. 1999) and the faint source cat-
alogue (FSC, Voges et al. 2000) within a 5′ radius of the
position of each of the Planck SZ detections. We then per-
form a reanalysis of the RASS data following the methodology
and prescriptions given by Böhringer et al. (2000, 2004) and

Reiprich & Böhringer (2002). We compute count-rate growth
curves in order to check for the extension of the signal. We esti-
mate the source flux from both the growth curve (when adequate)
and from a fixed 5′ aperture radius with respect to the surround-
ing background (after PS subtraction). We then derive the as-
sociated S/N in RASS, (S/N)RASS. For this, we make use of the
RASS hard-band, [0.5–2] keV, data that maximize the S/N of the
detections. We furthermore computed the source density map of
the BSC and FSC catalogues and the associated probability that a
Planck cluster candidate will be associated with a B/FSC source
within a radius of 5′. For the BSC, the probability of chance
association is relatively low, with a median <1%. As detailed
in Planck Collaboration Int. IV (2013), the correspondence of a
Planck SZ-candidate with a RASS-BSC source is a semi-certain
association with a real cluster, whereas for the FSC catalogue
the probability of chance association is larger, 5.2%.

We define a quality flag, QRASS, for the association of Planck
candidates with RASS counter-parts using both the S/N in RASS
and the association with B/FSC sources. This is of particular im-
portance for the Planck candidate new clusters. Based on the
results from Planck Collaboration Int. IV (2013), the quality of
the association with RASS counter-parts is high, QRASS = 1,
for Planck cluster candidates matching a RASS-BSC source or
with (S/N)RASS ≥ 2. We find a total of 887 out of 1227 Planck
SZ detections in this category, with mean and median S/N of 7.4
and 5.8, respectively. The quality is poor, QRASS = 3, for
RASS counter-parts with (S/N)RASS < 0.5 in regions of reason-
able depth (quantified by the probability of chance association
with FSC sources being larger than 2.5% Planck Collaboration
Int. IV 2013).

4.1.2. Search in SDSS data

We performed a systematic search for counter-parts in the
SDSS Data Release DR9 (Ahn et al. 2012) at the position of
all the Planck SZ detections. This was performed based on
a cluster-finder algorithm developed by (Fromenteau et al., in
prep.) to search for red galaxy over-densities in the SDSS galaxy
catalogues.
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For each associated counter-part within a 5′ circle centred
at the position of the Planck SZ detection, a quality criterion is
defined on the basis of a fit to the luminosity function and the
associated mass limit, and on the number of galaxies within 5′,
Ngal, such that we have QSDSS,dat = 1, i.e., high quality, for
cases where Ngal ≥ 40 and for masses M200 ≥ 5.7 × 1014 M�,
QSDSS,dat = 2, i.e., good quality, for Ngal between 40 and 20 for
masses between 1.5×1014 M� and 5.7×1014 M�, and QSDSS,dat =
3 otherwise.

The cluster-finder algorithm outputs the position of the
counter-part (Brightest Cluster Galaxy (BCG) and barycentre)
and the estimated photometric redshift. When spectroscopic
data are available for the brightest selected galaxy a spectro-
scopic redshift is also reported. The outputs of the cluster-finder
algorithm are compared to those obtained by (Li & White,
in prep.) from different method based on the analysis of the full
photometric-redshift probability distribution function (Cunha
et al. 2009). In this approach, the position and redshift in the
SDSS data that maximizes the S/N are considered as the best
estimates for the counter-parts of the Planck SZ detections.

4.1.3. Search in WISE data

WISE provides an all-sky survey at 3.4, 4.6, 12, and 22 μm (W1,
W2, W3, W4) with an angular resolution of 6.1 to 12.0 arcsec in
the four bands.

We search for counter-parts of the Planck SZ detections in
the WISE source catalogue in two ways. On the one hand, we run
an adaptive matched filter cluster finder developed by (Aussel
et al., in prep.), similar to the one described by Kepner et al.
(1999), using the cluster members’ luminosity function of Lin
et al. (2012). The background counts were determined from the
neighbouring square degree in the vicinity of the Planck cluster
candidate, excluding regions of fifteen arcmin centred on candi-
date positions. On the other hand, we use a method developed by
(Aghanim & Fromenteau, in prep.) based on a search for over-
densities of bright (W1 ≤ 17) and red (W1–W2 > 0) sources
within a 5′ radius circle centred on the position of Planck detec-
tions with respect to a background computed in a 15′ radius area.

Aghanim & Fromenteau (in prep.) find that a good-quality
association between a Planck SZ-detection and a counter-part
overdensity in WISE data is reached when there are at least ten
galaxies above 2σ in the 5′ search region, and when the corre-
sponding fraction of galaxies is at least 30% of the total number
of galaxies retained in the 15′ circle. Performing the search for
counter-parts of an ensemble of random positions on the sky,
we compute the purity of the detections, i.e., the probability of
a Planck candidate having a real counter-part in the WISE data
as opposed to a chance association. The quality criterion for the
association between Planck detection and WISE overdensity is
high, QWISE = 1, for a purity larger than 90%. When it lies be-
tween 90% and 80% the association of Planck SZ-detections
and WISE overdensities is assigned a lower quality criterion
QWISE = 2. We set the quality of the association to QWISE = 3,
bad, when the purity is below 80%. We find 856 Planck SZ de-
tections with high or good quality counter-parts in WISE data,
including 658 QWISE = 1 detections.

4.1.4. DSS images

Finally for each Planck cluster candidate, the second Digitized
Sky Survey7 (DSS) database was queried for a field of 5′ ×
5′ centred at the position of the Planck SZ detections in the r

7 http://stdatu.stsci.edu/dss/

and ir bands. The DSS images were used for visual inspection8.
Clusters and rich groups out to z � 0.3 to 0.4 can easily be identi-
fied in these plates as an obvious concentration of galaxies. This
qualitative information was thus used: (i) to consolidate some
identifications of Planck SZ detections with previously-known
clusters; (ii) to optimize our strategy for the follow-up observa-
tions of Planck candidates (see Sect. 5); and (iii) to qualitatively
assess the reliability or significance of the Planck SZ detections.

4.2. Cluster catalogues

We now present the ensemble of catalogues that were used to
identify the Planck SZ detections with previously-known clus-
ters. In the case of the ROSAT- and SDSS-based catalogues, we
have used homogenized quantities, see below, that allowed us to
perform the identification with comparable association criteria,
which ensures homogeneity in the output results.

MCXC meta-catalogue – For the association of Planck SZ can-
didates with previously-known X-ray clusters, we use the Meta-
Catalogue of X-ray detected Clusters of galaxies (MCXC,
Piffaretti et al. 2011, and reference therein) constructed from
the publicly available ROSAT All Sky Survey-based and
serendipitous cluster catalogues, as well as the Einstein Medium
Sensitivity Survey. For each cluster in the MCXC several prop-
erties are available, including the X-ray coordinates, redshift,
identifiers, and standardized luminosity, LX,500, measured within
R500. The MCXC compilation includes only clusters with avail-
able redshift information (thus X-ray luminosity) in the origi-
nal catalogues. We updated the MCXC, considering the first re-
lease of the REFLEX-II survey (Chon & Böhringer 2012), the
third public release of clusters from the MACS sample (Mann
& Ebeling 2012), individual MACS cluster publications and
a systematic search in NED and SIMBAD for spectroscopic
redshift for clusters without this information in the ROSAT
catalogues. This yields an ensemble of 1789 clusters with z
and LX,500 values, adding 20 MACS clusters, 21 REFLEX-II
clusters and 5 SGP clusters to the MCXC. For these clusters,
the expected Compton-parameter, YLX

500, and size, θLX

500, are esti-
mated combining the M500–LX,500 relation of Pratt et al. (2009)
and the M500–Y500 relation given by Arnaud et al. (2010). The ex-
pected S/N, (S/N)LX , is computed taking into account the noise
within θLX

500 at the cluster location. We furthermore supplement
the updated MCXC with 74 clusters from ROSAT catalogues
without redshift information and 43 unpublished MACS clusters
observed by XMM-Newton or Chandra. For these 117 objects,
only centroid positions are available. Finally, we considered the
published catalogues from XMM-Newton serendipitous cluster
surveys with available redshifts, the XCS catalogue (Mehrtens
et al. 2012), the 2XMMi/SDSS catalogue (Takey et al. 2011) and
the XDCP catalogue (Fassbender et al. 2011). However, these
catalogues mostly extend the MCXC to lower masses and only
two Planck candidates were found to be associated with these
new clusters.

Optical-cluster catalogues – The identification of the Planck
SZ candidates with clusters known in the optical is based on the
Abell (Abell 1958) and the Zwicky (Zwicky et al. 1961) cluster
catalogues. Furthermore, we have used four different catalogues
of clusters based on the Sloan Digital Sky Survey (SDSS, York
et al. 2000) data: (1) the MaxBCG catalogue (13 823 objects,

8 Images from the RASS, SDSS and WISE surveys at the position of
the Planck SZ detections were also inspected.

A29, page 14 of 41



Planck Collaboration: Planck 2013 results. XXIX.

Fig. 15. Mass-to-richness scaling relation, M500–RL� , for the 444
MCXC clusters included in the WHL12 catalogue (Wen et al. 2012).
The best-fit relation, from BCES fit, is given by the solid blue line.
We adopted 15% uncertainties on the MCXC masses as prescribed in
Piffaretti et al. (2011). As no uncertainty is provided for the WHL12’s
richness, we arbitrarily assumed a 20% uncertainty for all richness val-
ues. The blue shaded area shows the associated errors on the best-fit,
while the dashed line marks the intrinsic scatter.

Koester et al. 2007); (2) the GMBCG catalogue (55 424 objects,
Hao et al. 2010); (3) the AMF catalogue (69 173 objects, Szabo
et al. 2011); and (4) the WHL12 catalogue (132 684 objects,
Wen et al. 2012). We refer the reader to Wen et al. (2012) for
a comparison of the existing SDSS-based catalogues of clus-
ters and groups. Each of the SDSS-based catalogues provides
an estimated richness; we first start by homogenizing the rich-
ness estimates to that of WHL12. For each catalogue, we com-
pute the median ratio of WHL12’s richness to that of the con-
sidered catalogue over its intersection with WHL12’s. We then
renormalize the individual richness by the corresponding ra-
tio. The correcting factors applied to the richness estimators9

are respectively 1.52, 1.75, and 0.74 for MaxBCG, GMBCG,
and AMF, obtained from 7627, 17 245, and 1358 common clus-
ters10. The richness is then related to the halo mass, M500, by
extending the Wen et al. (2012) richness–mass relation pro-
vided on about 40 clusters11 to 444 MCXC clusters, with masses
estimated from the X-ray luminosities. The data points and
the best-fit scaling relation are presented in Fig. 15. The de-
rived M500–RL� and LX,200–RL� relations are compatible with
the findings of Wen et al. (2012). We find log (M500/1014 M�) =
(−2.00± 0.17)+ (1.37± 0.10)× log RL� . The relation presents a
large intrinsic log-scatter, σint = 0.27 ± 0.02, hampering any ac-
curate estimation of the cluster mass. This is further illustrated

9 Field NGALS_R200 for MaxBCG, GM_SCALED_NGALS for
GMBCG and LAM200 for AMF.
10 We considered the associations of clusters with positions matching
within 6 arcsec radius and with Δz ≤ 0.05 (typical uncertainty for pho-
tometric redshifts in SDSS).
11 Their M200 are taken from the literature either from weak lensing or
X-ray measurements (Wen et al. 2010).

by the richest clusters with RL� > 110 having MCXC masses
systematically below the best-fit M200–RL� relation (although
within the 1σ intrinsic scatter).

SZ catalogues – At millimetre wavelengths, we cross-check
the Planck SZ catalogue with the recent ACT and SPT samples
(Menanteau et al. 2010; Vanderlinde et al. 2010; Williamson
et al. 2011), including the most recent data that increased the
number of SZ detections and updated the redshift estimates
for the clusters (Reichardt et al. 2013; Hasselfield et al. 2013).
We have furthermore identified the Planck SZ detections asso-
ciated with previous SZ observations of galaxy clusters from
the literature. We used a compilation of SZ observations con-
ducted with the numerous experiments developed during the
last 30 years (Ryle, OVRO, BIMA, MITO, Nobeyama, SZA,
APEX-SZ, AMI, Diabolo, Suzie, Ryle, AMIBA, ACBAR, etc.).

4.3. Identification with previously-known clusters

4.3.1. Identification with X-ray clusters

The Planck SZ candidates are cross-checked against previously-
known X-ray clusters from the updated version of the MCXC.
For a given Planck candidate-cluster we identify the closest
MCXC cluster12. The reliability of the association is assessed
based on distance, D, compared to the cluster size and on the
measured Y500 and S/N values compared with the expected val-
ues (see Fig. 16). Two clouds of points stand out in the scat-
ter plot of absolute versus relative distance, D/θLX

500 (Fig. 16,
left panel). They correspond to two clouds in the scatter plot of
the measured over expected S/N versus D/θLX

500 (Fig. 16, middle
panel).

The association process follows three main steps. First,
we provisionally assign an X-ray identification flag based on
distance:

– QX = 3 if D > 2θLX

500 and D > 10′. Those are considered as
definitively not associated with an MCXC cluster in view of
Planck positional accuracy and cluster extent.

– QX = 1 if D < θLX

500 and D < 10′. Those are associated with
an MCXC cluster.

– QX = 2 otherwise, corresponding to uncertain associations.

We then refine the classification. In the QX = 1 category, we
identify outliers in terms of the ratio of measured to expected
S/N and Y500, taking into account the scatter and the size–flux
degeneracy. Their flags are changed to QX = 2. In some cases,
two distinct QX > 1 candidates are associated with the same
MCXC cluster. The lowest S/N detection is flagged as QX = 2.

In the final step, we consolidate the status of QX < 3 candi-
dates. We first re-extract the SZ signal at the X-ray position, both
leaving the size free and fixing it at the X-ray value. The Y500
obtained with the cluster and size fixed to the X-ray values are
compared to the expected values, YLX

500, in the right panel of
Fig. 16. For bona fide association, we expect no major change
of Y500 and S/N, with, on average, a better agreement with the
expected Y500 value and some decrease of S/N.

– For QX = 1 candidates, the re-extracted Y500 and S/N values
are compared to both blind and expected values (as a func-
tion of distance, S/N, etc.) to identify potential problematic

12 The information of the second closest is also kept to identify potential
confusion or duplicate associations.
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Fig. 16. Identification of the Planck cluster candidates with X-ray clusters from the MCXC catalogue. Black points are candidates firmly identified
with MCXC clusters, while green points are candidates with no association. Left panel: distance of the Planck position to the position of the closest
MCXC cluster as a function of the distance normalized to the cluster size θLX

500. Middle panel: S/N normalized to the expected value as a function
of normalized distance. Right panel: SZ flux, Y500,PSX, re-extracted fixing the position and size to the X-ray value, as a function of expected values.
The red line is the equality line. In all panels, YLX

500, and θLX
500 are estimated from the cluster X-ray luminosity used as mass proxy (see text).

cases, e.g., important decrease of S/N or outliers in terms of
measured-over-expected Y500 ratio. We found only one such
case, whose flag is changed to QX = 2. The identification of
other candidates is considered as consolidated, with defini-
tive flag QX = 1.

– We then examine the QX = 2 candidates. We consider the
re-extracted Y500 and S/N, but also perform a visual inspec-
tion of the SZ maps and spectra and ancillary data, including
RASS and DSS images. The QX = 2 candidates were iden-
tified as clearly identified as multiple detections of extended
clusters or duplicate detections of the same clusters by differ-
ent methods that were not merged (the former are flagged as
false detections, the latter are merged with the correspond-
ing candidate in the union catalogue) or not associated (e.g.,
SZ sources clearly distinct from the MCXC clusters with
no significant re-extracted signal at the cluster position and
size).

Finally, for MCXC clusters without redshift and luminosity in-
formation, the association was only based on distance, setting
DX < 5′, and the consolidated based on visual inspection of SZ,
RASS and DSS images and other ancillary information. Two
cases were found to be a mis-identification. The SZ candidate
was closer by chance to a faint XCS cluster, in the vicinity of the
real counter-part (another MCXC cluster and an Abell cluster,
respectively).

4.3.2. Identification with optical clusters

The Planck SZ candidates are associated with known clus-
ters from optical catalogues (Abell, Zwicky, SDSS-based cat-
alogues) on the basis of distance with a positional matching
within a search radius set to 5′. The consolidation of the asso-
ciation was performed using the RASS information as described
below, which allows us to mitigate the chance associations with
poor optical galaxy groups and clusters.

SDSS-based catalogues – We have considered the four cata-
logues listed in Sect. 4.2. We define a quality criterion for the
association, QSDSS, in terms of cluster richness as a proxy of the
cluster mass (see for instance Johnston et al. 2007; Rozo et al.
2009). We set the quality criterion, QSDSS, to 3 for low reliabil-
ity (richness below 70), to 2 for good reliability (richness ranging
from 70 to 110) and to 1 for high reliability (richness above 110).

Fig. 17. Normalized distribution of the S/N in RASS at the position
of Planck SZ detections with SDSS richness-based quality QSDSS = 1
(solid line) and QSDSS = 2 (dashed line).

The corresponding estimated masses (given the M500–RL� re-
lation) are M500 > 6.5 × 1014 M� and M500 > 3.5 × 1014 M�.
However due to the large scatter and associated uncertainty in
the mass estimate from the mass–richness relation, we consoli-
date the association of the Planck candidates with SDSS clusters
by combining the QSDSS with the RASS signal at the Planck-
candidate position (see Sect. 4.1.1). In practice, only associa-
tions with QSDSS = 1 or 2 and a S/N, measured at the Planck
position in an aperture of 5′ in the RASS survey, (S/N)RASS ≥ 1
are retained as firm identifications. We stress that our choice of
richness thresholds is relatively conservative on average. Indeed,
our QSDSS = 1 and 2 matched candidates are found with high
(S/N)RASS values as shown in Fig. 17, with mean (S/N)RASS =
7.1 and 6.6 and median (S/N)RASS = 5.9 and 5.4 for QSDSS = 1
and 2 matches, respectively.
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Table 4. Observing facilities used for the confirmation of clusters discovered by Planck, and for the measurement of their redshifts.

Aperture Type of
Site Telescope [m] Instrument Filters redshift

Earth orbit . . . . . . XMM-Newton EPIC/MOS, PN . . . Fe K
La Palma . . . . . . . NOT 2.56 ALFOSC . . . Spectroscopic
La Palma . . . . . . . INT 2.5 WFC griz Photometric
La Palma . . . . . . . GTC 10.4 OSIRIS . . . Spectroscopic
La Palma . . . . . . . TNG 3.5 DOLORES . . . Spectroscopic
La Palma . . . . . . . WHT 4.2 ACAM griz Photometric
La Silla . . . . . . . . NTT 3.7 EFOSC2 . . . Spectroscopic
La Silla . . . . . . . . MPG/ESO-2.2 m 2.2 WFI VRI Photometric
MRAO . . . . . . . . AMI 3.7,13 SA, LA 13.5–18 GHz . . .
Tenerife . . . . . . . . IAC80 0.82 CAMELOT griz Photometric
Tubitak Nat. Obs. RTT150 1.5 TFOSC gri Spectroscopic

Abell and Zwicky catalogues – The Planck candidates are
associated with Abell and Zwicky clusters on the basis of a
positional matching within five arcmin. In the present case,
we do not make use of any richness information in order
to consolidate the association. We rather use here solely the
RASS signal, (S/N)RASS, at the SZ-candidate position. Planck-
candidates associated with Abell or Zwicky clusters and with
(S/N)RASS ≥ 1 are retained as firmly identified. For associations
with (S/N)RASS < 1, we decided on a firm identification only af-
ter checking the status of the counter-part in the WISE data and
performing a visual inspection of the SZ signal and of the images
from ancillary data, including DSS images.

4.3.3. Identification with SZ clusters

The association with known SZ clusters was performed within
a 5′ radius. A visual inspection of the ancillary data and an a
posteriori check of the RASS signal at the position of the Planck
candidates associated with clusters from SZ catalogues is per-
formed. It confirms that the values of (S/N)RASS, when the cov-
erage is significant, are high with an average value of 5.4.

4.3.4. Identifications from NED and SIMBAD

The information provided from querying NED and SIMBAD
databases is mainly redundant with cross-checks with cluster
catalogues. However, it lets us avoid missing a few associa-
tions. We therefore performed a systematic query in SIMBAD
and NED with an adopted search radius set to 5′. Similarly to
the association with clusters in optical catalogues, the positional
association is consolidated using the results of the search in
RASS data. Furthermore, the Planck-candidates solely matching
NED or SIMBAD entries were inspected and the identification
was confirmed or discarded using the information from WISE
counter-parts and the DSS images.

5. Follow-up programme for confirmation of Planck
candidates

We have undertaken, since Spring 2010, an extensive follow-
up programme in order to perform a cluster-by-cluster confir-
mation of the Planck cluster candidates and obtain a measure-
ment of their redshifts. A total of 276 Planck candidates, selected
down to S/N = 4 from intermediate versions of the Planck SZ
catalogue, were observed in pursuit of their redshift measure-
ment. We have constructed our strategy for the selection of the
Planck targets primarily on the successful results of the series
of follow-up observations in X-rays based on Director’s discre-

tionary time (DDT) on the XMM-Newton observatory (Planck
Collaboration IX 2011; Planck Collaboration Int. I 2012; Planck
Collaboration Int. IV 2013). Snapshot observations, sufficient
to detect extended X-ray emission associated with Planck clus-
ters and to estimate redshifts from the Fe line for the brightest
clusters, were conducted sampling the SZ detections down to
S/N = 4. These observations allowed us to better understand the
SZ signal measured by Planck and hence to refine the criteria to
select targets, especially for further optical follow-up.

We have engaged numerous campaigns on optical facilities,
which now constitute our main means of confirmation of Planck
SZ detections. Planck candidates with low-quality DSS images
or without SDSS information, or low (S/N)RASS, were primar-
ily sent for deeper multi-band imaging observations. They were
followed-up to the depth needed for the confirmation, i.e., find-
ing an optical counter-part, and for the determination of a pho-
tometric redshift. Candidates with galaxy concentrations in DSS
or with counter-parts in SDSS, and/or with high (S/N)RASS, were
preferentially sent for spectroscopic confirmation. The priority
being to confirm the clusters and to secure the largest number
of robust redshifts, no systematic spectroscopic confirmation of
photometric redshifts was performed for low-redshift clusters
(zphot < 0.4). For higher-redshift clusters, spectroscopic confir-
mation of the photometric redshifts is more crucial. As a result,
we have made use of telescopes of different sizes, from 1-m
to 10-m class telescopes, optimizing the selection of targets
sent to the different observatories (Table 4 gives the list of the
main telescopes). Telescopes of 8- and 10-m classes, e.g., GTC,
GEMINI and VLT, were used to spectroscopically confirm red-
shifts above 0.5 for already confirmed clusters.

Our efforts to confirm the Planck cluster candidates, mea-
sure redshifts, and characterize cluster physical properties relies
on ongoing follow-up of a large number of cluster candidates
in the optical (ENO, RTT150, WFI), in the infrared (Spitzer13)
and at SZ wavelengths (Arcminute Microkelvin Imager, AMI).
The output of the confirmation and redshift measurements from
the observing campaigns is summarized in Sect. 6.2. Companion
publications, in preparation, will detail the observing campaigns
and their results.

5.1. XMM-Newton observatory

The X-ray validation follow-up programme of 500 ks observa-
tions undertaken in XMM-Newton DDT is detailed in Planck
Collaboration IX (2011), Planck Collaboration Int. I (2012),

13 Under Spitzer programs 80162 and 90233.
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and Planck Collaboration Int. IV (2013). It consisted of observ-
ing 51 Planck targets and led to the confirmation of 43 Planck
cluster candidates, two triple systems and four double sys-
tems. There were eight false candidates. This follow-up pro-
gramme has constituted the backbone of the Planck cluster
confirmation and most importantly has allowed us to better un-
derstand the SZ signal measured by Planck and thus to bet-
ter master the criteria for confirmation (or pre-confirmation)
of the Planck cluster candidates. By providing us with the
physical properties and redshift estimates of the confirmed
clusters, it has furthermore given us a first view on the phys-
ical characteristics of the newly discovered Planck clusters.
Snapshot observations (around 10 ks) of the Planck candidates
took place between May 2010 and October 2011. All the results
from the four observing campaigns were published in Planck
Collaboration IX (2011), Planck Collaboration Int. I (2012), and
Planck Collaboration Int. IV (2013). Calibrated event lists were
produced with v11.0 of XMM-Newton-SAS, and used to derive
redshifts and global physical parameters for the confirmed clus-
ters (Planck Collaboration IX 2011). The redshifts were esti-
mated by fitting an absorbed redshifted thermal plasma model
to the spectrum extracted within a circular region corresponding
to the maximum X-ray detection significance. Most of the red-
shifts were confirmed using optical observations. Additional ob-
servations at VLT were conducted to confirm spectroscopically
the highest redshifts14.

5.2. Optical observation in the northern hemisphere

5.2.1. ENO telescopes

In total 64 cluster candidates from Planck were observed at
European Northern Observatory (ENO15) telescopes, both for
imaging (at IAC80, INT and WHT) and spectroscopy (at NOT,
GTC, INT and TNG), between June 2010 and January 201316.
The aims of these observations were the confirmation, photo-
metric redshift measurement, and spectroscopic confirmation of
redshifts above z = 0.3.

INT, WHT and IAC80 – The optical imaging observations
were taken either with the Wide-Field Camera (WFC) on
the 2.5-m Isaac Newton Telescope (INT), the auxiliary-port
camera (ACAM) at the 4.2-m William-Herschel Telescope
(WHT), or with CAMELOT, the optical camera at the 0.82-
m telescope (IAC80). The targets were observed in the Sloan
gri filters. For the majority of fields, either Sloan z or Gunn Z im-
ages are also available. Images were reduced using the publicly-
available software IRAF and SExtractor (Bertin & Arnouts
1996). The data reduction included all standard steps, i.e., bias
and flat field corrections, astrometric and photometric calibra-
tions. The photometric calibration is based either on standard
star observations or, if available, on data from the SDSS. Finally,
all magnitudes were corrected for interstellar extinction, based
on the dust maps by Schlegel et al. (1998). We obtained pho-
tometric redshifts using the BPZ code (Benítez 2000), using a
prior based on SDSS data, and fitting a set of galaxy templates.

14 Observations are conducted under programme 090A-0925.
15 ENO: http://www.iac.es/eno.php?lang=en
16 The observations were obtained as part of proposals for the Spanish
CAT time (semesters 2010A, 2010B, 2011A, 2011B, 2012A and
2012B), and an International Time Programme (ITP), accepted by the
International Scientific Committee of the Roque de los Muchachos
(ORM, La Palma) and Teide (OT, Tenerife) observatories (reference
ITP12_2).

The BPZ code provides the Bayesian posterior probability dis-
tribution function for the redshift of each object, which is later
used in the process of cluster identification. The identification
of the galaxy overdensity located near the Planck positions and
the estimate of the photometric redshifts of the associated clus-
ters were performed using a modified version of the cluster-
algorithm described in Sect. 4.1.2.

GTC and TNG – Spectroscopic observations were performed
using the 10-m Gran Telescopio Canarias (GTC) telescope and
the 3.6-m Telescopio Nazionale Galileo (TNG) telescope. The
OSIRIS spectrograph at GTC was used in long-slit mode to ob-
serve a total of eight targets with two slit positions per candidate.
We used the R500R grism and a binning 2× 1, which provides a
resolution R = 300 with a slit width 1 arcsec, and a wavelength
coverage 4800–10 000 Å. We retrieved three exposures of 1200 s
each. The final spectra present a S/N of about 20 in galaxies with
r′ = 20 mag. We used the DOLORES multi-object spectrograph
(MOS) at TNG to observe 9 candidates. The masks were de-
signed to contain more than 30 slitlets, 1.5 arcsec width, placed
within an area about 6′ × 8′ in order to cover the target field. We
used the LR-B grism, which provides a dispersion of 2.7 Å/pixel,
and a wavelength coverage between 4000 and 8000 Å. We car-
ried out three acquisitions of 1800 s each and obtained spectra
with S/N � 15 in galaxies with r′ = 20 mag using a total inte-
gration time of 5400 s.

Nordic Optical Telescope (NOT) – Spectroscopic redshift mea-
surements were obtained using the Andalucia Faint Object
Spectrograph and Camera (ALFOSC) at the NOT17. Most targets
were observed in MOS mode, targeting typically ten to fifteen
galaxies per ALFOSC field (covering 6.4′ × 6.4′, with an image
scale of 0.188 arcsec/pixel). One or two unfiltered 300 s pre-
imaging exposures were obtained per candidate cluster, in addi-
tion to a single 300 s exposure in each of the SDSS g-and i bands.
The de-biased and flat field calibrated pre-imaging data were
used to select spectroscopy targets. The final mask design18 was
carved out using custom software, generating slits of fixed width
1.5 arcsec and of length typically 15 arcsec. Grism No. 5 of
ALFOSC was used, covering a wavelength range 5000–10 250 Å
with a resolution of about R = 400 and dispersion 3.1 Å/pixel.
Redwards of 7200 Å strong fringing is present in the ALFOSC
CCD. It was effectively suppressed using dither pattern alternat-
ing the placement of the spectroscopy targets between these sets
of slits.

In addition to the MOS observations, spectroscopic obser-
vations in single-slit mode were conducted for some Planck
candidates. For these observations, a long slit covering the en-
tire 6.4′ length of the ALFOSC field and a width of 1.3 arcsec
was employed, with the same grism and wavelength coverage as
for the MOS observations. The field angle was rotated to place
the long slit over multiple targets, to include the apparent BCG
as well as two to three other bright cluster galaxies within the
ALFOSC field.

5.2.2. RTT150

A total of 88 Planck cluster candidates were followed up with
the Russian Turkish Telescope (RTT15019) from July 2011

17 The observing runs took place on June 28–July 3, 2011,
January 20–25, 2012, July 16–21, 2012 and January 9–14, 2013.
18 The MOS masks were cut at the Niels Bohr Institute, Copenhagen
University.
19 http://hea.iki.rssi.ru/rtt150/en/index.php
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to December 2012 within the Russian quota of observational
time. In total, about 50 dark nights, provided by Kazan Federal
University and Space Research Institute (IKI, Moscow), were
used for these observations. Direct images and spectroscopic
redshift measurements were obtained using TÜBİTAK Faint
Object Spectrograph and Camera (TFOSC20), similar in layout
to ALFOSC at NOT (see above) and to other instruments of this
series.

The TFOSC CCD detector cover a 13.3′ × 13.3′ area
with 0.39 arcsec per pixel image scale. Direct images of cluster
candidates were obtained in Sloan gri filters, in series of 600 s
exposures with small (≈10–30 arcsec) shifts of the telescope
pointing direction between the exposures. All standard CCD cal-
ibrations were applied using IRAF software, individual im-
ages in each filter were then aligned and combined. The total
of 1800 s exposure time in each filter was typically obtained for
each field, longer exposures were used for more distant clus-
ter candidates. Deep multi-filter observations were obtained for
all candidates, except those unambiguously detected in SDSS.
With these data, galaxy clusters can be efficiently identified at
redshifts up to z ≈ 1.

Galaxy clusters were identified as enhancements of surface
number density of galaxies with similar colours. Cluster red se-
quences were then identified in the colour–magnitude diagram
of galaxies near the optical centre of the identified cluster. The
detected red sequence was used to identify the BCG and cluster
member galaxies. Using the measured red-sequence colour pho-
tometric redshift estimates were obtained, which were initially
calibrated using the data on optical photometry for galaxy clus-
ters from the 400SD X-ray galaxy cluster survey (Burenin et al.
2007).

For spectroscopy we used the long-slit mode of the instru-
ment with grism No. 15, which covers the 3900–9100 Å wave-
length range with ≈12 Å resolution when a slit of 1.8 arcsec
width is used. Galaxy redshifts were measured through the cross-
correlation of obtained spectra with a template spectrum of an el-
liptical galaxy. Spectroscopic redshifts were typically obtained
for the spectra of a few member galaxies, including the BCG,
selected from their red sequence in the imaging observations.
These data allow us to efficiently measure spectroscopic red-
shifts for clusters up to z ≈ 0.4. For the highest-redshift clusters,
complementary spectroscopic observations were performed with
the BTA 6-m telescope of SAO RAS using SCORPIO focal re-
ducer and spectrometer (Afanasiev & Moiseev 2005).

5.3. Optical observation in the southern hemisphere

5.3.1. MPG/ESO 2.2-m Telescope

Optical imaging of 94 Planck cluster candidates in the south-
ern hemisphere was performed under MPG programmes at
the MPG/ESO 2.2-m telescope using the Wide-Field Imager
(WFI)21. The WFI detector is a mosaic of 8 2k × 4k CCDs, cov-
ering a total area of 33′ × 34′ on the sky, with an image scale
of 0.238 arcsec/pixel. Each field was observed in the V-, R-,
and I-bands with a default exposure time of 1800 s (with five

20 http://hea.iki.rssi.ru/rtt150/en/
index.php?page=tfosc
21 Based on observations under MPG programmes 086.A-9001, 087.A-
9003, 088.A-9003, 089.A-9010, and 090.A-9010. The observations
were conducted during the periods of November 27–December 3,
2010, March 8–19, May 21–June 3, and November 30–December 4,
2011, December 30, 2011–January 7, 2012, June 10–18, 2012, and
January 6–13 2013.

dithered sub-exposures) per passband. The basic data calibra-
tion, including de-biasing and flat-field frame calibration, fol-
lowed standard techniques. The individual exposures were re-
registered and WCS calibrated using the USNO-B1 catalogue as
an astrometric reference before being stacked into a combined
frame for each filter, covering the entire WFI field. Photometric
redshifts of the observed clusters were then determined from an
algorithm that searches for a spatial galaxy overdensity located
near the position of the SZ cluster candidate that also corre-
sponds to an overdensity in V − R versus R − I colour–colour
space. The median colour of galaxies located in this overden-
sity was then compared to predicted colours of early-type galax-
ies at different redshifts by convolving a redshifted elliptical
galaxy spectral energy distribution template with the combined
filter+telescope+detector response function.

5.3.2. New Technology Telescope (NTT)

Observations22 were conducted at the 3.5-m NTT at the ESO
observatory at La Silla to measure spectroscopic redshifts
of 33 Planck clusters with the EFOSC2 instrument in the MOS
mode. A clear BCG was identified in the clusters in pre-imaging
data, and besides the BCG a redshift was measured for at least
one other member of the cluster. In the following a brief outline
of the observations and the data reduction are given (see Chon
& Böhringer 2012, for details).

Each field of the Planck target candidates was optically im-
aged in Gunn r band for target selection and mask making.
The imaging resolution is 0.12′′ × 0.12′′, and the field of view
is 4.1′ × 4.1′ for both imaging and spectroscopic observations.
When necessary, the field was rotated to optimize target se-
lection. We used the grism that covers the wavelength range
between 4085 Å and 7520 Å, with 1.68 Å per pixel at resolu-
tion 13.65 Å per arcsec. We typically applied 10 to 15 slitlets
per field with a fixed width of 1.5 arcsec for the MOS and
of 2.0 arcsec for the long-slit observations. Including at least
three bright objects, preferably stars, to orient the field, the
slitlets were allocated to the candidate member galaxies. The ex-
posure times for the clusters range from 3600 s to 10 800 s.

The data were reduced with the standard reduction pipeline
of IRAF. The redshifts from the emission lines were determined
separately after correlation with the passive galaxy templates.
We use the rvsao package, which applies the cross-correlation
technique to the input templates of galaxy spectra to measure
the object redshift. The REFLEX templates were used for this
analysis, which include 17 galaxy and stellar templates. We con-
firmed a spectroscopic cluster detection if at least three galaxies
have their R-value greater than 5, and lie within ±3000 km s−1

of the mean velocity of the cluster members. We then took the
median of those galaxy redshifts as the cluster redshift. For the
long-slit observations, the cluster was confirmed with the red-
shift of the BCG and another galaxy at similar redshift within
the aforementioned criteria.

5.4. Observations in the SZ domain with AMI

An ensemble of 60 Planck blind SZ candidates, spanning a range
of S/N between 4 and 9 and meeting the Arcminute Microkelvin
Imager (AMI) observability criteria, was observed with AMI.
The goal of this programme was to confirm Planck cluster candi-
dates through higher-resolution SZ measurements with AMI and

22 The observations were performed during three spectroscopic observ-
ing campaigns, 087.A-0740, 088.A-0268 and 089.A-0452.
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Table 5. Numbers of previously-known clusters, new confirmed clusters, and new candidate SZ clusters.

Category N Catalogue, telescope, or reliability

Previously known . . . . . . . . . . . . 683

{ 472 X-ray: MCXC meta-catalogue
182 Optical: Abell, Zwicky, SDSS catalogues
16 SZ: SPT, ACT
13 Misc: NED or SIMBAD

New confirmed . . . . . . . . . . . . . 178 Follow-up, archival data, SDSS survey

New candidate . . . . . . . . . . . . . . 366

{ 54 High reliability
170 Medium reliability
142 Low reliability

Total Planck SZ catalogue . . . . . 1227

Notes. Previously-known clusters can be found in the catalogues indicated. Confirmations from follow-up do not cover the observations performed
by the Planck collaboration to measure the missing redshifts of known clusters. Confirmation from archival data covers X-ray data from Chandra,
XMM-Newton, and ROSAT PSPC pointed observations only.

to refine the position of confirmed clusters in order to optimize
the subsequent optical follow-up observations aiming at redshift
measurement. AMI comprises of two arrays: the Small Array
(SA); and the Large Array (LA). Further details of the instru-
ment are given in AMI Consortium et al. (2008). Observations
carried out with the SA provide information that is well coupled
to the angular scales of the SZ effect in clusters, whereas snap-
shot observations obtained with the LA provide information on
the discrete radio-source environment. The latter allowed us to
detect the presence of nearby, bright radio sources, helping in
further selecting the targets for observation with the SA. Details
of the AMI data reduction pipeline and mapping are described
in Planck and AMI Collaborations (2013).

6. Results of the validation and follow-up

The external validation allows us to identify Planck SZ de-
tections with previously-known clusters and to assemble cru-
cial information on the identified clusters such as their red-
shifts. The validation steps corresponding to the association with
known clusters were performed following a chosen hierarchy:
X-ray clusters from the updated MCXC meta-catalogue; then
optical clusters from Abell and Zwicky catalogues; then optical
clusters from the SDSS-based catalogues; followed by SZ clus-
ters from SPT and ACT samples; and finally clusters from NED
and SIMBAD queries. The first identifiers of the Planck SZ de-
tections given in Table B.1 reflect the validation hierarchy.

In the following, we present the results of the external val-
idation process and of the follow-up campaigns for confirma-
tion of Planck candidates and measurement of their redshifts
(see Table 5 and Fig. 18). We also present the confirmation from
SDSS galaxy catalogues and from X-ray archival data. We fur-
ther discuss the unconfirmed candidate new clusters detected
by Planck, which we classify into three categories of different
reliability.

6.1. Planck clusters associated with known clusters

A total of 683 out of 1227 SZ detections in the Planck cata-
logue, i.e., 55.7%, are associated with previously-known clus-
ters from X-ray, optical, or SZ catalogues, or with clusters found
in the NED or SIMBAD databases. We give the number of clus-
ters identified in each category and we discuss notable cases of
known clusters that are not included in the Planck SZ catalogue.

Fig. 18. Distribution of the Planck clusters and candidates in the differ-
ent categories defined in the external validation process. The validation
follows the order of association with MCXC clusters, then Abell and
Zwicky clusters, then SDSS clusters, then SZ clusters, and finally clus-
ters from NED/SIMBAD.

6.1.1. Identification with known X-ray clusters

A total of 472 Planck SZ-candidates are identified with known
X-ray clusters from the MCXC meta-catalogue, which repre-
sents 38.5% of the Planck SZ detections and 69.1% of the iden-
tifications with previously-known clusters. These identifications
of course account for many Abell clusters in the RASS-based
catalogues of X-ray clusters.

Using the cluster properties reported in the MCXC and the
Planck noise maps at the cluster positions, we computed the
expected SZ signal and the expected S/N for a measurement
with Planck. We have compared the number of detected clus-
ters in the Planck catalogue with S/N ≥ 4.5 to the number
MCXC clusters at an expected significance of 4.5. Only 68 clus-
ters expected to be detected at S/N > 4.5 are not included
in the Planck catalogue, including 16 with predicted S/N be-
tween 4 and 4.5. Of the 52 clusters with expected S/N ≥ 4.5,
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only 41 are outside the masked regions and could thus be in
the PSZ catalogue. Our computation of the expected SZ sig-
nal and S/N were based on scaling relations for X-ray-selected
clusters, not accounting for the dispersion in the relations. We
therefore focus on the non-detected MCXC clusters that signifi-
cantly depart from the expected S/N value, namely by more than
5σ. A total of 13 clusters are in this category. The two objects
RXC J2251.7-3206 and RXC J0117.8-5455 show emission in
high-resolution Chandra imaging that is point-like rather than
extended and are likely not clusters of galaxies (Mantz et al.
2010; Magliocchetti & Brüggen 2007). Of the other eleven miss-
ing MCXC clusters, some present AGN contamination. This
is the case for RXC J1326.2+1230 (Magliocchetti & Brüggen
2007), RX J1532.9+3021 (Hlavacek-Larrondo et al. 2012),
RXC J1958.2-3011, RXC J2251.7-3206, and RXC J0117.8-
5455 (Magliocchetti & Brüggen 2007), Abell 689 (Giles et al.
2012), ZwCl 2089 (Rawle et al. 2012), PKS 0943-76 (Abdo et al.
2010), and Abell 2318 (Crawford et al. 1999). In these cases,
the presence of the AGN affects the X-ray luminosity measure
leading to an overprediction of the SZ signal. Some exhibit sig-
nificant radio contamination, e.g., RXC J1253.6-3931 (Plagge
et al. 2010) and RXC J1958.2-3011 (Magliocchetti & Brüggen
2007), which hampers the SZ detection. Cool-core clusters for
which the X-ray luminosity is boosted due to the central density
peak have an over-estimated expected SZ signal. This is the case
for RXC J0425.8-0833 (Hudson et al. 2010), ZwCl 2701 (Rawle
et al. 2012), Abell 1361 (Rafferty et al. 2008), and RBS 0540
(Eckert et al. 2011; Belsole et al. 2005). Other “missing” clusters
are CIZA clusters: RXC J0643.4+4214, RXC J1925.3+3705,
RXC J2042.1+2426 and RXC J0640.1-1253, REFLEX cluster
RXC J2149.9-1859, APMCC 699, Abell 3995, Abell 2064 and
RBS 171.

In addition to the clusters discussed above which are not in-
cluded in the catalogue due to contamination by AGN or pres-
ence of cool-cores etc., we note that some notable nearby ex-
tended clusters are also not included in the Planck SZ catalogue.
Indeed, the detection methods used to detect the SZ effect are not
optimized for the detection of sources with scale radius θ500 in
excess of 30′. Of the 25 clusters in this category (with z < 0.03)
in the MCXC meta-catalogue, six are included in the Planck cat-
alogue. The remaining 19 fall into the masked areas (seven out
of 19, among which Perseus and Abell 1060 lie in the PS mask
(Fig. 19, first two panels), and Ophiuchus and 3C 129.1 lie in
the Galactic mask (Fig. 19, second two panels) and/or have a
S/N below the PSZ catalogue threshold S/N = 4.5. This is the
case of Virgo cluster (Fig. 19, lowest panel), which is detected
in the Planck survey but with a S/N at its position of about 3.9.
Virgo’s extension on the sky (θ500 = 168 arcmin) further ham-
pers its blind detection.

We show in Fig. 19 the reconstructed SZ signal from the
MILCA algorithm (Hurier et al. 2013) for five of the “miss-
ing” extended clusters. These clusters, despite not being part
of the Planck catalogue of SZ sources, are well detected in the
Planck survey. They all are included in the thermal SZ map con-
structed from the Planck channel maps and presented in Planck
Collaboration XXI (2014).

6.1.2. Identification with known optical clusters

A total of 182 Planck SZ detections are identified exclusively
with optical clusters from Abell and Zwicky catalogues, and
from the SDSS-based published catalogues, i.e., 26.6% of the
known clusters in the Planck catalogue.

The Planck SZ candidates at S/N ≥ 4.5 have 111 exclu-
sive associations with Abell or Zwicky clusters, i.e., with clus-
ters not in any of the catalogues compiled in the MCXC meta-
catalogue. In addition to these associations, 72 Planck detections
are solely identified with clusters from the SDSS-based cata-
logues. These are either rich and massive systems (RL� greater
than 110, QSDSS = 1 clusters) or moderately low-richness sys-
tems (QSDSS = 2 clusters, exhibiting hot gas as indicated by
their S/N value in the RASS survey). However, not all the rich
QSDSS = 1 clusters in SDSS-based catalogues are found in the
Planck catalogue. A total of 213 QSDSS = 1 clusters from all
four SDSS-based catalogues (201 outside the Planck union PS
and Galactic mask) are not included in the Planck catalogue.

We explore why these rich clusters are not detected blindly
by the SZ-finder algorithms. We first compare the richness-based
masses against the X-ray luminosity-based masses of 26 of these
“missing” clusters found in the MCXC meta-catalogue. We find
a median ratio of 2.6 ± 1.2 for the richness-to-X-ray based
masses, indicating that the richness-based masses seem to be
systematically overestimated. Unlike the X-ray clusters, we thus
cannot compute a reliable estimate of the expected S/N value
for SZ detection of these optical clusters. We therefore directly
search for the SZ signal at the positions of the 201 “missing”
SDSS-clusters and found that all of them have S/N values be-
low the Planck threshold, with a mean S/N of 1.6, except for
three clusters. Two of these three “missing” SDSS-clusters have
their S/N value from the extraction at the cluster position slightly
higher than 4.5. The increase in S/N value is due to the differ-
ence in estimated background noise when centring the extrac-
tion at the cluster position as opposed to the blind detection.
The third missing rich cluster is affected by contamination from
CMB anisotropy, which results in a bad estimate of its size and
consequently of its SZ signal.

6.1.3. Identification with known SZ clusters

The majority of the SZ clusters, from SPT or ACT, used in the
validation process are low-mass systems (Mmedian

500 around 2.3 ×
1014 M�). Planck is particularly sensitive to massive rich clus-
ters and thus only a total of 56 of these clusters match Planck
SZ detections, out of which 16 candidates are exclusively as-
sociated with SZ clusters23 from ACT or SPT. Nine more ACT
and SPT clusters are associated with Planck SZ detections be-
tween S/N = 4 and 4.5. We have searched for the SZ signal in
the Planck data at the position of the remaining non-observed
ACT/SPT clusters by extracting the SZ signal at their positions.
We found that all had S/N values lower than 4.

We have also checked the redundancy of SZ detections
within Planck by comparing the ESZ sample, constructed
from 10 months of survey with a cut at Galactic latitudes
of ±14◦, with the present Planck catalogue. Of the 189 high sig-
nificance ((S/N)ESZ ≥ 6 ESZ detections, 184 ESZ confirmed
clusters are included the present Planck catalogue within a dis-
tance of 5′ from their ESZ position. The mean separation be-
tween the ESZ and present positions is of order 1.35′, within
Planck’s positional accuracy. Their S/N values were increased
by a factor 1.17 on average with respect to their (S/N)ESZ,
(Fig. 20) and only four out of six of the ESZ clusters have
new S/N values significantly lower than ESZ S/N threshold
(S/N)ESZ = 6. They are displayed as stars in Fig. 20. Four
ESZ clusters are not included the present Planck catalogue, they

23 Six Planck clusters were confirmed from XMM-Newton or NTT ob-
servations and are also published in Reichardt et al. (2013).
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Fig. 19. Five nearby and extended clusters not included in the PSZ catalogue: the Perseus cluster and Abell 1060 (in the point-source mask);
Ophiuchus cluster and 3C 129.1 (in the Galactic mask); and Virgo cluster (below the S/N threshold of the catalogue). Top panels: reconstructed
thermal SZ maps from the MILCA algorithm (Hurier et al. 2013). The dashed circles represent the apertures of θ500 from the MCXC catalogue.
Each SZ-map covers an area of 4θ500 × 4θ500. Bottom panels: composite images of the optical (DSS, white), X-ray (ROSAT, pink) and SZ signal
(Planck, blue). The sizes of the composite images are 2◦ × 2◦ for Perseus; 1◦ × 1◦ for A1060; 1◦ × 1◦ for Ophiuchus; 0.77◦ × 0.77◦ for 3C 129.1
and 3.84◦ × 3.84◦ for Virgo. The black and white circles picture a 10 arcmin aperture, but for Virgo for which the aperture is 30 arcmin.
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Fig. 20. Ratio of S/N in the Planck catalogue, (S/N)PSZ, to that in
the ESZ sample (Planck Collaboration VIII 2011), (S/N)ESZ, for the 184
confirmed ESZ clusters included in the Planck catalogue. Four clusters
whose S/N in the PSZ catalogue is significantly smaller than the ESZ
threshold ((S/N)ESZ = 6) are shown as stars.

fall in, or nearby, the PS mask used for the pre-processing of the
channel maps prior to running the detection algorithms. Such
a mask was not utilized for the construction of ESZ sample. We
choose not to a posteriori include these four “missing” ESZ clus-
ters in the present Planck SZ catalogue.

6.1.4. Identification with clusters from NED or SIMBAD

As expected only a small number of clusters are identified from
querying the databases, supplying identifiers for thirteen SZ
Planck detections. This is because the information in NED and
SIMBAD is redundant with that in the X-ray, optical, or SZ cat-
alogues used for the external validation. The thirteen clusters
found solely from querying the databases are found in the RASS
survey but not in dedicated cluster catalogues, and thus not in-
cluded in the MCXC; they are found in serendipitous Chandra
surveys, or they are part of miscellaneous cluster catalogues.

6.2. Newly-discovered Planck clusters and candidates

Among the 544 Planck SZ sources, we distinguish two cate-
gories: (1) confirmed clusters, i.e., those that have been con-
firmed by the follow-up programmes of the Planck collabo-
ration24 or using the SDSS galaxy catalogues, plus also add
eight confirmations from X-ray archival data (one of those,
PSZ1 G292.00-43.64, coincides with the XCLASS cluster can-
didate, J023303.4-711630 (Clerc et al. 2012)); (2) Candidate
clusters with different levels of reliability, namely, class1 clus-
ter candidates, that fulfil high-quality criteria for the SZ detec-
tion and for the associations and/or counterparts in ancillary

24 A handful of new Planck clusters from the ESZ sample were con-
firmed independently from the Planck collaboration by SPT (Story et al.
2011), AMI (AMI Consortium et al. 2011), Bolocam (Sayers et al.
2012) and CARMA (Muchovej et al. 2012).

data, class2 candidate clusters, i.e., those that fulfil, on av-
erage, good-quality criteria, and class3, low-reliability cluster
candidates.

Confirmation from Planck collaboration follow-up programmes.
At S/N ≥ 4.5, a total of 233 Planck SZ detections were fol-
lowed up in X-rays, optical, and SZ at the different facilities
listed previously, with some observations targeted to the mea-
surement of spectroscopic redshifts for already known clusters.
In total 157 Planck SZ detections with S/N ≥ 4.5 were con-
firmed as new clusters. Some of the Planck-confirmed clusters
were also reported in recent cluster catalogues in the optical, e.g.,
Wen et al. (2012) or in the SZ e.g., Reichardt et al. (2013).

The analysis of the observations of Planck sources by
AMI yielded ten sources with strong Bayesian evidences that
have clearly visible decrements and were considered as con-
firmed, including the confirmation of three associations with op-
tical clusters.

For the candidates confirmed by XMM-Newton and by opti-
cal telescopes, redshifts from Fe lines and from photometric or
spectroscopic data are available. The validation of Planck cluster
candidates with XMM-Newton has shown its particular efficiency
in confirming SZ candidates due both to the high sensitivity of
XMM-Newton, allowing Planck clusters to be detected up to the
highest redshifts (Planck Collaboration XXVI 2011), and the
tight relation between X-ray and SZ properties. The detection of
extended XMM-Newton emission and a comparison between the
X-ray and SZ flux permits an unambiguous confirmation of the
candidates. By contrast, confirmation in the optical may be ham-
pered by the Planck positional accuracy and by the scatter be-
tween the optical observables and the SZ signal, which increase
the chance of false associations. The XMM-Newton follow-up
programme yielded 51 bona fide newly-discovered clusters, in-
cluding four double systems and two triple systems. There were
eight false candidates. Thirty-two of the 51 individual clusters
have high-quality redshift measurements from the Fe line. The
relation between the X-ray and SZ properties was used to further
constrain the redshift of the other clusters; most of these redshifts
were confirmed clusters using optical observations. Out of a total
of 37 single clusters confirmed by XMM-Newton, 34 are reported
in the Planck catalogue of SZ sources at S/N ≥ 4.5. Additionally
four double systems are included in the present PSZ catalogue
and were also confirmed by XMM-Newton.

The follow-up observations conducted with optical tele-
scopes lead to the confirmation and to the measurement of spec-
troscopic or photometric redshifts (companion publications, in
preparation, will present the detailed analysis and results from
these follow-up). In the northern hemisphere, 26 spectroscopic
redshifts for Planck clusters detected at S/N ≥ 4.5 and ob-
served at the RTT150 are reported, to date, in the PSZ catalogue.
A dozen additional spectroscopic redshifts were measured for
known clusters. Confirmation of 21 Planck SZ clusters de-
tected above 4.5 were obtained with the ENO facilities (at INT,
GTC and NOT), and robust redshift measurements were ob-
tained for 19 of them, including 13 spectroscopic redshifts. In
the southern hemisphere, WFI observations provided photomet-
ric redshifts for 54 clusters included in the Planck catalogue at
S/N ≥ 4.5, while 19 spectroscopic redshifts obtained with the
NTT-EFOCS2 instrument are reported in the Planck catalogue.

Confirmation from SDSS galaxy catalogues. The firm confirma-
tion of the candidates was done through the follow-up obser-
vations for confirmation and measurement of their redshift as
detailed above. However in the case of the Planck candidates
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Fig. 21. Distribution of the Planck SZ candidates across the sky. Blue symbols represent the class1 candidate clusters and red the class2 candi-
dates. The open symbols stand for the class3 low-reliability SZ sources.

falling in the SDSS footprint we also used the SDSS galaxy cat-
alogues to search, as presented in Sect. 4.1.2, for galaxy over-
densities associated with Planck SZ detections. This provides us
with an estimate of the photometric redshifts, and in some cases
we could retrieve spectroscopic redshifts for the BCG as well.

In this process, the major uncertainty in the associa-
tions of Planck SZ detections with galaxy overdensities is
due to chance associations with low-richness systems or
associations with diffuse concentrations of galaxies in the
SDSS data. The XMM-Newton confirmation programmes (see
Planck Collaboration Int. IV 2013 for discussion) showed that
Planck candidates with SDSS counterparts were confirmed in-
cluding PLCK G193.3−46.1 at z � 0.6. However, the X-ray
analysis of the Planck detections with SDSS counterparts il-
lustrated the difficulty in distinguishing between associations of
Planck SZ signals with massive clusters and with pre-virialized
structures. In particular, in the case of extended filamentary
structures or dynamically perturbed sources, an offset between
the BCG position and the concentration barycentre is noted.

We considered the Planck SZ candidates with counterparts in
the SDSS data taking into account diagnostics such as the rich-
ness/mass estimates as well as the offsets between the SZ, the
BCG and the barycentre positions. We further used the outputs
of the search in WISE and in RASS data, and the associated im-
ages, in order to assess the significance of the galaxy overdensity
in SDSS at the position of the Planck candidates. For the Planck
SZ detections where both ancillary data and SDSS barycen-
tre/BCG positions agreed, we set that they are confirmed. We
found a total of 13 such associations for which we report the
photometric or the spectroscopic redshifts. It is worth noting
that firm confirmation of these associations is needed and needs
to be performed using either optical spectroscopic observations
or X-ray observations of the Planck SZ detections. In the cases
where the offsets between barycentre and BCG position output
by the search in SDSS data were too large, and/or when other
ancillary information was unable to discriminate between reli-
able or chance associations, we have chosen to keep the status of
candidate for the Planck SZ detection. These cases sometimes
also coincide with association of Planck detections with clusters
from the SDSS cluster catalogues, with a quality flag QSDSS = 0,
or with confusion in the association, i.e., with positions not in

agreement between counterpart and published SDSS clusters.
We provide a note for all these cases in order to indicate that
an overdensity in SDSS data was found.

Candidate new clusters. The remaining 366 Planck SZ sources,
not identified with previously known cluster nor confirmed by
follow-up observation or ancillary data, are distributed over the
whole sky (Fig. 21) and are yet to be firmly confirmed by
multi-wavelength follow-up observations. They are character-
ized by an ensemble of quality flags defined in Sects. 4.1.1, 4.1.2,
and 4.1.3 based on the systematic searches for counterparts in
the public surveys during the external validation process. We
further define an empirical Planck-internal quality flag QSZ. It
assesses the reliability of the SZ detection itself from three inde-
pendent visual inspections of the nine Planck frequency maps,
of frequency maps cleaned from Galactic emission and CMB,
and of reconstructed y-maps or y-maps produced from compo-
nent separation methods (e.g., Hurier et al. 2013; Remazeilles
et al. 2011). Moreover, we visualize the SZ spectra from the SZ-
finder algorithms and from aperture photometry measurements
at the candidate positions. Finally we correlate, at the position
of the Planck SZ candidates and within an area of 10′ radius, the
y-map to the 857 GHz channel map, as a tracer of the dust emis-
sion, and to the Planck mono-frequency CO map at 217 GHz
(Planck Collaboration XIII 2014). The qualitative flag QSZ com-
bines all this information into three values 1 to 3 from highest to
lowest reliability with the following criteria:

– QSZ = 1, i.e., high reliability: (i) Clear compact SZ source in
the SZ maps; (ii) significant measurements of the SZ decre-
ment below 217 GHz and good or reasonable detection at
353 GHz; (iii) no correlation with dust nor CO emission
and no rise of the 545 and 857 GHz fluxes on the thermal
SZ spectrum.

– QSZ = 2, i.e., good reliability: (i) visible SZ detection in
the SZ map or significant detection of the SZ signal below
217 GHz; (ii) contamination causing rise of the 545 GHz and
possibly 857 GHz flux on the SZ spectrum without a strong
correlation with dust and CO signals.

– QSZ = 3, i.e., low reliability: (i) weak SZ signal in the
y-maps and/or noisy SZ maps; (ii) weak or no SZ signal in
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the cleaned frequency maps (iii) strong correlation (≥80%)
with dust and CO emission contamination with rising fluxes
on the SZ spectrum at high frequencies, 353 GHz and above.

We combine the qualitative SZ quality flag with the informa-
tion from the search in the all-sky surveys, RASS and WISE,
for counterparts of Planck candidates in order to assess the over-
all reliability of the cluster candidates. We thus distinguish three
classes of candidates:

• class1 candidates. Highly-reliable candidates or pre-
confirmed clusters: these are the Planck SZ detections that
have a high probability of being associated with bona fide
clusters and need to fulfil high-quality criteria for SZ, RASS,
and WISE detections. We retain in this category Planck SZ
detections with high or good SZ quality flags (QSZ = 1 or 2)
and with a RASS-BSC source (not coinciding with stars) or
with (S/N)RASS ≥ 2, i.e., SZ detections with quality flag
QRASS = 1. The class1 candidates furthermore have to fulfil
a condition of high or good probability (≥80%) of being as-
sociated with an overdensity of galaxies in the WISE survey.
We find 54 class1 Planck candidates ranging from S/N
of 4.5 to 6.3, with a median S/N of 4.8. The majority of
them are detected by two methods and 25.9% of them are
detected only by one method. They are distributed as 26
and 28 QSZ = 1 and 2 candidates, respectively. These can-
didates show significant X-ray emissions with a median
(S/N)RASS � 3.7 and a mean of 4.2.
• class2 candidates. Reliable cluster candidates: they repre-

sent 170 Planck SZ detections that show good or high quality
criteria either in SZ or in RASS or in WISE without fulfilling
all of them at once. Amongst them 61 have QSZ = 1 and 109
have QSZ = 2.
• class3 candidates. Low-reliability cluster candidates: these

Planck SZ detections are the poor-quality, QSZ = 3, de-
tections. They can also be associated with good quality,
QSZ = 2, detections for which there are no good indica-
tions of the presence of an X-ray counterpart ((S/N)RASS <
0.5 and high probability of false association with FSC
sources >2.5%) or a counterpart in the WISE survey (proba-
bility of association <70%).
This class of candidates contains 142 Planck SZ detections
with 27 and 115 SZ detection of quality QSZ = 2 and 3,
respectively.

It is worth noting that this definition of the class3 Planck can-
didates is dominated by the assessment of the SZ quality com-
plemented by information from ancillary data. In doing so we
assemble in this category of candidates the SZ detections that are
either false or very low quality due to contamination. Moreover,
according to the statistical characterization from simulations,
about 200 false detections are expected. The number of false
detections could be smaller since the simulations do not repro-
duce the entire validation procedure, in particular omitting the
cleaning from obvious false detections. Figure 22 suggests that
the class3 candidates are likely to be dominated by false detec-
tions. Therefore, we would like to warn against dismissing en-
tire class3 of the catalogue as populated with false detections
as some class3 candidates may be real clusters. For this reason,
we choose not to remove these detections from the PSZ cata-
logue but rather flag them as low-reliability candidates. Careful
follow-up programmes are needed in order to separate real clus-
ters of galaxies from false detections among the class2 and
class3 objects.

In order to illustrate our classification defined in terms of re-
liability, we stack the signal in patches of 2.51◦ across, centred

at the position of the Planck clusters and candidates in the nine
channel maps of Planck, removing a mean signal estimated in
the outer regions where no SZ signal is expected (see Fig. 22
with the rows arranged from 30 GHz, upper row, to 857 GHz,
lower row). The stacked and smoothed images are displayed
for the Planck SZ detections identified with known clusters,
class1, class2 and class3 candidates, Fig. 22 from left to
right column. We clearly see the significant detection of both
the decrement and increment of the 683 Planck clusters and of
the Planck candidates of class1 and class2. For the Planck
SZ detections associated with bona fide clusters the increment is
clearly seen at 353 and 545 GHz and is detected at 857 GHz. The
smaller sample of the class1 highly reliable candidates shows,
in addition to the decrement at low frequency, a good detection
of the increment at 353 GHz. The significance of the increment
at 545 GHz is marginal and no signal is seen at 857 GHz. The
case of the class2 candidates (good reliability) shows that we
now have lower-quality SZ detections (62% of the class2 can-
didates have a good but not high SZ quality flag). This is illus-
trated by the fact that an excess emission is detected at 217 GHz,
most likely due to contamination by IR sources, and both at 545
and 857 GHz where emission from dust is dominating. As for
the stacked signal of the class3 sample of low-reliability can-
didates, it does not show any significant SZ detection across fre-
quencies, as compared to the sample of Planck detections iden-
tified with known clusters (Fig. 22, right column). This confirms
on statistical grounds the definition of the sample dominated by
definition by the low-quality SZ, QSZ = 3, detections repre-
senting 84% of the detections in this class. Not surprisingly, the
stacked signal of the class3 candidates shows a large amount of
contamination across all Planck frequencies. The low-frequency
signal is dominated by radio contamination, and/or CO emission
at 100 GHz, while the high-frequency signal is contaminated by
emission from dust or extragalactic point sources. A more quan-
titative analysis is presented in Sect. 7.1.

6.3. Summary of the external validation and redshift
assembly

The Planck catalogue of SZ sources comprises a total of 861
identified or confirmed clusters with only nine percent of them
being detected by one SZ-finder algorithm. We summarize in
Table 5 and Fig. 18 the results of the cluster identification.
Figure 23 illustrates the status of the Planck SZ detections. In
particular, 70.2% of the Planck SZ detections with S/N ≥ 4.5
have so far been associated with clusters. The fraction increases
to about 73% at S/N = 6.

We have assembled, at the date of submission, a total
of 813 redshifts for the 861 identified or confirmed Planck clus-
ters, which we provide together with the published Planck cat-
alogue. Their distribution is shown in Fig. 24. In the process
of the redshift assembly that is summarized below, especially
for the already known clusters, we have favoured homogeneity
for the sources of redshift rather than a cluster-by-cluster as-
sembly of the most accurate z measure. A large fraction of the
redshifts, 456 of them, shown as the dashed green histogram in
Fig. 24 correspond to the spectroscopic redshifts quoted in the
updated MCXC meta-catalogue (Piffaretti et al. 2011). They are
associated with the Planck clusters identified with known X-ray
clusters and they are denoted Planck-MCXC. For the Planck-
MCXC clusters without reported redshifts from the MCXC, we
have complemented the information with the available redshifts
from NED and SIMBAD. We have further quoted when avail-
able, mainly for the MACS clusters, the estimated photometric
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Fig. 22. Stacked signal in the nine Planck frequencies (30 to 857 GHz from upper to lower row). From left to right are displayed the Planck
SZ detections identified with known clusters, the class1 high-reliability Planck SZ candidates, the class2 good-reliability Planck SZ candidates,
and finally the class3 low-reliability SZ sources. The three lowest-frequency-channel images were convolved with a 10′ FWHM Gaussian kernel,
whereas the remaining six highest-frequency-channel images were smoothed with a 7′ FWHM Gaussian kernel.
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Fig. 23. Status of the Planck SZ sources. Left-hand-axis plots show the
distribution of all Planck sources (in red). The blue line represents the
known or new confirmed clusters and, among these, the clusters with
a reported redshift measurement in black. Right-hand-axis cumulative
distributions show, as a function of S/N, the fraction of known or new
confirmed clusters in blue and those with a redshift in black.

Fig. 24. Distribution of redshifts for the Planck SZ clusters (black
line). The Planck clusters associated with MCXC clusters are shown in
dashed green and the new Planck clusters are in the filled red histogram.

redshifts from SDSS cluster catalogue of Wen et al. (2012). At
the end only two Planck detections identified with MCXC clus-
ters remain without redshifts. The redshift distribution of the
Planck clusters identified with MCXC clusters mostly reflects
that of the REFLEX/NORAS catalogues at low and moderate
redshifts and the MACS clusters at higher redshifts.

For the Planck detections exclusively identified with Abell
or Zwicky clusters, we choose to report the redshifts published

in the NED and SIMBAD data bases rather than those quoted
in the native catalogues. As for the Planck detections identi-
fied with clusters from the SDSS-based catalogues, we choose
to favour homogeneity by reporting whenever possible the Wen
et al. (2012) redshifts. Furthermore, we favour when available
spectroscopic redshifts over photometric ones. The Planck de-
tections exclusively associated with ACT or SPT clusters have
published redshifts (Sifón et al. 2013; Hasselfield et al. 2013;
Reichardt et al. 2013). We select in priority the spectroscopic
ones when available. If not, we quote the photometric redshifts.

Finally, the follow-up observations for confirmation of
Planck detections started in 2010 and are still ongoing. As men-
tioned earlier our priority was to assemble the largest possible
number of confirmations and redshifts. Therefore, we did not
systematically confirm the photometric redshift estimates spec-
troscopically. We report the obtained redshifts when available. In
some cases, the new Planck clusters were confirmed from imag-
ing or pre-imaging observations and the analysis is still ongo-
ing. The spectroscopic redshifts will be updated when available.
Spectroscopic redshifts for some known clusters will also be up-
dated. A dozen Planck clusters were confirmed by a search in the
SDSS galaxy catalogues. For these clusters, only a photometric
redshift estimated by the cluster-finder algorithm of Fromenteau
et al. (in prep.) is available and is reported.

We show in Fig. 24 the distribution of redshifts of the Planck
clusters. The mean redshift of the sample is 0.25 and its median
is 0.22. One third of the Planck clusters with measured redshifts
lie above z = 0.3. The new Planck clusters probe higher redshifts
and represent 40% of the z ≥ 0.3 clusters. Their mean redshift
is 0.38 and the median is z = 0.35. At even higher redshifts,
z ≥ 0.5, the Planck catalogue contains 65 clusters including
Planck SZ clusters identified with WHL12’s clusters (Wen et al.
2012), or with clusters from ACT and SPT, or with X-ray clus-
ters. The Planck detections in this range of redshifts, 29 Planck
new clusters, almost double the number of high redshift clusters.

The Planck SZ catalogue has been followed up by the Planck
collaboration using different facilities and only a small fraction
of the Planck candidates were observed to date. A systematic
follow-up effort for the confirmation of the remaining cluster
candidates will likely reveal clusters at redshifts above 0.3. As
a matter of fact, very few new clusters were found below z = 0.2
(see Fig. 24). Such an observational programme is challenging
and will most likely be undertaken by the Planck collaboration
and by the community. It will increase further the value of the
Planck SZ catalogue as the first all-sky SZ-selected catalogue.

7. Physical properties of Planck SZ clusters

The first goal of the external validation process based on the an-
cillary multi-wavelength data is to assess the status of the Planck
SZ detections in terms of known clusters, brand new clusters
or cluster candidates. The wealth of information assembled and
used during this process also allows us to explore the proper-
ties of the Planck SZ clusters and candidates. We present in the
following some of these properties, namely the contamination
levels of the Planck SZ detections, a refined measurement of
the Compton Y parameter for the Planck clusters identified with
X-ray clusters from the MCXC, an SZ-mass estimate based on
a new proxy for all the Planck clusters with measured redshifts,
and an estimate of the X-ray flux from the RASS data for the
Planck SZ detections not included in the X-ray catalogues. This
additional information associated with the Planck clusters and
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candidates derived from the validation process is summarized in
the form of an ensemble of outputs given in Table C.1.

We further present an updated and extended study of the
SZ versus X-ray scaling relation, confirming at higher precision
the strong agreement between the SZ and X-ray measurements
(within R500) of the intra-cluster gas properties found by Planck
Collaboration XI (2011).

7.1. Point-source contamination

Galactic and extragalactic sources, emitting in the radio or in-
frared domain, are known to lie in galaxy clusters and hence are
a possible source of contamination for the SZ measurement (e.g.,
Rubiño-Martín & Sunyaev 2003; Aghanim et al. 2005; Lin et al.
2009). We address the possible contamination of the SZ flux by
bright radio sources that may affect the measured signal in the
direction of some of the Planck SZ detections. In order to do so,
we searched for known radio sources in the vicinity of the Planck
cluster candidates. In particular, we use the NVSS 1.4 GHz sur-
vey (Condon et al. 1998) and SUMMS 0.85 GHz survey (Bock
et al. 1999) to identify bright radio sources within 7′ of the
Planck cluster or candidate position. This search radius corre-
sponds to the Planck resolution at 143 GHz. We assumed a
spectral index α = −0.5 for these sources to extrapolate their
flux to the Planck frequencies. Most bright sources in NVSS
and SUMSS have steeper spectral indexes (−0.6 or −0.7), so the
value α = −0.5 provides us with an upper limit in most cases.
After convolving the radio sources by Planck’s beam, we esti-
mate the maximum amplitude in units of μK within 5′ of the
Planck position. We report only those cases where this amplitude
is above 5 μK in the 143 GHz channel and could thus contami-
nate the SZ signal. Below this value, the emission from radio
sources can be considered negligible.

We find that a total of 274 Planck clusters and candidates,
i.e., 22% of the SZ detections, are affected by such emission
from bright radio sources. These clusters or candidates are iden-
tified in the PSZ catalogue and a specific note is provided. We
find that the fraction of contaminated Planck SZ clusters iden-
tified with known X-ray, optical, or SZ clusters is also 22%.
The Planck candidate-clusters of class1 and class2 are less
contaminated by bright radio sources; only a fraction of 15%
and 17% for class1 and 2, respectively. This is due to the def-
inition of our quality criteria for SZ detection, which results in
less contamination for the high and good reliability candidates.

Another approach used to assess the contamination is based
on the stacking analysis of the Planck clusters and candidates
described in Sect. 6.2. This analysis is performed on the sam-
ple of Planck clusters identified with known clusters and on
the sample of low-reliability class3 Planck candidates. To do
so we fit a GNFW pressure profile to the signal at 100 GHz
and 143 GHz and we subtract the associated SZ signal from
the stacked maps. The residual signal is then compared with a
toy model for point sources (Fν = S rad

30 (ν/30 GHz)αrad for radio
sources) and (Fν = S IR

857(ν/857 GHz)αIR for IR point sources).
Note that the residual signal at high frequencies is a combina-
tion of possible IR sources and IR emission from Galactic dust;
the latter is not explicitly modelled in the present analysis. The
PS toy models are convolved by the beam at each frequency and
the signal is measured at a fixed aperture set to the FWHM of
the 143 GHz channel. The average signal within this aperture is
estimated for each channel before (Fig. 25, upper panel) and af-
ter (Fig. 25, lower panel) removal of the SZ signal. The black
filled circles are for Planck SZ sources associated with known
clusters and the red filled triangles stand for class3 candidates.

Fig. 25. Stacked spectrum for known clusters SZ fluxes across Planck
frequency bands. Stacked fluxes are measured in an aperture equal to
the FWHM of the 143 GHz channel (i.e., about 7′) for the known clus-
ters (black filled circles) and the low-reliability class3 candidates (red
filled triangles). The associated uncertainties correspond to the fluctua-
tion of the background outside the cluster region. The average signal is
estimated in each channel before (upper panel) and after (lower panel)
the removal of the SZ signal. The average signals expected from IR and
radio sources are shown as solid and dashed lines, respectively. Red
and black lines are for class3 and bona fide clusters, respectively. No
subtraction of an SZ signal is performed for the class3 candidates.

The average signal from the PS models is shown in Fig. 25 as
solid (IR sources) and dashed (radio sources) lines. Red and
black are for class3 and bona fide clusters, respectively. The
error bars correspond to the fluctuation of the background out-
side the cluster region. For the sample of class3 candidates no
SZ-signal removal was applied, since no significant detection is
seen at 100 GHz or 143 GHz.
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We find that the residual signal (after SZ subtraction) in the
sample of known Planck clusters is compatible with the emis-
sion from radio sources at low frequencies with (S rad

30 , αrad) =
(14.6 mJy,−1) for the known clusters. It is also compatible with
IR emission at high frequencies with a spectral index αIR = 2.5,
in agreement with the results of Planck Collaboration Int. VII
(2013) and with S IR

857 = 0.117 Jy. For class3, where no SZ sig-
nal is subtracted, it is the full signal that is compatible with the IR
emission at high frequencies, with (S IR

857, αIR) = (43.9 Jy, 2.5),
and with radio emission from point sources with (S rad

30 , αrad) =
(117.1 mJy,−0.8).

7.2. Refined measurement of Y

While the true Y500 is expected to be a low-scatter mass proxy,
this is not the case for the blind Y500. Without a cluster-size es-
timate, Y500 cannot be accurately measured. Moreover, the blind
SZ flux is biased high on average, because the size is over-
estimated on average. This effect is amplified by the non-linear
nature of the size–flux degeneracy, with a larger effect of size
over-estimation than size under-estimation. This behaviour, first
identified and discussed in Planck Collaboration VIII (2011) and
Planck and AMI Collaborations (2013), hampers the direct use
of the blind SZ fluxes as a mass proxy. As shown in Planck
Collaboration VIII (2011), this degeneracy calls for a refined
measurement of the SZ signal. In this section, we present two
ways of refining the Y measurement. Both are based on fixing
the cluster size in two cases, by setting it equal to the X-ray
estimated size or by using the redshift information when avail-
able. The outputs of the refined measurement are provided as ad-
ditional information complementary to the catalogue of Planck
SZ detections (see Appendix C and Table C.1).

7.2.1. Y at fixed X-ray size and position

As shown by Planck Collaboration VIII (2011), the size–flux de-
generacy can be broken by introducing a higher-quality estimate
of the cluster size θ500. This prior is directly provided by X-ray
observations using an X-ray mass proxy such as YX or the lumi-
nosity LX. Resorting to estimates of the cluster size from opti-
cal richness is also possible, but suffers from the large scatter in
richness-mass relation, as discussed previously.

A detailed investigation of the effects of fixing the clus-
ter size was presented in Planck Collaboration XI (2011,
Appendix A). Following this approach, and for the Planck de-
tections identified with clusters from the MCXC meta-catalogue,
we have adopted the R500 and z values reported in Piffaretti et al.
(2011) as priors to re-extract at the X-ray position the SZ sig-
nal denoted Y500,PSX assuming the Arnaud et al. (2010) pres-
sure profile (see Table C.1). The comparison between the blind
Y500 and refined Y500,PSX (Fig. 26) shows that both the scatter
and the offset are significantly reduced by the refined SZ mea-
sure. The SZ re-extraction at X-ray position and fixing the size
to the X-ray derived size provides an unbiased estimate of the
SZ signal. However, as stressed in Planck Collaboration XI
(2011, Appendix A), the MCXC cluster size derivation involves
the M500–LX,500 relation, which exhibits a non-negligible scat-
ter. This leads to a remaining systematic discrepancy between
the expected Y value from X-ray measurements and the actual
SZ flux derived from the Planck data. The use of the YX proxy
does not suffer from such an effect, but high-quality X-ray data
permitting the use of such a quantity are not available for a large
number of clusters (see Sect. 7.5 for the presentation of a sample
of Planck SZ clusters with high-quality X-ray data).

Fig. 26. Comparison of the different Y estimates for the Planck clusters
identified with MCXC clusters. In green are the blind measured Y val-
ues and in black are the refined Y500,PSX measured fixing the size and
positions to the X-ray values. Both are plotted as a function of the new
proxy Yz.

7.2.2. Y from the Y (θ)–M relation

The size–flux degeneracy can further be broken, as proposed by
(Arnaud et al., in prep.), using the M500–D2

AY500 relation itself
that relates θ500 and Y500, when z is known. Then Y500 is de-
rived from the intersection of the M500–D2

AY500 relation and the
size–flux degeneracy curve. A detailed description of the method
and the comparison of results in terms of bias and scatter can be
found in (Arnaud et al., in prep.).

The derived Y500 parameter is denoted Yz (since it in-
volves a measurement of the Compton Y signal for clusters
with measured redshift z). It is the SZ mass proxy Yz that is
equivalent to the X-ray mass proxy YX. Yz is computed for
all the 813 Planck clusters with measured redshifts. We use
Malmquist-bias-corrected scaling relation between mass and Y
given in Planck Collaboration XX (2014)

E−2/3(z)

⎡⎢⎢⎢⎢⎣
D2

A(z) Y500

10−4 Mpc2

⎤⎥⎥⎥⎥⎦ = 10−0.19

[
M500

6 × 1014 M�

]1.79

, (5)

with E2(z) = Ωm(1 + z)3 + ΩΛ computed in the fiducial ΛCDM
cosmology.

In Fig. 26, the refined Y500 value, measured fixing the size
and position to the X-ray values Y500,PSX, is compared to the
blind Y as a function of the derived Yz proxy. We see that the
scatter and the offset are significantly reduced.

Under the two hypotheses of cosmology and scaling relation,
Yz provides the best estimate of Y500 for the Planck SZ clus-
ters and conversely a homogeneously-defined estimate of an
SZ-mass, X-ray calibrated, denoted MYz

500. For the ensemble of
Planck clusters with measured redshifts, the largest such sam-
ple of SZ-selected clusters, we show in Fig. 27 the distribu-
tion (black solid line) of the masses obtained from the SZ-based
mass proxy. The distribution of the SZ masses is compared
with those of the RASS clusters (dashed blue line) computed
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Fig. 27. Distribution of masses for the Planck SZ clusters, known or
new confirmed clusters (solid black line), compared to the distribution
of masses from the RASS-based cluster catalogues (dashed blue line).
The masses for the MCXC clusters are estimated from the luminosity-
mass relation. The masses for the Planck clusters are computed using
the SZ-proxy. The filled red histogram shows the distribution of the
newly-discovered Planck clusters.

from the X-ray luminosity LX,500. The mean and median masses
of the Planck clusters are 3.3 and 3.5 × 1014 M�, respectively.
The Planck SZ catalogues contains all the massive clusters of
the RASS catalogues. Interestingly, the distribution of newly-
discovered Planck clusters extends to higher masses with a me-
dian mass of 5.7 × 1014 M�. Besides providing a homogeneous
estimate of the masses from an SZ proxy for the largest SZ se-
lected sample of clusters, we show that Planck detections sig-
nificantly extend the mass range in the high-mass region up
to 1.6 × 1015 M�.

7.3. M–z distribution and comparison with other surveys

Based on the masses derived from the SZ-proxy, we illustrate
for MMF3 the M–z distribution of Planck SZ clusters detected
over 83.7% of the sky. We show in all panels of Fig. 28 the lim-
iting mass Mlim computed following Planck Collaboration XX
(2014) for three values of the completeness: 20% (solid line);
50% (dashed line); and 80% (dotted line). The upper left panel
exhibits the Planck clusters, with redshifts, detected by MMF3 at
S/N ≥ 4.5. The mass limit corresponds to the average limit
computed from the noise over the 83.7% sky fraction used by
the SZ-finder algorithm. The resulting Mlim is not representative
of the inhomogeneity of the noise across the sky (see Fig. 3).
We therefore show the limiting mass in three areas of the sky
(Fig. 3): the deep-survey area (upper right panel); the medium-
deep survey area (lower left panel); and the shallow-survey area
(lower right panel). The lines indicate the limit at which clus-
ters have C% chances to be detected (C being the completeness
value). We clearly see that whereas the average Mlim at 20%
completeness does not fully represent the SZ detections by MMF3,
the limiting masses in different survey depths are more represen-
tative of the detection process. We further note that except at low
redshifts, z < 0.3−0.4, the Planck cluster distribution exhibits

a nearly redshift-independent mass limit with a cut that varies
according to the survey depth.

It is worth examining the distribution of the Planck SZ clus-
ters in the M–z plane and comparing it to that of other cata-
logues. For illustration, we compare to an X-ray selected sam-
ple, namely REFLEX-I, on the one hand (Fig. 29, right panel
green open circles) and to the large-area SZ-selected cluster cat-
alogues by ACT (Hasselfield et al. 2013) and SPT (Reichardt
et al. 2013), on the other hand (Fig. 29, red open symbols). In
this comparison we report, for the ACT clusters (open squares),
the so-called UPP (Universal Pressure Profile) masses given in
Hasselfield et al. (2013).

The range of redshifts covered by the Planck SZ sample,
from z = 0.01 to about 1 with 67% of the clusters lying below z =
0.3, is quite complementary to the high redshift range explored
by ACT and in by SPT. For the comparison of the mass distri-
bution we take advantage of our newly-proposed SZ-mass esti-
mate, derived from Yz, which provides us with a homogeneous
definition of the masses over the whole range of Planck SZ clus-
ters with measured redshifts. The Planck clusters populate the
full redshift range and they quite nicely fill a unique space of
massive, M ≥ 5 × 1014 M�, and high redshift z ≥ 0.5 clusters,
as shown in Fig. 29. This contrasts with the SZ clusters detected
in 720 square degrees of SPT observations and those of ACT ob-
servations, which are dominated, as shown in Fig. 29 left panel,
by lower-mass higher-redshift clusters (up to z ∼ 1.3). The com-
bination of Planck and SPT/ACT catalogues samples the M–z
space in a complementary manner. Clearly the all-sky nature of
the Planck makes the most massive clusters preferentially acces-
sible to Planck whereas the highest redshift clusters, z ≥ 1, are
accessible to SPT.

Very few massive high-redshift clusters exist in the X-ray
catalogues, as seen in Fig. 29 (right panel open blue squares).
The all-sky NORAS/REFLEX catalogues (Böhringer et al.
2000, 2004) are limited to z = 0.45, a result of the (1+z)4 surface
brightness dependence of the X-ray detection limit (Fig. 29, right
panel, solid green line). The smaller-area MACS sample, based
on systematic follow-up of ROSAT bright sources (Ebeling et al.
2007), contains a dozen clusters at z ≥ 0.5. The 400SD sam-
ple (Burenin et al. 2007), based on serendipitous detections in
400 deg2 of ROSAT pointed observations, contains only two
clusters with M ≥ 5 × 1014 M� and z ≥ 0.5. Finally, only a
couple of clusters in the range M ≥ 5 × 1014 M� are found
in the XMM-Newton based serendipitous cluster samples (XCS,
Mehrtens et al. 2012; XMM-LSS, Pacaud et al. 2007; XDCP,
Fassbender et al. 2011). By contrast to an X-ray selected cluster
catalogue, the Planck detection-limit, illustrated for the medium-
deep survey zone and shown in Fig. 29 (right panel, solid black
line), has a much shallower dependence on redshift and is quasi-
redshift independent above z = 0.4. The difference in cluster se-
lection starts at redshifts z ≥ 0.2. As a result of the quasi-redshift
independent mass-selection of SZ surveys, Planck probes deeper
than the X-ray selection. This is also seen in the overall distribu-
tion of redshifts of the Planck clusters, Fig. 24.

This leaves the Planck SZ catalogue as the deepest all-sky
catalogue spanning the broadest cluster mass range from 0.1
to 1.6 × 1015 M�, and particularly adapted to the detection of
rare very massive clusters in the tail of the distribution in the
range M ≥ 5 × 1014 M� and z ≥ 0.5.

7.4. X-ray flux of the Planck clusters and candidates

For all Planck SZ detections, we estimated the unabsorbed fluxes
at Earth in the [0.1–2.4]keV band (as in the MCXC) measured
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Fig. 28. Mass limit illustrated for SZ detections by MMF3 algorithm. Upper left: average mass limit computed from the average noise over the
sky. Upper right: same for the deep survey zone corresponding to 2.7% sky coverage centred at the Ecliptic polar regions. Lower left: same
for the medium-deep survey area covering 41.3% of the sky. Lower right: same for the shallow-survey area covering 56% of the sky. In each
panel, only detections in the corresponding areas are plotted. The lines dotted, dashed and solid lines show the Planck mass limit at 80, 50
and 20% completeness, respectively.

in an aperture of five arcmin. The aperture is centred on the
Planck candidate position, except for candidates associated with
a BSC source, for which we adopt the X-ray position, since the
BSC source is very likely the counterpart (Planck Collaboration
Int. IV 2013). The conversion between the RASS count rate in
the hard band and flux is performed using an absorbed thermal
emission model with the NH value fixed to the 21 cm value.
The conversion depends weakly on temperature and redshift
and we assumed typical values of kT = 6 keV and z = 0.5.
Planck Collaboration Int. IV (2013) compared such flux esti-
mates with precise XMM-Newton fluxes measured within R500,
S 500, for candidates confirmed with the XMM-Newton follow-up
programme. These clusters lie in the range 0.1 < z < 0.9 and
the 0.3 × 10−12 < S 500 < 6 × 10−12 erg s−1 cm−2 flux range. The
RASS aperture fluxes were found to underestimate the “true”
flux by about 30%.

Figure 30 extends this comparison further to all the Planck
SZ detections identified with MCXC clusters. Piffaretti et al.
(2011) published homogenized L500 and R500 values derived
from the flux given in the original catalogues in various aper-
tures, using an iterative procedure based on the REXCESS
L500–M500 relation and gas density profile shape. We simply
computed S 500 from L500, taking into account the K-correction at
the cluster redshift, but neglecting its variation with temperature.

Although derived from ROSAT survey data as our present
flux estimate, S 500 values from the MCXC are expected to be
more accurate due to: (i) optimum choice of the X-ray cen-
tre; (ii) higher S/N detection; (iii) more sophisticated flux ex-
traction adapted to data quality and source extent (e.g., growth
curve analysis); and (iv) use of R500 rather than a fixed aperture.
Not surprisingly, the ratio between the present flux estimate and
the MCXC value decreases with increasing offset between the
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Fig. 29. Left panel: distribution in the M–z plane of the Planck clusters (filled circles) compared with the SPT clusters (open light red circles) from
Reichardt et al. (2013) and ACT catalogue (open red squares) from Hasselfield et al. (2013). Right panel: distribution in the M–z plane of the
Planck clusters (black symbols) as compared to the clusters from the REFLEX catalogue (green open circles) Böhringer et al. (2004). The black
crosses indicate the Planck clusters in the REFLEX area. The open blue squares represent clusters from the MCXC catalogue with redshifts above
z = 0.5. The green solid line shows the REFLEX detection limit whereas the black solid line shows the Planck mass limit for the medium-deep
survey zone at 20% completeness.

Fig. 30. Ratio between RASS flux, computed in an aperture of five arcmin in radius centred on the Planck position, and MCXC value for Planck
candidates identified with MCXC clusters. The fluxes are computed in the [0.1–2.4] keV band at Earth and corrected for absorption. S 500 is the flux
corresponding to the luminosity within R500 published in the MCXC catalogue. Left panel: the ratio is plotted as a function of distance between
the Planck and X-ray positions; middle panel: same, as a function of cluster redshift, for distances smaller than five arcmin; right panel: same
as middle panel, for RASS flux within R500 derived from the aperture flux, using the MCXC iterative procedure based on the L500–M500 relation
and the REXCESS gas density profile (Piffaretti et al. 2011). The red line is the median ratio in distance or redshift bins with the grey area
corresponding to ±1σ standard deviation in each bin.

Planck position and X-ray position (Fig. 30, left panel). The ra-
tio drops dramatically when the distance is larger than five ar-
cmin, i.e., when the X-ray peak lies outside the integration aper-
ture. Those are rare cases, 18 nearby clusters (z < 0.1 with a
median value of z = 0.05), for which a physical offset likely
contributes to the overall offset. When these cases are excluded,
the median ratio is 0.85 and depends on redshift (Fig. 30, mid-
dle panel); it significantly decreases with decreasing redshift be-
low z of 0.1. The median ratio is 0.65 and 0.92, with a standard
deviation of 0.10 and 0.15 dex, below and above z = 0.1, re-
spectively. This is mostly due to the choice of a fixed aperture
that becomes too small as compared to R500 at low z. If we apply
the same iterative procedure used by Piffaretti et al. (2011) to
estimate S 500 from the aperture flux, the resulting value is con-
sistent on average with the MCXC value at all redshifts (Fig. 30,

right panel). The dispersion is slightly increased. The aperture
unabsorbed fluxes are thus reliable estimates of the X-ray fluxes
above z > 0.1 on average.

Figure 31 shows the X-ray flux as function of Y500 for Planck
candidates identified with known clusters, for the confirmed new
Planck clusters and for the class1 candidates. For Planck de-
tections identified with MCXC clusters we plot the more precise
published S 500 value. All three categories of sources behave in
a similar manner in good agreement with the range of redshifts
probed by the sample. In this respect class1 candidates do not
exhibit any departure with respect to the known or confirmed
clusters. We provide the X-ray fluxes for the Planck clusters
and candidates that are not identified with MCXC clusters (see
Appendix C and Table C.1). For the Planck cluster with MCXC
identifier, we refer the reader to the RASS catalogue outputs or
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Fig. 31. X-ray unabsorbed flux versus SZ flux. For Planck SZ detec-
tions identified with MCXC clusters (open green circles), the X-ray flux
is estimated from L500. For other Planck SZ detections, the flux is de-
rived from RASS count-rate in a five-arcmin aperture (see Sect. 4.1.1).
Planck new clusters and class1 candidates are shown as open red cir-
cles and squares, respectively. The two lines corresponds to the ex-
pected L500–Y500 relation (Arnaud et al. 2010) at z = 0.01 and z = 1,
respectively.

to the homogenized MCXC meta-catalogue. The main limitation
of the aperture unabsorbed fluxes is the statistical precision on
the RASS estimate (most of the Planck SZ detections not iden-
tified with MCXC clusters have low (S/N)RASS values) and the
relatively large scatter (±30% standard deviation). For z < 0.1
clusters, and if the RASS detection is reasonably good a more
precise procedure is recommended, such as an adapted growth
curve analysis, on a case-by-case basis.

7.5. Scaling relations between SZ and X-ray quantities

A fundamental scaling relation is that between Y500 and its X-ray
analogue, YX. Introduced by Kravtsov et al. (2006), YX is the
product of Mg,500, the gas mass within R500, and TX, the spectro-
scopic temperature outside the core25. From the fact that the gas
density profile used to compute Mg,500 is derived from deprojec-
tion of the X-ray surface brightness profile, and that the X-ray
emission depends on the square of the density, the ratio of these
two quantities is

D2
A Y500

CXSZ YX
=

1
Q

〈neT 〉R500

〈ne〉R500TX
(6)

Q =

√
〈n2

eΛx(T )〉√
〈ne〉2Λx(T )

,

where the angle brackets denote volume-averaged quantities,
and Q is the emissivity-weighted clumpiness factor, which af-
fects the density profile derived from X-ray data radial bins used
to derive the density profile (Zhuravleva et al. 2013).Λx(T ) is the
temperature-dependent emissivity in the considered X-ray band.

25 Here we use the temperature measured in the [0.15–0.75] R500

aperture.

The numerical constant CXSZ = σT/(me c2 μe mp) = 1.416 ×
10−19 Mpc2 (M� keV)−1. The ratio thus depends only on the in-
ternal structure of the intra-cluster medium. Note that the con-
version of Y500/Yx into the amplitude of density/temperature
variations depends on the correlation between variations of these
thermodynamic properties, which differ between isobaric and
adiabatic cases (see Khedekar et al. 2013, for more details).

The properties of the YX–Y500 relation, in particular its vari-
ation with mass and redshift and the dispersion about the mean
relation, are important probes of the physics of cluster formation.

7.5.1. Data set

Here we extend the study of a sample of 62 clusters from the
Planck–ESZ sample with good quality XMM-Newton archive
data presented in Planck Collaboration XI (2011, hereafter
PEPXI). This study found D2

A Y500/CXSZ YX = 0.95 ± 0.03, in
a good agreement with REXCESS prediction, 0.924 ± 0.004, of
Arnaud et al. (2010).

All 62 objects in the PEPXI sample are included in the
present catalogue. We further add 40 clusters from the cata-
logue, including nine additional objects from the XMM-Newton
archival study of Planck-detected LoCuSS systems presented
by Planck Collaboration Int. III (2013), and the 31 Planck-
discovered clusters with good redshift estimates (Qz = 2) con-
firmed with the XMM-Newton (Planck Collaboration IX 2011;
Planck Collaboration Int. I 2012; Planck Collaboration Int. IV
2013). The total sample thus consists of 102 clusters.

For each object, YX and the corresponding R500 value were
estimated simultaneously by iteration about the M500–YX rela-
tion of Arnaud et al. (2010),

E2/5(z)M500 = 1014.567

[
YX

2 × 1014 M� keV

]0.561

M�. (7)

In the present study, we focus on the physical relation be-
tween Y500 and YX. While these quantities must be estimated
within the same radii, the exact value of R500 is irrelevant as
the radial dependence of the Y500/YX ratio is negligible. We
thus propagated only the measurement uncertainties on the tem-
perature and gas mass profiles, fixing the aperture to R500.
We ignored the statistical and systematic uncertainties on the
M500–Y500 relation itself26. Similarly Y500 was re-extracted at the
X-ray position with size fixed to X-ray size. Its uncertainty cor-
responds to the statistical error on the SZ signal. The results are
summarized Table 6, with the best estimate indicated in bold
face.

7.5.2. The best-fit Y500–YX relation

The Y500–YX scaling relation for the full sample is shown in
units of arcmin2 in Fig. 32. At high flux the points follow the
PEP XI relation. The slope and normalization are determined
at slightly higher precision, due to the better quality SZ data.
The derived intrinsic scatter (Table 6) is significantly smaller,
a consequence of the propagation of gas mass profile errors in
the YX error budget, which was neglected in our earlier study.

The relation levels off at around YX = 5× 10−4 arcmin2, with
a bin average deviation increasing with decreasing YX (Fig. 32

26 These must however be taken into account when using Y500 or YX as a
mass proxy, e.g., when calibrating the Y500–M500 relation from combin-
ing the M500–YX relation and the relation between Y500 and YX (or equiv-
alently M500). This calibration is extensively addressed in the Planck
Collaboration XX (2014).
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Fig. 32. Relation between the Comptonization parameters Y500, and the normalized YX parameter for a sub-sample of the present catalogue. Black
points show clusters in the Planck-ESZ sample with XMM-Newton archival data presented by Planck Collaboration XI (2011) and additional
LoCuSS clusters studied by Planck Collaboration Int. III (2013). Green points represent new Planck clusters confirmed with XMM-Newton (Planck
Collaboration IX 2011; Planck Collaboration Int. I 2012; Planck Collaboration Int. IV 2013). The red line denotes the scaling relations of Planck
Collaboration XI (2011). Left panel: relation in units of arcmin2 where Y500 is extracted using the Arnaud et al. (2010) pressure profile. The
grey area corresponds to median Y500 values in YX bins with ±σ standard deviation. Right panel: scaling relation between the intrinsic Compton
parameter, D2

AY500, and YX for the sub-sample of S/N > 7 clusters used in the cosmological analysis. The data are corrected for Malmquist bias,
and Y500 is extracted using the Planck pressure profile (see text). The black line is the best-fit power-law relation.

Table 6. The Y500–YX relation.

Power-law fit Mean ratio

Sample MB Profile N 100A α 100σlog
int 100σlog

raw Δlog Q 100σint 100σraw

PEPXI . . . . . . . . . N A10 62 −2.0 ± 1.0 0.960 ± 0.040 10.0 ± 1.0 . . . −0.022 ± 0.014 . . . . . .
ESZ . . . . . . . . . . . N A10 62 −2.2 ± 1.1 0.966 ± 0.034 7.2 ± 1.1 8.2 ± 1.0 −0.023 ± 0.011 7.3 ± 1.1 8.5
ESZ . . . . . . . . . . . Y A10 62 −3.0 ± 1.1 0.975 ± 0.035 7.1 ± 1.1 8.2 ± 1.0 −0.031 ± 0.011 7.2 ± 1.1 8.4
S/N > 7 . . . . . . . . Y A10 78 −2.4 ± 1.0 0.972 ± 0.029 6.9 ± 1.1 8.1 ± 0.9 −0.024 ± 0.010 6.9 ± 1.0 8.3
Cosmo . . . . . . . . . Y A10 71 −1.9 ± 1.1 0.990 ± 0.032 7.2 ± 1.2 8.3 ± 1.0 −0.021 ± 0.010 6.9 ± 1.0 8.3
Cosmo . . . . . . . . . Y A10+err 71 −1.9 ± 1.1 0.987 ± 0.031 6.3 ± 1.1 7.9 ± 0.9 −0.019 ± 0.010 6.5 ± 1.1 8.2
Cosmo . . . . . . . . . Y PIP-V 71 −2.6 ± 1.0 0.981 ± 0.027 6.6 ± 1.2 7.8 ± 1.0 −0.027 ± 0.010 6.6 ± 1.0 8.0

REXCESS X-ray prediction . . . . . . . . . . . . . . . . . . −0.034 ± 0.002

Notes. “MB” is the Malmquist bias correction and “Profile” is the shape used in Y500 extraction. Parameters are given for the fit Y500/Yp =
A (YX/Yp)α using BCES orthogonal regression with pivot Yp = 10−4Mpc2, along with the intrinsic and raw scatter around the best-fit relation. The
mean ratio is Δlog Q = log(Y500/YX), with corresponding intrinsic and raw scatter. Scatters are error-weighted values. The best estimate is in bold
type. The REXCESS prediction is from Arnaud et al. (2010).

left panel). This is an indication of Malmquist bias, as noted by
Planck Collaboration Int. I (2012). Full correction of this bias
when fitting scaling relations involves drawing mock catalogues
according to the cluster mass function, to which the sample se-
lection criteria are then applied. The present sample is a small
subset of the full S/N ≥ 4.5 Planck catalogue and thus such a
procedure cannot be applied. To minimize bias effects we will
only consider high S/N detections, S/N > 7. To correct for the
residual bias, we adapted the approach proposed by Vikhlinin
et al. (2009). Before fitting the Y500–YX relation, each individual
Y value was divided by the mean bias, b, given by

ln b =
exp

(
−x2/2σ2

)

√
π/2 erfc

(
x/
√

2σ
) σ, (8)

where x = − log(Y/Ymin), Ymin being the flux threshold corre-
sponding to the S/N cut, (S/N)cut. At the location of the cluster,
Y/Ymin = (S/N)/(S/N)cut. Here σ is the log-normal dispersion
at fixed YX. We took into account both the intrinsic disper-
sion σint, estimated iteratively, and the statistical dispersion,

given by σ =
√

ln [((S/N) + 1)/(S/N)]2 + [ln 10σint]2. The cor-
rection decreases the effective Y500 values at a given YX, an ef-
fect that is larger for clusters closer to the S/N threshold; i.e.,
low-flux objects. The net effect on the scaling relation is small,
giving a 0.7σ decrease of the normalization and a slight steep-
ening of the power-law slope (Table 6).

The slope and normalization of the relation are robust to the
inclusion of newly-discovered Planck clusters. The results de-
rived from the extended sample of 78 clusters with S/N > 7
agree with those obtained for the updated ESZ-XMM sample
within 0.5σ (Table 6). They are also in agreement with the
sub-sample of 71 S/N > 7 clusters included in the cosmolog-
ical sample discussed by Planck Collaboration XX (2014). We
measured a significant intrinsic scatter of σint = 0.07 ± 0.01
dex. There is one spectacular outlier with an Y500/YX ratio nearly
twice as big as the mean. This is the Planck ESZ cluster iden-
tified with A2813 or RXC J0043.4-2037 in the REFLEX cat-
alogue, located at z = 0.29. Its high ratio is very puzzling.
It cannot result from an inaccurate redshift measurement, as
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this is based on spectroscopic data for several cluster galax-
ies (Böhringer et al. 2004). There is no evidence of a peculiar
dynamical state from the X-ray morphology, and there is no
evidence of contamination in the SZ data.

Part of the dispersion could be due to the use of an inap-
propriate fixed pressure profile in the Y500 extraction. When in-
cluding possible errors on Y500 due to dispersion around the
mean Arnaud et al. (2010) profile, the scatter is decreased to
σint = 0.06, a decrease at the 1σ level. To further assess the effect
of the choice of the pressure profile, we re-extracted the SZ sig-
nal using the Planck+XMM-Newton profile shape measured for
ESZ clusters by Planck Collaboration Int. V (2013, hereafter
PIPV). Individual profiles are used for Planck ESZ clusters, and
the mean profile is used for the other clusters. This should give
the most reliable estimate of the Y500–YX relation, since it is
based directly on measured profile shapes. In this case, the slope
and scatter remain unchanged but the normalization is slightly
decreased (at the 0.5σ level). This is a result of the more in-
flated nature of the PIPV profile as compared to the Arnaud et al.
(2010) REXCESS profile. The relation derived using PIPV pres-
sure profiles is plotted in the right-hand panel of Fig. 32 together
with the corresponding data points.

The relation does not exhibit significant evidence of variance
of the Y500/YX ratio with mass, the slope is consistent with unity,
as expected from strong self-similarity of pressure profile shape.
However, we found an intrinsic scatter about three times larger
than the results of Kay et al. (2012). Partly this is due to the
presence of outliers in our data set (as discussed above), or it
may be due to projection effects in observed data sets (Kay et al.
2012). The mean ratio is very well constrained with a precision
of 2.5%, log(Y500/YX) = −0.027±0.010. This confirms at higher
precision the strong agreement between the SZ and X-ray mea-
surements (within R500) of the intra-cluster gas properties found
by PEP XI and other studies (Andersson et al. 2011; Sifón et al.
2013; Marrone et al. 2012; Rozo et al. 2012). The ratio is consis-
tent with the X-ray prediction. In the simplest scenario of pure
density variations in an isothermal ICM at the scale of the ra-
dial bin, this suggests a low clumpiness factor. However there
are still large systematics that are discussed in Appendix D. We
can translate those into an upper limit of order 30%.

8. Summary

Planck’s all-sky coverage and broad frequency range are de-
signed to detect the SZ signal of galaxy clusters across the
sky. We provide, from the first 15.5 months of observations, the
largest ensemble of SZ-selected sources detected from an all-sky
survey. The Planck catalogue of SZ sources contains 1227 detec-
tions. This catalogue, statistically characterized in terms of com-
pleteness and statistical reliability, was validated using external
X-ray and optical/NIR data, alongside a multi-frequency follow-
up programme for confirmation. A total of 861 SZ detections
are confirmed associations with bona fide clusters, of which 178
are brand-new clusters. The remaining 366 cluster candidates are
divided into three classes according to their reliability, i.e., the
quality of evidence that they are likely to be bona fide clusters.

A total of 813 Planck clusters have measured redshifts rang-
ing from z = 0.01 to order one, with one-third of the clusters
lying above z = 0.3. The brand-new Planck clusters extend the
redshift range above z = 0.3. For all the Planck clusters with
measured redshift, a mass can be estimated from the Compton
Y measure. We provide a homogeneous mass estimate ranging
from (0.1 to 1.6) × 1015 M�. Except at low redshifts, the Planck

cluster distribution exhibits a nearly redshift-independent mass
limit and occupies a unique region in the M–z space of massive,
M ≥ 5 × 1014 M�, and high-redshift (z ≥ 0.5) clusters. Owing
to its all-sky nature, Planck detects new clusters in a region of
the mass–redshift plane that is sparsely populated by the RASS
catalogues. It detects the rarest clusters, i.e., the most massive
clusters at high redshift in the exponential tail of the cluster mass
function that are the most useful clusters for cosmological stud-
ies. With the presently confirmed Planck SZ detections, Planck
doubles the number of massive clusters above redshift 0.5, as
compared to other surveys. The Planck SZ catalogue is, and will
be for years to come, the deepest all-sky SZ catalogue spanning
the broadest cluster mass range.

The Planck SZ catalogue should motivate multi-wavelength
follow-up efforts. The confirmation of the cluster candidates
will reveal clusters at higher redshifts than the present distribu-
tion. Such follow-up efforts will further enhance the value of
the Planck SZ catalogue as the first all-sky SZ selected cata-
logue. It will serve as a reference for studies of cluster physics
(e.g., galaxy properties versus intra-cluster gas physics, dynam-
ical state, evolution, etc.). Using an extended sub-sample of
the Planck SZ clusters with high-quality XMM-Newton data,
the scaling relations between SZ and X-ray properties were re-
assessed and updated. With better-quality data and thus higher
precision, we show excellent agreement between SZ and X-ray
measurements of the intra-cluster gas properties. We have thus
derived a new up-to-date reference calibrated local relation be-
tween Y and YX.

The Planck SZ catalogue will also serve to define samples
for cosmological studies. A first step in this direction is already
taken in Planck Collaboration XX (2014), where an analysis of
the SZ cluster abundance to constrain the cosmological parame-
ters is performed using a sub-sample selected from the PSZ cat-
alogue consisting of 189 clusters detected above a S/N of 7
with measured redshifts. The value-added information derived
from the validation of the Planck SZ detections, in particular the
SZ-based mass estimate, increases even further the value of the
Planck SZ catalogue.

The combination of the Planck all-sky SZ data with near
future and planned observations of the large-scale structure by
surveys such as PAN-STARRS, LOFAR, Euclid, LSST, and
RSG/e-ROSITA will revolutionize our understanding of large-
scale structure formation and evolution.
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Appendix A: Selection of frequency channel maps

An assessment of which combination of Planck frequency
channels to use was performed using the MMF1 implementa-
tion of the matched multi-filter described in Sect. 2.2.2. The
HFI and LFI channel maps were preprocessed as described in
Sect. 2.1, with the only difference being that the point-source
mask contained, in addition, detections from the LFI channel
maps with S/N ≥ 10. Five different combinations of frequency
channels were investigated, all Planck channels (30–857 GHz),
all HFI channels plus the 70 GHz channel map from LFI
(70–857 GHz), all HFI channels (100–857 GHz), the five low-
est frequency HFI channels (100–545 GHz) and the four lowest
frequency HFI channels (100–353 GHz). For each combination
of frequency channels a catalogue of SZ sources was extracted,
resulting in five different catalogues; the only differences be-
tween them must be entirely due to the choice of channels in
the combination.

The first four of these catalogues are in good agreement in
terms of the clusters detected, with all the differences amongst
them being due to detections with S/N < 5. The (100–353 GHz)
catalogue, however, contains significantly more detections, re-
sulting in a poor agreement between it and the other catalogues
that is not limited to low S/N detections. This is interpreted as
being due to the lack of a dust-dominated channel in this com-
bination, without which it is more difficult to constrain contami-
nation due to dust emission.

In order to assess any improvement in the S/Ns of detected
clusters with the inclusion of extra data, a robust sample of reli-
able sources is required. To produce this, only clusters outside
the 65% dust mask and with S/N ≥ 8 were kept from each
combination. The differences in the S/N of the same sources de-
tected using different frequency channel combinations can then
be examined. The ratio between the S/N values of the common
detections in each combination to those of the (100–857 GHz)
combination was then found; the mean of this ratio is shown
in Table A.1. This approach clearly shows the (100–353 GHz)
combination to be considerably noisier than the other combina-
tions, which is consistent with the observations reported above.
Neither the inclusion of the LFI frequency channels or just
the 70 GHz channel brings any significant improvement in the
S/N of the clusters. Using the six HFI channel combination re-
sults in marginally better S/N than the (100–545 GHz) combi-
nation. The frequency channel combination chosen therefore is
(100–857 GHz) since this gives the highest S/N with the small-
est data-set. Reducing the S/N threshold from 8 to 6 and hence
doubling the number of SZ sources used to evaluate the mean
ratio does not change the conclusions of this analysis.

Table A.1. Effect of frequencies used in the extraction on the S/N of the
detections.

Mean ratio of detection S/N

Selection criterion 100→353
100→857

100→545
100→857

70→857
100→857

30→857
100→857

S/N ≥ 6 . . . . . . . . . . 0.86 0.99 1.00 1.00
S/N ≥ 8 . . . . . . . . . . 0.84 0.98 1.00 1.00

Notes. The set of frequencies used is specified as a range, e.g.,
100 → 353 (in GHz). For a given cluster detected in two sets of fre-
quencies, the ratio of S/N for the two detections is written as, e.g.,
(100 → 353)/(100 → 857). The improvement in the S/N of the de-
tected clusters between the 100→ 353 and 100 → 857 combinations is
clearly demonstrated, as is the lack of significant improvement when 30
or 70 GHz data are included. The improvement between the 100→ 545
and 100 → 857 combinations is smaller, in the range 1 to 2%.

Appendix B: Extract from the Planck catalogue of
SZ sources

We describe here the Planck catalogue of SZ sources deliv-
ered by the collaboration and available together with the indi-
vidual lists from all three detections methods, the union mask
used by these methods and the ensemble of notes on individual
clusters27.

The union Planck SZ catalogue contains the coordinates and
the S/N of the SZ detections and a summary of the validation
information, including external identification of the cluster and
redshifts if they are available. The external identification quoted
in the delivered product corresponds to the first identifier as de-
fined in the external validation hierarchy, namely identification
with MCXC clusters followed by Abell and Zwicky, followed
by SDSS-based catalogues, followed by SZ catalogues, followed
finally by searches in NED and SIMBAD. Due to the size–flux
degeneracy discussed in Sect. 2.3, no reference flux quantity is
outputted for the union catalogue.

The individual catalogues from the three detection methods,
MMF1, MMF3, and PwS, contain the coordinates and the S/N of the
detections, and information on the size and flux of the clusters.
The size is given in terms of θs and the flux is given in terms of
the total integrated Comptonization parameter, Y = Y5R500 . The
full information on the degeneracy between and Y is provided
in the form of the two-dimensional marginal probability distri-
bution for each cluster.

The degeneracy information is provided in this form so that
it can be combined with a model or external data to produce
tighter constraints on the parameters. For example, combining it
with an X-ray determination of the size can be done by taking a
slice through the distribution at the appropriate θs. This is what
is done in Sect. 7.2.1 and the refined measurement using X-ray
information can be found in Table C.1.

Table B.1 presents an extract of the PSZ catalogue, in terms
of the first rows of the online table and the following selected
columns:
Name: name of cluster.
RA, Dec: right ascension (J2000) and declination (J2000).
S/N: signal-to-noise ratio of the SZ detection.

27 http://www.sciops.esa.int/index.php?page=
Planck_Legacy_Archive\&project=planck
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Table B.1. Extract from the Planck catalogue of SZ sources.

Name RA Dec S/N Validation IDEXT z Comments

PSZ1 G000.08+45.15 . . . . . . . . 229.◦19790 −0.◦979280 4.60 20 RXC J1516.5−0056 0.1198 F
PSZ1 G000.42−41.84 . . . . . . . . 316.◦06990 −41.◦339730 5.99 20 RXC J2104.3−4120 0.1651 F
PSZ1 G000.77−35.67 . . . . . . . . 307.◦93571 −40.◦595198 5.30 20 RXC J2031.8−4037 0.3416 F
PSZ1 G001.00+25.71 . . . . . . . . 244.◦58411 −13.◦070074 6.04 3 . . . . . . F
PSZ1 G002.24−68.27 . . . . . . . . 349.◦60728 −36.◦278003 4.50 20 ACO S 1109 0.1400 F
PSZ1 G002.77−56.16 . . . . . . . . 334.◦65975 −38.◦880540 7.84 20 RXC J2218.6−3853 0.1411 F
PSZ1 G002.80+39.24 . . . . . . . . 234.◦99997 −3.◦292940 7.03 20 RXC J1540.1−0318 0.1533 F
PSZ1 G003.09−22.51 . . . . . . . . 292.◦16440 −35.◦711064 4.92 3 . . . . . . F

Notes. The first rows of the online table are shown. The online table contains additional columns as described in the Explanatory Supplement and
in the text.

Table C.1. Information from external validation.

Yz MYz
500 S X Y500,PSX

Name z Src [10−4 arcmin2] [1014 M�] [erg s−1 cm2] ID [10−4 arcmin2] S/NPSX

PSZ1 G000.08+45.15 . . . . . 0.1198 (1) 12.35+3.43
−3.33 3.10+0.45

−0.50 . . . RXC J1516.5−0056, A2051 12.43 4.34

PSZ1 G000.42−41.84 . . . . . 0.1651 (1) 14.05+2.78
−2.70 4.46+0.47

−0.50 . . . RXC J2104.3−4120, A3739 14.35 6.18

PSZ1 G000.77−35.67 . . . . . 0.3416 (1) 9.14+1.98
−1.93 6.20+0.72

−0.77 . . . RXC J2031.8−4037 7.89 4.37

PSZ1 G001.00+25.71 . . . . . . . . (−1) . . . . . . ≤1.35 × 10−12 . . . . . . . . .

PSZ1 G002.24−68.27 . . . . . 0.1400 (2) 7.43+2.71
−2.61 2.69+0.51

−0.58 (1.74 ± 0.65) × 10−12 ACO S 1109 . . . . . .

PSZ1 G002.77−56.16 . . . . . 0.1411 (1) 18.29+2.92
−2.85 4.49+0.39

−0.41 . . . RXC J2218.6−3853, A3856 15.09 6.56

PSZ1 G002.80+39.24 . . . . . 0.1533 (1) 26.14+4.68
−4.53 5.91+0.57

−0.60 . . . RXC J1540.1−0318, A2104 22.13 6.41

PSZ1 G003.09−22.51 . . . . . . . . (−1) . . . . . . ≤− 0.07 × 10−12 . . . . . . . . .

Notes. The “Src” for the cluster redshift is a code expanded in the readme file. Yz is the SZ signal with asymmetric errors, computed within R500.
MYz

500 is the derived mass with asymmetric errors. S X is the unabsorbed X-ray flux measured in an aperture of 5′ in the band [0.1–2.4] keV. The
aperture is centred on the Planck position, except for candidates associated with a BSC source, for which we adopt the X-ray position. For sources
with (S/N)RASS < 1σ, we quote an upper limit. “ID” gives other names for previously-known clusters. Y500,PSX is the SZ signal re-extracted after
fixing size and position to the values given in the MCXC X-ray catalogue, if available. S/NPSX is the associated S/N in the Planck data. The full
table and the readme file are available at http://www.sciops.esa.int/index.php?page=Planck_Legacy_Archive\&project=planck.

Validation: status of the SZ detection from external validation:
20= previously-known cluster; 10= new confirmed Planck clus-
ter; 1 = class1 candidate ; 2 = class2 candidate; 3 = class3
candidate.
IDEXT: first external identifier of the known clusters.
z: redshift of the cluster as reported from the external validation.
Comments: F= no comment; T= comment. Comments are read-
able in an external file.
The complete version of the PSZ catalogue also contains the ad-
ditional columns:
Index: index of the detection, determined by the order of the
clusters in the union catalogue and sorted into order of ascend-
ing Galactic longitude.
GLON, GLAT: Galactic coordinates.
POS_ERR: errors on the position.
Pipeline: pipeline from which information is taken; namely 1 =
MMF1; 2 = MMF3; 3 = PwS.
PIPE_DET: pipeline making the detection, with the following
order in bits: 1st = MMF1; 2nd = MMF3; 3rd = PwS.
PCCS: flag for a match with sources from the PCCS catalogue.
COSMO: flag for those clusters that are included in the sample
used for the cosmological analysis of Planck Collaboration XX
(2014).

Appendix C: Outstanding outputs from the external
validation

Based on the ancillary data used for the validation of the Planck
SZ catalogue, we provide value-added information to the Planck
SZ detections.

Namely, we provide, in addition to the first external identi-
fier, possible other common identifiers, IDs.

We report the redshift information associated with the
Planck clusters (z) and specify its source, (scr).

For clusters with measured redshifts, we compute the
SZ-proxy Yz and the mass estimate (MYz

500) and associated errors.
For the clusters identified with MCXC clusters we provide the
SZ signal, Y500,PSX, re-extracted fixing the size to the X-ray
size provided in the MCXC catalogue at the X-ray position. We
also provide the associated S/N in the Planck data. Note that
the X-ray positions used in the present study are those quoted
in the MCXC meta-catalogue. The positions reported in the
ESZ sample were taken from a sampled grid of coordinates with
a pixel size of 1.71 arcmin. Due to this sampling, the reported
MCXC positions in the ESZ sample exhibit an average offset
of 70 arcsec (less than a pixel, which varies depending on the
position of the object on the sphere).
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For Planck SZ detections not associated with a previously-
known X-ray cluster and with (S/N)RASS ≥ 1σ, we provide the
unabsorbed X-ray flux, S X (and error), measured in an aper-
ture of 5 arcmin in the band [0.1–2.4] keV. We only provide
an upper limit in the case of (S/N)RASS < 1σ, except for
three SZ detections for which RASS exposure is very low and
(S/N)RASS < −5σ. The aperture is centred on the Planck po-
sition, except for candidates associated with a BSC source for
which we adopt the X-ray position. These clusters are flagged.

Appendix D: Systematic effects on the X-ray versus
SZ scaling relation

Both X-ray and SZ measurements are likely affected by system-
atic effects linked to e.g., background estimation and subtraction
methods, calibration issues, etc. One sign of the impact of these
effects is the fact that the slope of the relation between Y500 flux
and YX/D2

A in units of arcmin2 is α = 0.91 ± 0.02, which is
significantly smaller than unity even after Malmquist bias cor-
rection. As this is not the case for the relation in physical units
(Mpc2), the observed slope cannot be due to a true physical vari-
ation in the ratio (e.g., with mass).

SZ fluxes are subject to uncertainties due to systematic dif-
ferences between measurement methods. From the comparison
between PwS and MMF photometry (Sect. 2.3), we estimate that
the net effect is typically 0.03 dex. The effect is independent
of SZ flux, thus cannot explain the shallower than expected
slope.

Uncertainties in the X-ray measurements are dominated by
temperature uncertainties due to calibration systematics. We can
investigate the magnitude of these effects by examining the re-
lation between the YX values obtained with XMM-Newton by
Planck Collaboration XI (2011, hereafter the PEP XI ESZ-XMM
sample) to those obtained with Chandra in a study of 28 clusters
from the same sample by Rozo et al. (2012; hereafter the ESZ–
Chandra sample). The Chandra values are larger, with a mean
offset of 0.02 dex. However, there is no significant evidence of
variation with YX, thus X-ray calibration issues again cannot ex-
plain the observed slope.

A further source of uncertainty in X-ray measurements con-
cerns the X-ray analysis method (e.g., due to background esti-
mation and subtraction of point sources and substructure). Rozo
et al. (2012) noted the difference between the ratio obtained with
ESZ-Chandra and ESZ-XMM samples and suggested that it
might be due to XMM-Newton data analysis issues. The PEP XI
ESZ-XMM sample was analysed by two independent methods
depending on the cluster extension in the field-of-view. Sub-
sample A consisted of 19 nearby clusters that extend beyond the
XMM-Newton field–of–view, and for which direct background
estimates are not possible, while the background for the remain-
ing 43 objects was estimated using a region external to the clus-
ter. The ESZ–Chandra sample studied by Rozo et al. (2012)
consists mostly sub-sample A objects. While systematic effects
due to background estimation are certainly more important for
sub-sample A than for sub-sample B, these effects cannot fully
explain the observed behaviour of the Y500/YX ratio. Indeed,
excluding sub-sample A clusters, the slope of the Y500–YX/D2

A
relation is α = 0.89 ± 0.04, still significantly smaller than unity.
The origin of the systematic differences between sub-sample A
and B objects is unclear.

The variation of the Y500/YX ratio with flux remains largely
unexplained. It may be due to residual Malmquist bias, in ad-
dition to a complex combination of systematic effects in SZ and

X–ray measurements. For instance, we note that higher flux clus-
ters correspond to nearby objects that have larger angular sizes.
The background estimate in both X-ray and SZ signals is subject
to larger uncertainty in this case.

The lack of a complete explanation for the observed slope of
the Y500–YX relation, and its ultimate correction, has several im-
plications. Firstly, the shallower slope in units of arcmin2 trans-
lates into an over-estimate of the dispersion about the relation
when measured in Mpc2. From the difference in intrinsic scatter
about the relation in both physical and arcmin units, we estimate
that this effect contributes at the level of about 0.01 dex to the
scatter seen in the physical Y500–YX relation.

Secondly, the Y500/YX ratio will depend on the exact sample
definition, via the range of fluxes probed. The observed slope of
α = 0.91 ± 0.02 translates into a variation of about ±0.06 dex of
the Y500/YX ratio over the range of SZ fluxes studied here. The
ESZ–Chandra objects studied by Rozo et al. (2012) lie prefer-
entially at high fluxes, with a median flux two times higher than
the PEP XI-XMM sample. For α = 0.91, this will translate into a
roughly 0.03 dex difference in the Y500/YX ratio. The Y500/YX ra-
tio found by Rozo et al. (2012), log(Y500/YX) = −0.088± 0.012,
is significantly lower than our value of −0.027±0.010. However,
it can be explained by a combination of their sample definition,
a neglect of Malmquist bias, and the aforementioned calibration
issues between XMM-Newton and Chandra.

In summary, uncertainties on the Y500/YX ratio are dom-
inated by systematic effects in both X–ray and SZ measure-
ments. This unfortunately precludes any definitive statement on
the magnitude of the gas clumpiness within R500. Follow-up of
well-defined sub-samples (e.g., above a given S/N) should help
to disentangle biases due to sample selection and measurement
of the different quantities.
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ABSTRACT

We present the all-sky Planck catalogue of Sunyaev-Zeldovich (SZ) sources detected from the 29 month full-mission data. The
catalogue (PSZ2) is the largest SZ-selected sample of galaxy clusters yet produced and the deepest all-sky catalogue of galaxy
clusters. It contains 1653 detections, of which 1203 are confirmed clusters with identified counterparts in external data-sets, and
is the first SZ-selected cluster survey containing > 103 confirmed clusters. We present a detailed analysis of the survey selection
function in terms of its completeness and statistical reliability, placing a lower limit of 83% on the purity. Using simulations, we find
that the Y5R500 estimates are robust to pressure-profile variation and beam systematics, but accurate conversion to Y500 requires.
the use of prior information on the cluster extent. We describe the multi-wavelength search for counterparts in ancillary data,
which makes use of radio, microwave, infra-red, optical and X-ray data-sets, and which places emphasis on the robustness of the
counterpart match. We discuss the physical properties of the new sample and identify a population of low-redshift X-ray under-
luminous clusters revealed by SZ selection. These objects appear in optical and SZ surveys with consistent properties for their
mass, but are almost absent from ROSAT X-ray selected samples.

Key words. cosmology: observations – galaxies: clusters: general – catalogues
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1. Introduction

This paper is one of a set associated with the 2015 Planck1

full mission data release and describes the production and
properties of the legacy catalogue of Sunyaev Zeldovich
sources (PSZ2).

In the framework of hierarchical structure formation,
peaks in the cosmological density field collapse and merge
to form gravitationally bound haloes of increasing mass
(Peebles 1980). The galaxy clusters are the most massive of
these bound structures and act as signposts for the extrema
of the cosmological density field on the relevant scales. The
evolution of galaxy cluster abundance with mass and red-
shift is thus a sensitive cosmological probe of the late-time
universe, providing unique constraints on the normalisa-
tion of the matter density fluctuations, σ8, the mean mat-
ter density, Ωm, the density and equation of state of the
dark energy field, ΩDE and w, as well as constraining some
extensions of the minimal cosmological model, such as mas-
sive neutrinos, and non-standard scenarios such as modified
gravity (see eg: Borgani & Kravtsov 2009; Allen et al. 2011).
In recent years, cluster data from the microwave through to
the X-ray have been used to constrain cosmological param-
eters (Vikhlinin et al. 2009b; Rozo et al. 2010; Hasselfield
et al. 2013; Benson et al. 2013; Planck Collaboration XX
2014; Zu et al. 2014).

Galaxy clusters are multi-component objects composed
of dark matter, which dominates the mass, stars, cold
gas and dust in galaxies, and a hot ionised intra-cluster
medium (ICM). These different components make clusters
true multi-wavelength objects. The galaxies emit in the op-
tical and infrared. The ICM, which is the majority of the
baryonic material by mass, emits in the X-rays via thermal
bremsstrahlung and line emission, and energy-boosts cos-
mic microwave background photons via inverse Compton
scattering.

This last effect, the thermal Sunyaev Zeldovich (SZ) ef-
fect (Sunyaev & Zeldovich 1970, 1980), imprints a redshift-
independent spectral distortion on the cosmic-microwave
background (CMB) photons reaching us along the line of
sight to the cluster. This results in an increase in intensity
at frequencies above 220 GHz, and a decrease in intensity at
lower frequencies. The Planck High-Frequency Instrument
(HFI) is unique in providing high-precision data for both
the increment and the decrement across the whole sky.

The utility of a cluster survey for cosmological work de-
pends on our ability to determine accurately its selection
function and to obtain unbiased measurements of cluster
mass and redshift. The first cluster surveys consisted of
galaxy overdensities identified by eye from photographic
plates (Abell 1958). The construction of large optical cata-
logues improved significantly with the data from the SDSS
(Koester et al. 2007), whose five photometric bands have
allowed robust photometric classification of red-sequence
cluster galaxies and accurate photometric redshifts to z <
0.6 across 1/4 of the sky (Hao et al. 2010; Szabo et al.
2011; Wen et al. 2009; Rykoff et al. 2014). These catalogues

1 Planck (http://www.esa.int/Planck) is a project of the
European Space Agency (ESA) with instruments provided by
two scientific consortia funded by ESA member states and led
by Principal Investigators from France and Italy, telescope re-
flectors provided through a collaboration between ESA and a
scientific consortium led and funded by Denmark, and additional
contributions from NASA (USA).

now typically contain 104−105 clusters and provide cluster
richness as an observable that correlates with mass with an
intrinsic scatter σint of about 25% (Rozo & Rykoff 2014).

Construction of X-ray cluster surveys is now a mature
activity, with several catalogues now available based on all-
sky data from the ROSAT satellite, alongside additional
catalogues of serendipitous detections from pointed obser-
vations (Ebeling et al. 1998; Böhringer et al. 2004; Reiprich
& Böhringer 2002; Ebeling et al. 2010; Piffaretti et al. 2011;
Burenin et al. 2007; Mehrtens et al. 2012). The most basic
X-ray survey observable, the X-ray luminosity L500 mea-
sured within r500

2, has been shown correlate with mass
with intrinsic scatter of about 40% (Pratt et al. 2009).
Observables with lower intrinsic scatter against mass can be
defined when pointed X-ray follow-up information is avail-
able, including the core-excised X-ray luminosity (Maughan
2007; Pratt et al. 2009) and Yx, the product of the gas mass
and the core-excised spectroscopic temperature (Kravtsov
et al. 2006; Vikhlinin et al. 2009a; Mahdavi et al. 2013).
While X-ray surveys are unique in their purity, they do
suffer from selection biases that favour low-redshift sys-
tems, due to flux limitations, and dynamically relaxed clus-
ters with an X-ray bright cooling core (Eckert et al. 2011;
Schuecker et al. 2003; Vikhlinin et al. 2009b; Chen et al.
2007).

SZ surveys offer a different window on the cluster popu-
lation: their selection function flattens towards higher red-
shifts, providing a nearly mass-limited census of the cluster
population at high redshift, where abundance is strongly
sensitive to cosmological parameters (Carlstrom et al. 2002;
Planck Collaboration XXIX 2014). The SZ survey observ-
able is the spherically integrated Comptonisation parame-
ter, Ysz, which is related to the integrated electron pressure
and hence the total thermal energy of the cluster gas. It
is also expected to correlate with mass with a low intrinsic
scatter and little dependence on the dynamical state of the
cluster (eg: da Silva et al. 2004; Kay et al. 2012; Hoekstra
et al. 2012; Planck Collaboration Int. III 2013; Sifón et al.
2013).

The spherically-integrated pressure profiles of X-ray and
SZ clusters have been observed to follow a near universal
profile with little dispersion (Arnaud et al. 2010; Planck
Collaboration Int. V 2013), permitting the detection of
clusters with a matched multi-frequency filter based on
some assumed pressure profile (Herranz et al. 2002; Melin
et al. 2006a). Samples constructed this way have well un-
derstood selection functions, though discrepancies due to
profile mismatch or contaminating infra-red emission may
still be present to some level. Large SZ surveys have only
appeared recently, with catalogues of order ∼ 102 clusters
released by the Atacama Cosmology Telescope (Hasselfield
et al. 2013), the South Pole Telescope (Reichardt et al.
2013) and Planck satellite collaborations.

This is the third all-sky catalogue produced from Planck
SZ data. The early Sunyaev-Zeldovich (ESZ) catalogue pre-
sented 189 clusters detected from 10 months of survey data
(Planck Collaboration 2011), while the PSZ1, the full-sky
catalogue assembled from the nominal mission data, pre-
sented 1227 cluster candidates detected from 15.5 months
of data (Planck Collaboration XXIX 2014). This paper

2 r500 is the cluster-centric distance within which the mean
density is 500 times the critical density of the Universe at the
cluster redshift.
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presents 1653 candidates detected from the full mission
survey of 29 months. 1203 of these have been confirmed
in ancillary data, and 1094 have redshift estimates. The
PSZ2 expands the scope and sensitivity of the SZ view of
galaxy clusters by substantially increasing the number of
lower mass clusters available for study. It is also expected to
contain many new, as yet unconfirmed, high-redshift clus-
ters. We report on the construction and characterisation
of the catalogue, presenting the survey selection functions
and a compilation of multi-wavelength ancillary informa-
tion including redshifts. We also briefly discuss the physical
properties of the sample.

This paper is organised as follows. In Sect. 2 we sum-
marise the three extraction algorithms used to build the
catalogue, focussing on the changes in the algorithms since
they were used to construct the PSZ1. In Sect. 3 we describe
the construction of the catalogue. In Sect. 4 we present the
survey selection functions (completeness and statistical re-
liability) and the complementary approaches used to esti-
mate them, while in Sect. 5 we discuss and validate the
estimation of the Ysz parameters, both blindly and when
using prior information, and we compare the consistency of
the new catalogue with the PSZ1 in Sect. 6. In Sect. 7 we
report on the search for multi-wavelength counterparts in
ancillary catalogues and follow-up observations. Finally we
present the physical properties of the sample in Sect. 8 and
conclude in Sect. 9. A full description of the available data
products is given in Appendix D

2. Extraction Algorithms

The SZ detection and parameter estimation algorithms
used to construct the PSZ2 extend and refine those used to
construct the PSZ1. In this section we recall the principles
of the three algorithms. The refinements of each algorithm
since the PSZ1 release are detailed in Appendix C. Two of
the algorithms (MMF1 and MMF3) are based on the same tech-
nique (Matched Multi-filters) but have been implemented
independently3. The third one (PwS for PowellSnakes) relies
on Bayesian inference.

2.1. Matched Multi-filters: MMF1 and MMF3

The matched filtering technique was first proposed for SZ
studies by Haehnelt & Tegmark (1996). It was subsequently
developed by Herranz et al. (2002) and Melin et al. (2006b)
for SZ cluster extraction in multifrequency data sets such
as Planck. The method was later adopted by the SPT
and ACT collaborations (Staniszewski et al. 2009; Marriage
et al. 2011).

We model the vector of map emission at each frequency
m(x), at a given position on the sky x as

m(x) = yotθs(x) + n(x) (1)

where tθs(x) is the signal vector describing the spatial dis-
tribution at each frequency of the SZ emission from a clus-
ter with angular size θs, n(x) is the total astrophysical and

3 The MMF numbers were given after the comparison of
twelve algorithms in an earlier phase of the Planck mis-
sion (Melin et al. 2012). MMF1 and MMF3 were respectively the
first and third algorithm based on Matched Multi Filters to en-
ter the comparison

instrumental noise. The ith frequency component of the sig-
nal vector is the normalized cluster profile τθs(x) (Arnaud
et al. 2010) convolved by the Planck beams bi(x) and scaled
with the characteristic frequency dependance jν(νi) of the
thermal SZ effect: tθs(x)i = jν(νi)[bi∗τθs ](x). θs is the clus-
ter scale radius, which is related to θ500 through the con-
centration parameter c500 by θ500 = c500×θs. The Matched
Multi-filter Ψθs allows us to recover an unbiased estimate
ŷo of the central Comptonization parameters yo with min-
imal variance σ2

θs
:

ŷo =

∫
d2x Ψθs

T (x) · m(x), (2)

where
Ψθs(k) = σ2

θsP
−1(k) · tθs(k), (3)

with

σθs ≡
[∫

d2k tθs

T (k) · P−1 · tθs(k)

]−1/2

, (4)

P (k) being the cross-channel power spectrum matrix of
the maps. It is effectively the noise matrix for the MMF,
because the tSZ is small compared to other astrophysical
signals, and is estimated directly from the maps.

The MMF algorithms first divide each Planck all-sky
map in 640/504 tangential maps (14.66/10 degrees on a
side) for MMF1 /MMF3 respectively. Each set of tangential
maps is filtered by Ψθs with the assumed cluster size vary-
ing from θs=0.8 to 32 arcmin. We then locate peaks in the
filtered maps above a S/N threshold of four. The locations
of the peaks give the positions of our cluster candidates.
These are then merged into a single all-sky catalogue by
merging candidates separated by less than 10 arcmin. For
MMF3, we performed a second step by creating sets of smaller
rectangular frequency maps centered on the cluster candi-
dates identified in the first step. We re-apply the MMF on
these centred tangential maps which allows a better estima-
tion of the background. During the second step, the sizes
and fluxes are estimated more precisely. This second step
is only performed for MMF3 because the overlap of the tan-
gential maps in the first step is small with compared to
MMF1and PwS.

We define the blind cluster size as the filter scale that
maximizes the S/N at the location of the cluster candidate
and the blind flux is defined as the corresponding ŷo pa-
rameter. We then define the integrated blind flux as:

Y5R500 = ŷo

∫

θ<5×θ500

drτθs(r) (5)

Each of the algorithms produces probability distribu-
tions in the (θs, Y5R500) plane for each detection, marginal-
ising over the parameters for the centre of the cluster, which
possess a Gaussian likelihood. The algorithms also return
an estimate of the radial position uncertainty, θerr from the
position likelihood.

Although the two implementations of the MMF are
quite close, they produce noticeably different catalogues be-
cause the extraction is very sensitive to the estimation of
the background (Eq. 4). Both the size adopted for the tan-
gential maps and the details of the estimation of the matrix
P (k) impact the S/N and hence which peaks are detected.

3



Planck Collaboration: Planck Legacy SZ

Table 1. Effective frequencies and Gaussian beam widths
assumed for extraction per channel. The beam widths
are the mean full-width-at-half-maximum of the FEBeCoP
Gaussian beam fits across the sky, in arcmin. The effec-
tive frequencies νeff, shown in GHz, encapsulate band-pass
effects in each channel.

Channel FWHM νeff

100 9.659 103.416
143 7.220 144.903
217 4.900 222.598
353 4.916 355.218
545 4.675 528.400
857 4.216 776.582

2.2. PowellSnakes (PwS)

PowellSnakes (PwS) is a fast, fully Bayesian, multifrequency
detection algorithm designed to identify and characterize
compact objects buried in a diffuse background as described
in Carvalho et al. (2009, 2012). PwS operates using about
2800 square patches of 14.66 degree on a side, in order to en-
sure highly redundant sky coverage. PwS detects candidate
clusters and at the same time computes the evidence ratio
and samples from the posterior distributions of the cluster
parameters. Then, it merges the sub-catalogues from each
patch map and applies criteria for acceptance or rejection of
the detection, as described in Carvalho et al. (2012). Priors
may be provided for the position, integrated flux and radius
of the clusters. For cluster detection, we apply flat priors
on the position and non-informative priors in the radius
and integrated flux, as determined using Jeffrey’s method.
PwS uses a calibration of the cross-power spectrum that
uses an iterative scheme to reduce the contamination of
the background by the SZ signal itself. This makes PwS
particularly robust to small changes in the background.

3. Catalogue Construction

The main catalogue is constructed by combining the detec-
tions made by the three methods into a union catalogue,
while merging the detections made by multiple more than
one method. Half of the detections in this union are also in
the intersection catalogue, defined as those detections made
by all three codes simultaneously. This section describes the
technical details of the construction of these catalogues.

3.1. Pipeline

The SZ catalogue construction pipeline is shown in
schematic form in Fig. 1 and largely follows the process used
to build the PSZ1. The Planck data required for the con-
struction of the catalogue comprises the HFI maps, point
source catalogues for each of the HFI channels, effective
frequencies and beam widths per HFI channel as shown in
Table 1, survey masks based on dust emission as seen in
the highest Planck channels, and the catalogue of extended
galactic cold-clump detections.

The HFI maps are pre-processed to fill areas of miss-
ing data (typically a few pixels), or areas with unusable
data, specifically bright point sources. Point sources with
S/N > 10 in any channel are masked out to a radius of
3σbeam, using a harmonic infilling algorithm. This prevents

Fig. 1. Pipeline for catalogue construction.

spurious detections caused by Fourier ringing in the filtered
maps used by the detection algorithms. As a further guard
against such spurious detections, we reject any detections
within 5σbeam of a filled point source. We have verified that
this treatment reduces spurious detections due to bright
point sources to negligible levels in simulations, while re-
ducing the effective survey area by just 1.4% of the sky.
Together with the 15% galactic dust and Magellanic cloud
mask, this defines a survey area of 83.6% of the sky.

After infilling, the three detection codes produce indi-
vidual candidate catalogues down to a threshold S/N > 4.5.
The catalogues are then merged to form a union catalogue,
using the dust and extended point source masks discussed
above to define the survey area. The merging procedure
identifies the highest S/N detection as the reference posi-
tion during the merge: any detections by other codes within
5 arcmin are identified with the reference position. The ref-
erence position and S/N are reported in the union cata-
logue.

PwS can produce a small number of high-significance
spurious detections associated with galactic dusty emission.
We apply an extra cut of PwS-only detections at S/N > 10
where the spectrum has a poor goodness-of-fit to the SZ
effect, χ2 > 16.

We also remove five PSZ2 detections that match
PSZ1 detections confirmed to be spurious by the
PSZ1 follow-up program (these were the ones that we re-
detected: there were many more confirmed spurious detec-
tions from the program).

Finally the sample is flagged to identify the various sub-
samples discussed in Sect. 3.3. The most important of these
flags is discussed in the next section.

3.2. Infra-red spurious detections

Cold compact infra-red emission, particularly that due to
galactic cold-clumps, can lead to high-significance spurious
detections. We identify these detections by searching for
7 arcmin matches with the Planck cold-clump catalogue
(C3PO), or with PCCS2 detections at both 545GHz and
857GHz. This matching radius was chosen because it is
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Fig. 2. The distribution of raw SZ detections, with deleted
infra-red flagged candidates in red and retained infra-red
flagged detections in green.

the typical size of a Planck detected cold-clump (Planck
Collaboration XXVIII 2015).

318 raw union detections match these criteria. They
tightly follow the distribution of galactic emission (see Fig.
2), such that if the 65% galactic dust mask (used for clus-
ter cosmology ) is used to define the sample instead of the
85% dust mask, the number of IR-matched raw detections
drops to 40. For the high-purity sample formed from the
intersection of all three codes, the numbers are 82 and 13
for the 85% and 65% dust masks respectively. Some high
latitude spurious candidates remain. To minimise the effect
of these probably spurious detections on the catalogue, we
delete them.

We have retained in the sample all 15 confirmed clusters
that match these criteria. These IR contaminated clusters
represent about 1.5% of the total confirmed clusters in the
PSZ2. In the catalogue, we define a flag, IR FLAG, to de-
note the retained clusters that match these criteria. They
can be expected to have heavily contaminated SZ signal.

A small fraction of the unconfirmed detections deleted
due to IR-contaminations may have been real clusters.
Assuming that optical and X-ray confirmation is unbiased
with regard to the presence of IR emission, we estimate
these deletions to bias our completeness estimates by less
than 1%.

3.3. Catalogue sub-samples

The union catalogue can be decomposed into separate sub-
samples, defined as the primary catalogues of the three in-
dividual detection codes (PwS,MMF1,MMF3), as well as into
unions and intersections thereof. The intersection subsam-
ple of candidates detected by all three algorithms can
be used as a high-reliability catalogue with less than 2%
spurious contamination outside of the galactic plane (see
Sect. 4.6).

3.3.1. The Cosmology Catalogues

We constructed two cluster catalogues for cosmology stud-
ies from the MMF3 and the intersection sub-samples respec-
tively. For these catalogues, our goal was to increase as
much as possible the number of detections while keeping
contamination negligible. A good compromise is to set the
S/N threshold to 6 and apply a 65% galactic and point
source mask as in our 2013 cosmological analysis (Planck
Collaboration XX 2014). In this earlier paper, our baseline
MMF3 cosmological sample was constructed using a thresh-
old of 7 on the 15.5 month maps, which is equivalent to 8.5
on the full mission maps. Estimations from the QA (Fig. 11)
suggest that our 2014 intersection sample should be > 99%
pure for a threshold of 6.

The MMF3 cosmological sample contains 439 detections
with 433 confirmed redshifts. The intersection cosmologi-
cal sample contains 493 detections with 479 confirmed red-
shifts. Assuming that all detections having VALIDATION
flag greater than zero are clusters, the empirical purity of
our samples are > 99.8% for MMF3 and > 99.6% for the in-
tersection. Note that the intersection sample contains more
clusters than the MMF3 sample for the same S/N threshold.
This is expected since the definition of the S/N for the in-
tersection sample is to use the highest value from the three
detection methods.

The completeness is also a crucial piece of information.
It is computed more easily with the single method cata-
logue for which the analytical error-function (ERF) approx-
imation can be used (as defined in Planck Collaboration
XXIX 2014). In Sect. 4.3 and in Planck Collaboration XXIV
(2015), we show that this analytical model is still valid for
the considered threshold. For the intersection sample, we
rely on the Monte-Carlo estimation of the completeness de-
scribed in Sect. 4.2.

These two samples are used in the cosmology analysis
of Planck Collaboration XXIV (2015). Detections that are
included in either of the cosmology samples are noted in
the main catalogue (see Appendix D).

3.4. Consistency between codes

We construct the union sample using the code with the
most significant detection to supply the reference position
and S/N. This contrasts with the PSZ1, which used a pre-
defined code ordering to select the reference position and
S/N. In this section, we demonstrate the consistency of the
detection characteristics of the codes for common detec-
tions, motivating this change in catalogue construction.

We fit the S/N relation between codes using the
Bayesian approach described by Hogg et al. (2010) for lin-
ear fits with covariant errors in both variables. We consider
the catalogue S/N values to be estimates of a true underly-
ing variable, s, with Gaussian uncertainties with standard
deviation σ = 1.

We relate the s values for two different catalogues using
a simple linear model

s2 = αs1 +A, (6)

where we assume flat priors for the intercept A, a flat prior
on the arc-tangent of the gradient α, such that p(α) ∝
1/(1 + α2). We also allow for a Gaussian intrinsic scatter
between the s values that includes any variation beyond
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Fig. 3. Comparison of the S/N estimates from the three detection codes. The dashed green curves show the best fit
relation for 0.8 correlation and the red line is the line of equality.

Table 2. Results of fits between S/N from the three detection codes, using the fitting function in equation 6. The assumed
correlation of the uncertainties of s1 and s2 was 0.8.

s1 s2 N A α σint

MMF1 MMF3 1032 −0.01 ± 0.01 1.01 ± 0.01 0.033 ± 0.001
MMF1 PwS 985 −0.02 ± 0.01 1.03 ± 0.02 0.030 ± 0.001
MMF3 PwS 1045 0.0 ± 0.01 1.01 ± 0.01 0.031 ± 0.001

the measurement uncertainty on s. This is parameterised
by σint with an uninformative prior p(σint) ∝ 1/σint.

We assume a fiducial correlation of ρcorr = 0.8 be-
tween the S/N estimates of each code pair, which is typi-
cal of the correlation between the matched-multifrequency-
filtered patches of each code. The fit results are shown in
Table 2.

The S/N estimates from the three codes are compared
in Fig. 3, which also shows the best fit relation. MMF1 pro-
duces noticeably weaker detection than the other two codes
for the 14 very strong detections at S/N > 20. Excluding
these exceptional cases from the comparison, the best-fit
relations between the S/Ns from each code show no signif-
icant deviations from equality between any of the codes.

There are a small number of highly significant outliers
in the relation between PwS and the MMF codes. These
are clusters imbedded in dusty regions where the different
recipes for the filtered patch cross-power spectrum vary sig-
nificantly and the likelihood assumptions common to all
codes break down. PwS shows outlier behaviour relative to
the other codes as its recipe is most different from the other
codes.

Fig. 4 shows the consistency of the position estimates
between the codes. The positions of MMF1 and MMF3 are
more inconsistent with one another than any other code
combination. The 67% bound on the MMF1- MMF3 separation
is 1.34 arcmin, while for MMF1- PwS it is 0.98 arcmin and for
MMF3- PwS it is 1.1 arcmin. This is consistent with the obser-
vation from the quality assessment that the PwS positions
are the most robust (Sect. 4.4).

4. Selection Function

A necessary element of any cluster sample is the selection
function that relates the detected sample to the underlying
population of objects. The selection function comprises two
complementary functions: the completeness, which defines
the probability that a given real object will be detected;

Fig. 4. Cumulative distribution of angular separation be-
tween matched detections for each possible code pair. The
vertical dashed line indicates the width of a Healpix pixel
at the Planck resolution.

and the statistical reliability, also known as purity, which
defines the probability that a given detection corresponds to
a real object. As a function of underlying object attributes,
the completeness is a function of underlying SZ observables,
θ500 and Y500. The reliability is a statistical function of de-
tection attributes and is presented as a function of detection
S/N.

4.1. Monte-Carlo Injection

The selection function is determined by the Monte-Carlo
injection of simulated clusters into both real and simulated
Planck maps. A common segment is the injection of cluster
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Fig. 5. The 910 simulated pressure profiles from the cosmo-
OWLS simulations used for cluster injection. Also shown
are the assumed extraction profile (UPP) and the best-fit
profile from a sample of 62 pressure profiles fitted using
Planck and x-ray data (PIPV, Planck Collaboration Int. V
2013).

SZ signal. The cluster signal is assumed to be spherically
symmetric and to follow a pressure profile similar to the
generalised Navarro-Frenk-White (GNFW) profile assumed
in the catalogue extraction.

To include the effects of system-on-system variation in
the pressure distribution, we draw the spherically-averaged
individual pressure profiles from a set of 910 pressure pro-
files from simulated clusters from the cosmo-OWLS simu-
lations (Le Brun et al. 2014; McCarthy et al. 2014), an ex-
tension of the OverWhelmingly Large Simulations project
(Schaye et al. 2010). These pressure profiles are empirical
in the sense that they have not been fitted using a GNFW
profile: the mean pressure is used within concentric radial
shells (after the subtraction of obvious sub-structures) and
the injected profiles are interpolated across these shells. The
simulated clusters were selected for this sample by requir-
ing that their mass be above the approximate limiting mass
for Planck at that redshift. The ensemble of simulated pro-
files are shown in Fig. 5. Each profile is normalised such
that the spherically integrated Y parameter matches the
fiducial injected (Y500,θ500) parameters for the halo. The
injected (Y500,θ500) are different for completeness and reli-
ability simulations and each is discussed below.

Effective beam variation is an important consideration
for the unresolved clusters at the intermediate and high red-
shifts of cosmological interest. The injected clusters are con-
volved with effective beams in each pixel including asym-
metry computed following Mitra et al. (2011)

4.2. Completeness

The completeness is defined as the probability that a cluster
with a given set of true values for the observables (Y500,θ500)
will be detected, given a set of selection criteria. A good
approximation to the completeness can be defined using
the assumption of Gaussianity in the detection noise. In
this case, the completeness for a particular detection code
follows the error function (ERF), parametrised by a se-

lection threshold q and the local detection noise at the
clusters radial size, σY(φ, ψ) (see the discussion in Planck
Collaboration XXIX 2014). This approach is not suited to
the union and intersection catalogues from Planck due to
the difficulty in modelling correlations between detection
codes. We determine the completeness by brute force: in-
jecting and detecting simulated clusters into the Planck sky
maps. This approach has the advantage that all algorithmic
effects are encoded into the completeness, and the effects of
systematic errors such as beam and pressure profile varia-
tion can be characterised. This approach also fully accounts
for the non-Gaussianity of the detection noise due to fore-
ground emission.

The injected (Y500,θ500) parameters are drawn from a
uniform distribution in the logarithm of each variable, en-
suring that our logarithmically spaced completeness bins
have approximately equal numbers of injected sources.

As the completeness is estimated from injection into real
data, injected sources can contribute to the detection noise.
We therefore use an injection mode, as was the case for
the PSZ1 completeness, where injected clusters are removed
from the maps used to estimate the noise statistics. We
also avoid superimposing injected clusters on top of one
another, or on top of real data detections. Together, these
ensure that the noise statistics for injected clusters are the
same as for the real detections in the map.

We release as a product the Monte-Carlo completeness
of the catalogues at thresholds stepped by 0.5 in S/N over
the range 4.5 ≤S/N≤ 10. Fig. 6 shows the completeness of
the union and intersection catalogues as functions of input
(Y500,θ500) and at representative values of θ500, for three
detection thresholds. The union and intersection catalogues
are most similar at high S/N, where they match well except
at small scales. Here the intersection catalogue follows the
lower completeness of MMF1. This is due to an extra selection
step in that code which removes spurious detections caused
by point sources. The union and the intersection catalogues
mark the upper and lower limits of the completeness values
for the sub-catalogues based on the individual codes.

The completeness of the Planck cluster catalogue is ro-
bust with respect to deviations of the real SZ profiles of
galaxy clusters from the one assumed by the algorithms for
filter construction. To demonstrate this, we compare CMC,
the Monte-Carlo completeness for the MMF3 sample, using
the cosmoOWLs profile variation prescription and effective
beam variation, to Cerf, the semi-analytic ERF complete-
ness. This comparison is shown in Fig. 7, where we show
the difference between the two estimates as a function of
Y500 and θ500 as well the individual completeness values
as functions of Y500for representative values of θ500 slices
through the 2D completeness and show the difference.

The error function is a good approximation to the MC
completeness for the cosmology sample, which uses a higher
S/N cut and a larger Galactic mask than the full survey.
The MC estimate corrects this analytic completeness by up
to 20% for large resolved clusters, where CMC is systemat-
ically less complete than the ERF expectation, primarily
due to variation in the cluster pressure profiles. For unre-
solved clusters, the drop-off in CMC is slightly wider than
the ERF expectation, reflecting variation both of pressure
profiles and of effective beams.

The impact of these changes in completeness on ex-
pected number counts and inferred cosmological param-
eters for the cosmology sample is analysed in Planck
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Collaboration XXIV (2015). The difference between the
Monte-Carlo and ERF completeness results in a change in
modelled number counts of typically ∼ 2.5% (with a max-
imum of 9%) in each redshift bin. This translates into a
0.26σ shift of the posterior peak for the implied linear fluc-
tuation amplitude,σ8.

The MC completeness is systematically lower than the
analytic approximation for the full survey. One of the causes
of this is galactic dust contamination, which is stronger in
the extra 20% of the sky included in the full survey area
relative to the cosmology sample area. This tends to reduce
the S/N of clusters on affected lines of sight.

We note that this approach ignores other potential as-
trophysical effects that could affect the completeness. Radio
emission is known to be correlated with cluster positions,
potentially ‘filling in’ the SZ decrement, though recent es-
timates suggest that this effect is typically small in Planck
data (Rodriguez-Gonzalvez et al. 2015). Departures of the
pressure distribution from spherical symmetry may also af-
fect the completeness, though this effect is only likely to
be significat for nearby and dynamically disturbed clusters
which may be large compared to the Planck beams. We
test for some of these effects through external validation of
the completeness in the next section, and explicitly through
simulation in Sect. 4.5.

Another source of bias is the presence of corre-
lated IR emission from cluster member galaxies. Planck
Collaboration XXIII (2015) show that IR point sources are
more numerous in the direction of galaxy clusters, espe-
cially at higher redshift, and contribute significantly to the
cluster SED at the Planck frequencies. Initial tests, inject-
ing clusters signal with the combined IR+tSZ spectrum of
z > 0.22 clusters observed by Planck Collaboration XXIII
(2015), suggest that this reduces the completeness for un-
resolved clusters. Future work is warranted to characterise
the evolution and scatter of this IR emission and to prop-
agate the effect on completeness through to cosmological
parameters.

4.3. External validation of the completeness

We validated our Monte-Carlo completeness calculation
and our simple analytical ERF model by using the
MCXC (Piffaretti et al. 2011) and SPT (Bleem et al. 2014)
catalogues. The Planck detection threshold passes across
the cluster distributions of these two samples. This is illus-
trated in Fig. 4 of Chamballu et al. (2012) for the MCXC.
This allows us to characterize our completeness by check-
ing if the fraction of detected clusters follows the expected
probability distribution as a function of their parameters.
For each cluster of the MCXC catalogue, we use the MMF3 al-
gorithm to extract its flux Y500 and associated error σY at
the location and for the size given in the x-ray catalogue.
We then build the quantity (Y500 − qσY)/

√
2/σY, q being

the detection threshold (here 4.5) and σY the noise of the
filtered maps. We make the corresponding histogram of this
quantity for all the clusters and for the clusters detected by
MMF3. The ratio of the two histograms is an empirical es-
timate of the completeness. Results are shown in Fig. 8
for the MCXC (left) and the SPT (right) catalogues. For
MCXC, the estimation is in good agreement with the ex-
pected simple analytical ERF model (0.5 (1 + ERF)). For
SPT, the estimated completeness is also in good agreement

Fig. 9. Cumulative distribution of angular separations be-
tween estimated and input positions. The dashed vertical
line denotes the Planck pixel size.

except for (Y500 − qσY)/
√
2/σY > 1 where it is higher than

the analytic expectation. We attribute this behaviour to the
correlation between SPT and Planck detections. The SPT
catalogue is a SZ-based, so a cluster detected by SPT will
have a higher than random probability to be detected by
Planck. This leads to an overestimation of the completeness
at the high probability end.

4.4. Position estimates

We characterise the positional recovery of the Planck de-
tections using injection into real data, including pressure
profile and beam variation. We draw input clusters from a
realistic distribution of (Y500,θ500), the same as used for the
reliability in Sect. 4.6.

Fig. 9 shows the comparative performance of the indi-
vidual detection codes, and of the reference position chosen
for the union catalogue. PwS produces the most accurate
positions, with 67% of detected positions being within 1.18
arcmin of the input position. For MMF1 and MMF3, the 67%
bound is 1.58 arcmin and 1.52 arcmin respectively. The
union and intersection accuracy follow that of the MMFs,
with 67% bounds of 1.53 arcmin. We observe that our inter-
code merging radius of 5 arcmin is conservative given the
expected position uncertainties.

4.5. Impact of cluster morphology

Clusters are known to possess asymmetric morphologies
and a wide range of dynamical states, from irregular merg-
ing clusters to regular relaxed clusters. While the complete-
ness simulations have included some morphology variations
through variation of the injected radial pressure profile, this
ignores the effects of the sub-structures and asymmetries,
which may induce detection biases for large clusters at low
redshift resolved by the Planck beams, FWHM≈ 7 arcmin.

Neither of the external samples used in Sect. 4.3 to val-
idate the completeness allow us to properly probe resolved,
irregular clusters at low-redshift. The MCXC is biased to-
wards regular clusters due to X-ray selection effects and the
Planck completeness drop-off lies substantially beneath the
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Fig. 6. Completeness of the union and intersection samples at progressively lower S/N thresholds. From left to right,
the thresholds are 8.5, 6.0 and 4.5 (the survey threshold). In the top panels, the dotted lines denote 15% completeness,
the dashed lines 50% and the solid lines 85% completeness. In the bottom panels, the union is denoted by the diamonds
with Monte-Carlo uncertainties based on binomial statistics, and the intersection is denoted by the solid lines.

SPT mass limit at low redshift, so the drop-off is not sam-
pled.

We address the effects of realistic morphology by inject-
ing into the Planck maps the raw 2D projected Compton-y
signal from a sample of hydro-dynamically simulated cos-
moOWLs clusters. The clusters were injected with a large
enough angular extent, θ500 = 20 arcmin, that they were re-
solvable in the Planck data, and with a range of Y500 that
encompassed the expected completeness drop-off. 20 can-
didate clusters were chosen from the sub-sample of cos-
moOWLS clusters selected by the mass cuts discussed in
Sect. 4.1 based on their dynamical state. The ten clusters in
the sub-sample with highest kinetic-to-thermal energy ra-
tio within θ500 constituted our disturbed sample, while the
regular sample comprised the ten clusters with the lowest
kinetic-to-thermal energy ratio within θ500. These clusters
were injected 200 times, randomly distributed across the
sky. We also created simulations injecting symmetric clus-
ters with the UPP with the same parameters and locations
as the hydro-dynamic projections. In all cases, the signals
were convolved with Gaussian beams to separate the effects
of beam asymmetries.

The completeness for regular, disturbed and UPP clus-
ters is shown for the union catalogue in the top panel of
Fig. 10. There are no significant differences between the
completeness functions for the regular and disturbed clus-
ters. Both sets of hydro-dynamic clusters show a slight
widening effect in the completeness caused by the variation
in the effective pressure profile away from the UPP assumed
for extraction (the same effect as discussed in Sect. 4.2).

Morphology has a clear impact on the estimation of clus-
ter position. The bottom panel of Fig. 10 shows the cumula-
tive distribution of angular separation between union and
input positions for the regular, disturbed and UPP clus-
ters. The disturbed clusters show a significant reduction

in positional accuracy. Part of this is physical in origin.
The clusters centres were defined here as the position of
the ’most-bound particle’, which traces the minimum of the
gravitational potential and is almost always coincident with
the brightest central galaxy. For merging clusters this posi-
tion can be significantly offset from the centre of the peak of
the SZ distribution. A matching radius of 10 arcmin, which
is used in Sect. 7, ensured correct identification of detected
and injected positions.

4.6. Reliability

The statistical reliability is the probability that a detection
with given detection characteristics is a real cluster. We de-
termine the reliability using simulations of the Planck data.
Clusters are injected following the prescription in Sect. 4.1,
except that the the clusters are injected such that cluster
masses and redshifts are drawn from a Tinker et al. (2008)
mass function and converted into the observable parame-
ters (Y500, θ500) using the Planck ESZ Y500–M500 scaling
relation (Planck Collaboration X 2011). The other com-
ponents of the simulations are taken from FFP8 simula-
tion ensemble (Planck Collaboration XII 2015). The com-
ponents include a model of galactic diffuse emission, with
thermal dust (including some emission from cold-clumps),
spinning dust, synchrotron and CO emission, and extra-
galactic emission from the far infra-red background. The
diffuse components are co-added to a set of Monte-Carlo
realisations of CMB and instrumental noise. In addition to
the cluster signal, we also inject point sources drawn from a
multi-frequency model from the Planck sky model (Planck
Collaboration XII 2015). These point sources are mock de-
tected, using completeness information from the PCCS2
(Planck Collaboration XXVI 2015), and harmonically in-
filled using the same process as for the real maps prior to
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Fig. 7. Differences between the semi-analytic and Monte-Carlo completenesses for MMF3. The left panels show the dif-
ference for the full survey over 85% of the sky with a q = 4.5 threshold. The right panels show the difference for the
MMF3 cosmology sample, covering 65% of the sky to a threshold of q = 6.0. The top panels show the differenceMC−ERF
in percent. The bottom panels compare the completenesses at particular θ500: the Monte-Carlo completeness is denoted
by diamonds and the ERF completeness by solid lines.

Fig. 8. MMF3 completeness for the PSZ2 catalogue (S/N threshold q > 4.5) determined from the MCXC (left) and SPT
(right) catalogues. This external estimate (red histogram) is in good agreement with the analytic ERF calculation (solid
blue line), except for SPT at the high probability end (see text).
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Fig. 10. Impact of cluster morphology on the complete-
ness (top panel) and position estimates (bottom panel) for
resolved clusters. The simulated clusters are all injected
with θ500 = 20′, and all curves are for the union catalogue.
Cluster morphology has no impact on the completeness,
but a significant impact on the position estimation.

SZ detection. This leaves a realistic population of resid-
ual sources in the maps. After detection, candidates that
lie within the simulated expanded source mask, or which
match with the cold-core or IR source catalogues from the
real data, have their S/N set to zero.

Fig. 11 shows the reliability as a function of S/N for
the union and intersection samples across the whole survey
area and outside the 65% galactic mask used to define the
cosmology samples. Relative to the PSZ1, the reliability
of the union has improved by 5%, the lower noise levels
have revealed more real simulated clusters than spurious
detections. As was the case with the PSZ1, the reliability
is improved significantly by removing more of the galactic
plane, where diffuse and compact galactic emission induce
extra spurious detections.

4.7. Neural network quality assessment

We supplement the simulation-based reliability assessment
with an a-posteriori assessment using an artificial neural-
network. The construction, training and validation of the
neural network is discussed fully in Aghanim et al. (2014).

Fig. 11. Cumulative reliability as a function of S/N.

The network was trained on nominal mission Planck maps,
with a training set composed of three elements: the po-
sitions of confirmed clusters in the PSZ1 as examples of
good cluster signal; the positions of PCCS IR and radio
sources as examples of point-source induced detections;
and random positions on the sky as examples of noise-
induced detections. We provide for each detection a neu-
ral network quality flag, Q NEURAL = 1−Qbad, following
the definitions in Aghanim et al. (2014), who also tested
the network on the unconfirmed detections in the PSZ1.
They showed that this flag definition separates the high
quality detections from the low quality detections, as val-
idated by the the PSZ1 external validation process, such
that Q NEURAL < 0.4 identifies low-reliability detections
with a high degree of success.

459 of the 1961 raw detections possess Q NEURAL <
0.4 and may be considered low-reliability. This sample is
highly correlated with the IR FLAG, with 294 detections in
common. After removal of IR spurious candidates identified
by the IR FLAG, as discussed in Sect. 3.2, we retain 171
detections with bad Q NEURAL, of which 28 are confirmed
clusters. This leaves 143 unconfirmed detections considered
likely to be spurious by the neural network.

The Q NEURAL flag is sensitive to IR induced spuri-
ous: detections with low Q NEURAL quality flag are clus-
tered at low galactic latitudes and at low to intermediate
S/N. This clustering is not seen for realisation-unique spu-
rious detections in the reliability simulations, which are
identifiable as noise induced. The reliability simulations
underestimate the IR spurious populations relative to the
Q NEURAL flag. Conversely, the neural network flag by
construction does not target noise-induced spurious detec-
tions: Qbad is the parameter trained to indicate IR-induced
spurious. The neural network flag also has some sensitivity
to the noise realisation and amplitude in the data: the as-
sessment is different to that applied to the nominal mission
maps in Planck Collaboration XXXVI 2015.

To place a lower limit on the catalogue reliability,
we combine the Q NEURAL information with the noise-
induced spurious detections from the reliability simulations.
For each reliability simulation realisation, we remove the
simulated IR spurious detections, which can be identified
either as induced by the FFP8 dust component, and thus
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Fig. 12. Lower limits on the catalogue reliability, esti-
mated by combining the reliability simulations with the
Q NEURAL information (see text).

present in multiple realisations, or as induced by injected
IR point sources. We replace these spurious counts with
the unconfirmed low Q NEURAL counts, smoothed so as
to remove the steps due to small number statistics.

The combined lower limit of the reliability is shown in
Fig. 12. The lower limit tracks the simulation reliability
well outside the 65% galactic dust mask. For the whole
survey region, the lower limit is typically 6% lower than
the simulation estimate, due either to over-sensitivity of
the neural network to dusty foregrounds, or shortcomings
in the FFP8 galactic dust component.

5. Parameter Estimates

The SZ survey observable is the integrated Comptonisation
parameter, Ysz . As was the case for the PSZ1, each of the
extraction codes has an associated parameter estimation
code that evaluates, for each detection, the two dimensional
posterior for the integrated Comptonisation within the ra-
dius 5R500, Y5R500, and the scale radius of the GNFW pres-
sure θS . The radius 5R500 is chosen as it provides nearly
unbiased (to within a few percent) estimates of the total
integrated Comptonisation, while being small enough that
confusion effects from nearby structures are negligible.

We provide these posteriors for each object and for each
code, and also provide Y5R500 in the union catalogue, de-
fined as the expected value of the Y5R500 marginal distri-
bution for the reference detection (the posterior from the
code that supplied the union position and S/N).

Below we also discuss the intricacies of converting the
posteriors to the widely used X-ray parameters Y500−θ500.

5.1. Y5R500 estimates

To validate the Y5R500 estimates, we apply the posterior val-
idation process introduced in Harrison et al. (2014) to the
Y5R500 marginal distributions. In brief, this process involves
simulating clusters embedded in the Planck maps and eval-
uating the Y −θ posteriors for each (detected) injected clus-
ter. For each posterior, we determine the posterior proba-
bility, ζ, bounded by the contour on which the real under-

Fig. 13. Top panel: Results of the posterior validation
for Y5R500. The histogram of the posterior probability, ζ,
bounded by the true Y5R500 parameter is almost uniformly
distributed, except for a small excess in the tails of the
posteriors, at ζ > 0.95. The histogram has been nor-
malised by the expected counts in each ζ bin. Bottom panel:
Comparison of recovered peak Y5R500 to the injected Y5R500.
The estimates are unbiased, though asymmetrically scat-
tered, with a scatter that decreases as S/N increases.

lying cluster parameters lie. If the posteriors are unbiased,
the distribution of this bounded probability should be uni-
formly distributed between zero and one.

This process allows us to include several effects that vi-
olate the assumptions of the statistical model used to esti-
mate the posteriors. Firstly, by injecting into real sky maps,
we include the non-Gaussian contributions to the noise
on the multifrequency-matched-filtered maps that come
from galactic diffuse foregrounds and residual point sources.
Secondly, we include violations of the ‘signal’ model that
come from discrepancies between the cluster pressure pro-
file and the UPP assumed for parameter estimation, and
from sky-varying and asymmetric effective beams that vary
from the constant Gaussian beams assumed for estimation.
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The clusters are injected using the process discussed in Sect.
4.1, drawing injected pressure profiles from the set of cos-
moOWLs simulated profiles.

The top panel of Fig. 13 shows the histogram of ζ for the
PwS Y5R500 marginals. The distribution is flat, except for a
small excess in the 0.95 − 1.0 bin, which indicates a small
excess of outliers beyond the 95% confidence region, in this
case 52% more than statistically expected. This suggests
the posteriors are nearly unbiased, despite the real-world
complications added to the simulations. Note that we have
considered only posteriors where the injected Y5R500 >
0.001 arcmin2, a cut that removes the population effects of
Eddington bias from consideration: we focus here on the
robustness of the underlying cluster model.

The bottom panel of Fig. 13 shows the peak recovery
from the PwS Y5R500 marginals compared to the true in-
jected values. The peak estimates are unbiased relative to
the injected parameters.

5.2. Conversion to Y500

The (Y5R500,θS) estimates can be converted into (Y500,θ500)
estimates using conversion coefficients derived from the
UPP model that was assumed for extraction. However,
when the underlying pressure distribution deviates from
this model, the conversion is no longer guaranteed to accu-
rately recover the underlying (Y500,θ500) parameters: vari-
ation of the pressure profile can induce extra scatter and
bias in the extrapolation.

We demonstrate this by applying the posterior val-
idation process to the Y500 posteriors, defined as the
Y5R500 posteriors scaled with the UPP conversion coeffi-
cient, as estimated from injected clusters whose pressure
profiles are drawn from the cosmoOWLS pressure profile
ensemble. We validate posteriors for Y500 calculated in two
ways: firstly by marginalising over the θ500 parameter, re-
ferred to in previous publications as ‘Y blind’; and secondly
by slicing the (Y500,θ500) posteriors at the true value of
θ500, equivalent to applying an accurate, externally mea-
sured delta-function radius prior.

Fig. 14 shows the bounded probability histograms for
the two Y500 posteriors and Fig. 15 shows the scatter of the
peak of the posteriors with the input values of Y500. The
marginal Y500 posteriors are poor, with histograms skewed
towards the tails of the distribution and large numbers of
> 2σ outliers. The scatter plot reveals the peak estimates to
possess a large scatter and to be systematically biased high.
In contrast, the peak p(Y500|θ500) estimates have much bet-
ter accuracy and precision and are distributed around the
input values with low scatter. The bounded probability his-
togram of p(Y500|θ500) shows that while there is a noticeable
excess of detections in the wings, the posteriors are reason-
ably robust. If the posteriors were Gaussian, the skewness
of the p(Y500|θ500) histogram towards the tails would be
consistent with an underestimate of the Gaussian standard
deviation of 21%

We therefore recommend that, to estimate Y500 accu-
rately from Planck posteriors, prior information be used
to break the (Y500,θ500) degeneracy. However, we note that
the uncertainties on such Y500 estimates will be slightly un-
derestimated.

Fig. 14. Bounded probability histograms, as in the top
panel of Fig. 13, but for the converted p(Y500) marginal
and p(Y500|θ500) sliced posteriors.

5.3. Mass and Y500 estimates using scaling priors

The key quantity which can be derived from SZ observables
is the total mass of the detected clusters within a given
overdensity (we used ∆ = 500). To calculate the mass from
Planck data it is necessary to break the size-flux degeneracy
by providing prior information, as outlined in the previous
section. We used an approach based on Arnaud et al. (in
prep.), where the prior information is an expected function
relating Y500 to θ500 that we intersect with the posterior
contours. We obtained this relation by combining the defi-
nition ofM500 (see Eq. 9 in Planck Collaboration XX 2014,
connecting M500 to θ500, for a given redshift z) with the
scaling relation Y500 −M500 found in Planck Collaboration
XX (2014). A similar approach was also used in Planck
Collaboration XXIX (2014), but in this work we use the full
posterior contours to associate errors to the mass value.

We illustrate our method in Fig. 16. At any fixed value
of θS , we study the probability distribution and derive the
Y5R500 associated to the maximum probability, i.e. the ridge
line of the contours (red continous line in Fig. 16). We also
derive the Y5R500 limits enclosing a 68% probability and
use them to define a upper and lower degeneracy curve
(dashed lines). From the intersection of these three curves
with the expected function (cyan line), we derive the MSZ

estimate and its 1σ errors, by converting Y5R500 to Y500 and
then applying the Y500 −M500 scaling relation prior at the
redshift of the counterpart.

MSZ can be viewed as the hydrostatic mass expected
for a cluster consistent with the assumed scaling relation,
at a given redshift and given the Planck(Y − θ) posterior
information. We find that this measure agrees with exter-
nal X-ray and optical data with low scatter (see Sect. 7).
For each MSZ measurement, the corresponding Y500 from
the scaling relation prior can be calculated by applying the
relation.

We underline that the errors bars calculated from this
method consider only the statistical uncertainties in the
contours, not the uncertainties on the pressure profile nor
the errors and scatter in the Y500 − M scaling relation,
and should thus be considered a lower limit to the real
uncertainties on the mass.
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Fig. 15. Scatter of the recovered estimates of Y500 with
the input Y500. Top panel : for the marginalised Y500 pos-
terior, ‘Y blind’. Bottom panel : for the sliced posterior
p(Y500|θ500), assuming an accurate radius prior.

We used the masses for the confirmation of candidate
counterparts (see Sect. 7) and we provide them, along with
their errors, in the PSZ2 catalogue for all detections with
confirmed redshift. We compared them with the masses pro-
vided in PSZ1 for the detections where the associated coun-
terpart (and thus the redshift value) has not changed in the
new release (see Appendix B). We find very good agreement
between the two values which are consistent within the er-
ror bars over the whole mass range.

In the individual catalogues, we provide for all entries
an array of masses as a function of redshift (MSZ(z)), which
we obtained by intersecting the degeneracy curves with the
expected function for different redshift values, from z = 0
to z = 1. The aim of this function is to provide a useful
tool for counterpart searches: once a candidate counterpart
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Fig. 16. Illustration of the posterior probability contours
in the Y5R500 − θs plane for a cluster detected by Planck :
the contours show the 68, 95 and 99 percent confidence
levels. The red continuous line shows the ridge line of the
contours while the dashed lines the 1-σ probability value at
each θs. The cyan line is the expected Y − θ relation at a
given redshift that we use to break the degeneracy.

Table 3. Results of fits between S/N from the PSZ1 and
PSZ2, using the fitting function in Eq. 6. The assumed cor-
relation of the uncertainties of s1 and s2 was 0.72.

s1 s2 A α σ
PSZ2 PSZ1 0.76 ± 0.08 0.72 ± 0.01 0.53 ± 0.02

is identified, it is sufficient to interpolate the MSZ(z) curve
at the counterpart redshift to estimate its mass.

6. Consistency with the PSZ1

The extra data available in the construction of the PSZ2 im-
proves the detection S/N and reduces statistical errors in
the parameter and location estimates. Here we assess the
consistency between the two catalogues, given the matching
scheme discussed in Sect. 7.1.

6.1. Signal-to-noise

We fit the relation between S/N for common PSZ1 and
PSZ2 using the the approach and model discussed in Sect.
3.4. For the PSZ1 and PSZ2, the likelihoods for s1 and
s2 have a strong covariance, as more than half of the
PSZ2 observations were used in the construction of the
PSZ1. We therefore assign a covariance of 0.72 between
the two S/N estimates, as is appropriate for Gaussian er-
rors sharing 53% of the data. As the errors are not truly
Gaussian, we allow for an intrinsic scatter between the
S/N estimates to encapsulate any un-modelled component
of the S/N fluctuation.

The consistency of the S/N estimates between the
PSZ1 and PSZ2 are shown in Fig. 17 and the best fit-
ting model in is shown in Table 3. Detections with PSZ2
S/N > 20 are affected by changes in the MMF3 S/N defi-
nition. For the PSZ1, the empirical standard deviation of
the filtered patches was used to define the S/N in this
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Fig. 17. Comparison of S/N values for common PSZ1 and
PSZ2 detections. The best fit relation is plotted in red, with
2σ scatter plotted by dashed red lines. The green dashed
line denotes the 1-1 relation.

regime, while the theoretical standard deviation of Melin
et al. (2006b) was used for lower S/N. MMF3 now uses the
theoretical standard deviation for all S/N, consistent with
the ESZ and the definitions in the other detection codes.
For this reason, the best fit model ignores detections at
S/N > 20 in either catalogue. The MMF3 S/N show a flat
improvement relative to the ESZ S/N (which was produced
solely by MMF3), consistent with the reduced noise in the
maps.

If the Compton-Y errors are entirely Gaussian in their
behaviour, we should expect the S/N to increase by 37%
between the PSZ1 and PSZ2, ie: α = 0.73. This is consistent
within 1σ with the fit, which describes the S/N behaviour
well to S/N< 20.

6.2. Position estimation

The distribution of angular separations between the
PSZ2 and PSZ1 position estimates is shown in Fig. 18.
Of the common detections, 80% of the PSZ2 positions lie
within one Planck map pixel width, 1.7 arcmin, of the
PSZ1 position. MMF3 does not allow for sub-pixel position-
ing, so if the MMF3 position was used for the union in both
the PSZ1 or PSZ2, the angular separation will be a mul-
tiple of the pixel width. This is evident in the cumulative
distribution of angular separations as discontinuities at 0,
1 and

√
2 pixel widths.

We also compare the position discrepancy between
the SZ detection and the X-ray centres from the MCXC
(Piffaretti et al. 2011).The bottom panel of Fig. 18 shows
the distributions of these angular separations for the
PSZ2 and PSZ1. The distributions are calculated from the
full MCXC match for each catalogue: the PSZ2 includes
124 new detections. The PSZ2 position estimates are clearly
closer to the X-ray centres than the PSZ1: for the PSZ1,
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Fig. 18. Top panel : Separation between PSZ2 and
PSZ1 positions for common detections. Middle panel :
Cumulative distribution of the angular separation between
PSZ1 and PSZ2 positions, with the Planck pixel width in-
dicated by a dashed vertical line. Bottom panel Cumulative
distributions of angular separation to MCXC x-ray centres,
for all PSZ1 and PSZ2 MCXC matches. The vertical dashed
line denotes the Planck Healpix pixel size.

the 67% error radius is 1.85 arcmin, while for the PSZ2 this
reduces to 1.6 arcmin.
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6.3. Missing PSZ1 detections

The PSZ1 produced 1227 union detections. While the num-
bers of detections has increased by 35% in the PSZ2 to
1653, the number of common detections is 936: 291 (23.7%)
of the PSZ1 detections disappear. The high-purity intersec-
tion sample loses 44 detections, of which 20 are lost entirely,
and 24 drop out of the intersection after one or two codes
failed to detect them. In this section, we discuss these miss-
ing detections. Table E.1 details each of the missing detec-
tions and provides an explanation for why each is missing.

The first type of missing detection are those that fall un-
der the new survey mask, due to the increase in the number
of point sources being masked. The masked areas sare pre-
processed with harmonic infilling to prevent spurious detec-
tions induced by Fourier ringing. The increase of the mask
area is driven by S/N improvements for IR sources in the
high frequency channels. While the increase in the masked
area is small (0.1% of the sky), the correlation between IR
point sources and galaxy clusters leads to a larger percent-
age of detections being masked. In the PSZ1, these detec-
tions were contaminated by point source emission, but the
emission was just beneath the point source masking thresh-
old. 21 PSZ1 union detections fall behind the new mask. Of
these, three were confirmed clusters, none received the high-
est validation quality flag of 1 (denoting probable clusters)
in the PSZ1 validation process4, four received the interme-
diate validation quality flag 2, and 14 received the lowest
validation quality flag of 3, denoting probable spurious.

The second type of missing detection is one which has a
matching detection in the full-mission data, but where the
detection was rejected either by the infra-red spurious cuts
or by PwS internal consistency cuts, both of which are dis-
cussed in Sect. 3.2. The IR cuts are responsible for cutting
33 unconfirmed PSZ1 detections, of which six were in the
intersection sample. In the PSZ1 validation process, none
of these received validation quality flag of 1, seven received
quality flag 2 and 26 received quality flag 3. These were
all S/N < 7 detections. Five detections were lost because
PwS was the only detecting code in the PSZ2 and they failed
PwS consistency criteria: two of these were confirmed clus-
ters.

The final type contains the majority (232) of the miss-
ing detections. These are low-significance detections close
to the PSZ1 threshold that have downward-fluctuated with
the full mission data and are now beneath the PSZ2 thresh-
old. This occurs for some detections despite the fact that
the S/N improves for most. The top panel of Fig. 19 shows
the PSZ1 S/N distribution of the downward-fluctuated de-
tections. These were weak detections: 87% were within 0.5σ
of the detection threshold and 82% of them were single-
code detections. While many of these may be spurious de-
tections, 81 confirmed clusters have been lost. 61 of these
were single-code detections and 70 of them were within 0.5σ
of the threshold. Based on Planck data alone, these clusters
were weak SZ detections and were likely to be Eddington
biased above the threshold in the PSZ1. We have estimated

4 The PSZ1 validation process produced three quality flags for
unconfirmed clusters. These were based on a combination of SZ
signal quality, X-ray signal in the RASS maps and IR signal in
the WISE maps. Class 1 candidates satisfied good quality in all
three measures and were high reliability candidates. Class 2 sat-
isfied at least one measure with good quality, while class 3 failed
all three measures and so were considered probably spurious.

Fig. 19. Distribution of S/N for missing nominal mission
detections lost due to downward fluctuation of the S/N
rather than because of spurious rejection cuts or changes in
the survey mask. Top panel Detections lost from the PSZ1.
Bottom panel Detections lost in simulations of the transi-
tion from the nominal to full mission.

the S/N for these lost PSZ1 detections in the full-mission
maps using PwS in a non-blind analysis at the PSZ1 po-
sitions. Fig. 20 shows the distribution of these non-blind
S/N: for most an apparently significant signal still exists
in the maps, but it is now too weak to exceed the detec-
tion threshold, typically lying between 2 < S/N < 4. The
non-blind S/N for this category is shown per detection in
Table E.1. Two detections have a non-blind S/N above the
selection threshold. For these detections, the noise level for
the non-blind analysis (centred on the PSZ1 location) was
lower than for any of the patches in the mosaic used for the
cluster detection.

To verify that this sample of missing detections is con-
sistent with the change in data, we simulated the transi-
tion from the PSZ1 to the PSZ2 using FFP8 half-mission
noise realisations to approximate the nominal mission: this
produces a pair of data-sets with appropriately correlated
noise characteristics. A common sample of clusters and
point sources were injected into the simulations and the
full pipeline was applied to construct catalogues from both
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Fig. 20.Non-blind PwS S/N for the SZ signal at the location
of missing PSZ1 detections that were not masked out or cut
for IR contamination.

simulated datasets. The simulations produced a total loss
of 353 detections, of which 24 were lost due to the expan-
sion of the point source mask, ten were lost due to changes
to the PwS spurious rejection criteria, and 319 were lost due
to downward fluctuation of the S/N beneath the detection
threshold.

The S/N distribution of the latter group is shown in the
bottom panel of Fig. 19. 75% lie within 0.5σ of the detection
threshold and 85% were single-code detections. While this
group was primarily composed of 230 spurious detections,
89 injected clusters were lost. The loss of these injected
clusters illustrates that, as a statistical process, cluster de-
tection is dependent on the realisation of the noise in the
filtered patch-maps and we should expect that substantial
numbers of confirmed but weak cluster detections will be
lost due to noise fluctuations.

These simulations over-estimate the loss-rate of nominal
mission detections. This may be due in part to unsimulated
changes in the sample selection applied to the real data.
We were unable to simulate systematic changes in the IR
spurious rejection that may, had they been incorporated,
have resulted in some spurious detections from the nominal
mission simulation being cut from the comparison.

6.4. Compton Y estimates

The Compton Y5R500 estimates from each code are com-
pared to the PSZ1 estimates in Fig. 21. The Y5R500 esti-
mates that we consider here are the mean estimates of the
Y5R500 marginal posteriors, having marginalised over the
scale radius θs.

The best fit relations between the PSZ2 and PSZ1 values
for each code are shown in Table 4. These were fit using a
similar procedure to the S/N estimates discussed in the
previous section. We assume a log-linear relation between
the estimates of the form

log
Y2
Ypiv

= A+ α log
Y1
Ypiv

, (7)

with a log-normal intrinsic scatter σint and Ypiv = 3× 10−4

arcmin2. We again assume a bivariate Gaussian likelihood
for the estimates, with a correlation of 0.72.

Fig. 21 compares the Y5R500 estimates for each of the
three detection codes. High S/N detections have more con-
sistent estimates of Y5R500. For MMF3, detections at S/N> 20
are significantly changed due to the changes in the treat-
ment of these detections discussed in Appendix C. These
points are excluded from the fit to the relation. The scatter
on the high S/N estimates is determined by the robustness
of the noise power spectrum estimation to small changes in
the data. For PwS, the high S/N estimates have particularly
low scatter, due to the robust nature of the noise estima-
tion that accounts for Compton-Y ‘noise’ contributed by
neighbouring clusters.

The low S/N detections show systematic deviations for
each of the codes. For the MMFs, these are caused by the
correction of PSZ1 Eddington bias in the PSZ2 data, which
is visible in Fig. 21 as clouds of faint points where the
Y5R500 estimate reduces in the PSZ2. The opposite is the
case for PwS estimates, where the faint detections show up-
ward deviation in the PSZ2. This is caused by a change
in the priors: for the PSZ1, PwS used a power-law prior in
Y5R500, which was replaced in the PSZ2 with the uninfor-
mative flat prior, as this produced more robust Y5R500 es-
timates in the posterior validation process discussed in the
previous section. We have confirmed that PwS behaves in
the same way as the MMFs when uninformative priors are
used for both PSZ1 and PSZ2 parameter estimates (see the
bottom right panel of Fig. 21).

To verify that the bias effects seen in Fig. 21 are within
expectations, we extracted Y5R500 estimates from the half
to full-mission transition simulations described in Sec. 6.3.
We confirm the same behaviour in these simulations as in
the real data: low S/N detections from the MMFs show
a correction of Eddington bias in the full mission while
PwS low S/N detections are affected by change from power-
law to uninformative priors in the posterior estimation and
are typically higher in the full mission.

7. Ancillary Information

7.1. Cross-match with PSZ1

We begin the search for counterparts by conducting a cross-
match with the well-validated PSZ1. All matches within 5
arcmin of a PSZ1 detection are accepted as a true match.
Both catalogues used this radius as the merging limit to
define unique detections, both in the merge of Cartesian
patch catalogues to form an all-sky catalogue and in the
formation of the union). This step produced no multiple
matches.

Several of our detections are clear matches with
PSZ1 detections at higher radii than this, so we consider
matches out to 10 arcmin, as is the case with the X-ray
and optical counterpart searches described below. This step
produced 18 potential matches, two of which were non-
unique. We apply a further condition to accept these high-
separation matches: that the PSZ2 S/N be greater than the
PSZ1 S/N and be consistent with the S/N relation deter-
mined in Sect. 6.1. For the two non-unique matches, the
nearer match was chosen both times and this match also
better fit the S/N relation.
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Fig. 21. Comparison of Y5R500 estimates from individual codes in the PSZ1 and PSZ2. The Y5R500 estimator is the mean
of the Y − θ posteriors, marginalised over θS (‘Y blind’). The circled red points denote sources with S/N > 20. The
dashed green lines show the 1− σ envelope of the best-fit relations shown in Table 4. MMF1 estimates are shown top left,
MMF3 top right. PwS estimates are shown bottom left. The bottom right panel compares PwS estimates having re-analysed
PSZ1 data using uninformative priors on Y5R500 and θS .

Table 4. Results of fits between Y5R500 from the PSZ1 and PSZ2, following Eq. 7.

Y1 Y2 A α σint

PSZ1 MMF1 PSZ2 MMF1 −0.087 ± 0.006 1.00 ± 0.02 0.083 ± 0.003
PSZ1 MMF3 PSZ2 MMF3 −0.054 ± 0.002 1.05 ± 0.01 0.054 ± 0.003
PSZ1 PwS PSZ2 PwS 0.056 ± 0.005 1.02 ± 0.01 0.068 ± 0.003

7.2. X-ray information

We use the Meta-Catalogue of X-ray detected Clusters of
galaxies (MCXC, Piffaretti et al. 2011) for the association
of Planck SZ candidates with known X-ray clusters, as
was done in Planck Collaboration XXIX (2014). MCXC is
based on the ROSAT All Sky Survey and complemented
with other serendipitous catalogues and with the Einstein
Medium Sensitivity Survey. It includes 1743 clusters
distributed over the whole sky and provides coordinates,
redshifts and X-ray luminosity measured within R500,
LX,500. The association of Planck SZ candidates with
MCXC clusters follows two steps: first a positional match-
ing between the catalogues then a verification of the
association using the Lx,500 − M500 relation (Pratt et al.

2009). In the first step, we looked for possible counterparts
of Planck SZ candidates in the MCXC within a searching
radius of 10 arcmin around the Planck position. We
found one counterpart for 537 candidates and multiple
matches for another 16 objects. In the second step, we
verified our associations by looking at their position in the
Lx,500 − M500 plane (Fig. 22). For the X-ray luminosity,
we use the Lx,500 value provided in the MCXC, while
we calculate the mass from our own data, as described
in Sect. 5. In Fig. 22, we compare our results with the
expected Lx,500 − M500 relation (Piffaretti et al. 2011):
we consider as good associations those whose position in
the Lx,500 − M500 does not differ from the expected one
by more than twice the intrinsic scatter in the relation
(σint = 0.183 Pratt et al. 2009). Based on this criterion we
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discarded the association with an MCXC cluster for two
objects, PSZ2 G086.28+ 74.76 and PSZ2 G355.22− 70.03,
both new PSZ2 detections.

We performed a further check of the candidate coun-
terparts, by studying the separation between the Planck
and the MCXC positions. Indeed, the relatively large
search radius (10 arcmin) may have led to spurious
associations, which might have escaped our selection on
the Lx,500 − M500 relation. In Fig. 23, we compare the
separation between the Planck and the MCXC positions
with two relevant angular scales: the positional uncertainty
of the Planck detections θerr (90% confidence level, pro-
vided in the catalogue) and the cluster size as quantified
by θ500

5. Ideally, one would keep as good counterparts
those systems where the angular separation is smaller than
both θ500 and θerr (lower left quadrant in Fig. 23) but this
would lead to a large number of rejected matches including
many objects in the PSZ1. Therefore, we chose a less
conservative criterion: we excluded only those associations
where the separation is larger than both θ500 and θerr
(upper right quadrant in Fig. 23). We thus allow the
separation to exceed θ500 if the MCXC counterpart falls
within the Planck accuracy (upper left quadrant) and to
exceed θerr if it is smaller than the cluster expected size
(lower right quadrant). We noticed that the most deviant
clusters in the latter case (with θ > 2θ500) are associated
with nearby clusters (z < 0.14) with θ500 > 7 arcmin,
resolved by Planck. In this phase of the analysis, we thus
discarded the three associations to PSZ2 G247.97 + 33.52,
PSZ2 G212.93 − 54.04, and PSZ2 G209.79 + 10.23 in the
upper right quadrant of Fig. 23: for these systems, the
separations between the Planck and MCXC are always
larger than 5 arcmin, which would correspond to a physical
distance of ≃ 1Mpc at the redshift of the MCXC objects
(all at z > 0.2).

We also used the position in the Lx,500 − M500 and in
the separation plane (Fig. 23) to select the most likely coun-
terparts for the objects where two or more MCXC clusters
were found within our search radius of 10 arcmin. For seven
out of 16 objects, one counterpart does not match the cri-
teria described above and we are thus left with only one
good counterpart. For six Planck detections, both MCXC
counterparts fullfill our requirements. We thus rank them
based on their distance from the Lx,500 − M500 scaling re-
lation and their separation in terms of θ500 and θerr, and
select as most likely counterpart the one with smaller values
for at least two out of three indicators. We provide details
of the other possible counterparts in the Comments file. In
two cases, the same MCXC cluster can be associated with
two Planck detections and we used the procedure described
above to select the most likely associations.

In the last step of our analysis, we checked our matching
with MCXC with the matches made in the PSZ1 catalogue:
in most cases the MCXC counterparts in the two catalogues
coincide. We examined in detail the cases where, following
our selection criteria, we would have broken the association
with the MCXC counterpart which was chosen in PSZ1.
This led to three restorations:

5 We calculated θ500 from the mass proxy M500, using the
redshift of the MCXC counterpart.

– PSZ2 G247.97+33.52 (PSZ1 index 842) association with
RXCJ0956.4 − 1004 lies in the forbidden area in the
separation plane. However, RXCJ0956.4 − 1004 (also
known as A901) is a multi-component cluster (Bösch
et al. 2013), and the PSZ2 position lies close to the po-
sition of one of the components. We thus decided to keep
the association.

– PSZ2 G302.41 + 21.60(PSZ1 index 1054) and PSZ2
G332.29− 23.57(PSZ1 index 1158) are both associated
very low-redshift clusters (RXC J1248.7−4118 and RXC
J1847.3−6320, both z < 0.015) which are marginal out-
liers in the L-M plane. However, our mass proxy esti-
mate may be less reliable for local objects due to the
large cluster extent and we thus decided to keep these
associations.

7.2.1. Comparison to L−M relation

It is interesting to note in Fig. 22 that most points lie be-
low the expected scaling relations of Pratt et al. (2009), al-
though well within the intrinsic scatter, meaning that clus-
ters in our subsample are systematically under-luminous
(by about 21%, or −0.41σint) in X-rays at a given mass. We
recall here that this subsample (intersection of PSZ2 with
MCXC) is not representative and thus cannot be quantita-
tively compared with a well defined representative sample
such as REXCESS, for which the Lx,500 − M500 was de-
rived by Pratt et al. (2009). The systematic offset observed
in Fig. 22 does not contradict the good agreement between
X-ray predictions and Planck measurements found with a
statistical approach in Planck Collaboration X (2011). It
can be explained taking into account selection effects and
the scatter in the Y − LX scaling relation: when cutting in
SZ S/N, clusters with a high SZ signal (and thus a high
mass) for a given X-ray luminosity are preferentially se-
lected. Another effect, which could also partly contribute
to the offset in Fig. 22, is the presence of a cluster popu-
lation with different X-ray properties in the PSZ2 sample
which will be discussed in Sect. 8.2.

7.3. Optical information

We benefit from a wealth of publicly available data over
the northern sky, principally thanks to the Sloan Digital
Sky Survey (SDSS, York et al. 2000) that covers most of
the northern extragalactic sky with imaging in five optical
bands (ugriz ). A number of cluster catalogues have been ex-
tracted from these data using different finding algorithms
(Koester et al. 2007; Hao et al. 2010; Wen et al. 2012).
Among these, the redMaPPer catalogue (Rykoff et al. 2014),
published since the PSZ1 release and containing many more
clusters, has proven to be the most useful for identifying
counterparts to Planck SZ sources. We also supplement
redMaPPer with other optically information.

7.3.1. RedMAPPer

The redMaPPer algorithm detects clusters by looking for
spatial over-densities of red-sequence galaxies. It provides
accurate photometric redshift estimates for all sources,
spectroscopic redshifts for the brightest central galaxy
(BCG) when available, and richness estimates. We used
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Fig. 22. Comparison of candidates associated with the
MCXC catalogue with the expected Lx,500 − M500 scaling
relation (red line). The parallel dashed lines identify the
region of the plane within 2σint from the expected scaling
relation, where σint is the logarithmic intrinsic scatter of
the relation we used. Black points are confirmed MCXC
associations, while magenta squares mark the associations
discarded by the L-M criterion. Pairs of coloured diamonds
mark the two possible counterparts for objects with multi-
ple associations.
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Fig. 23. Separation between the Planck and MCXC posi-
tions in terms of the positional uncertainty of the Planck
detection and of the cluster R500. The horizontal and ver-
tical dashed lines mark our acceptance threshold.

the proprietary redMaPPer catalogue (v5.10) provided by
the authors and containing over 400,000 objects.

In our procedure, detailed further in Bartlett et al. 2014
(in prep.), each Planck SZ source is first matched to a max-
imum of three redMaPPer clusters falling within a radius of
10 arcmin. They are subsequently ranked by richness and
labeled first-, second-, and third-ranked matches. We then
calculate the Planck mass proxy,Msz, for each SZ source at
the redshifts of its matched redMaPPer clusters. The best
redMaPPer counterpart is then selected based on cuts in an-
gular separation and richness. The angular cuts incorporate
both the Planck positional uncertainty and the physical ex-
tent of the cluster estimated from the calculated Msz.

These angular criteria alone would leave multiple pos-
sible counterparts in many cases, given the high surface
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Fig. 24. Distribution of positional matches within a 10 ar-
cmin radius in the richness-Msz plane. The red points in the
upper panel represent the highest richness match, blue the
second (when present) and green points the third-ranked
richness match (when present). The mean scaling law from
Rozo et al. (2014) is shown as the solid line, with the dashed
lines delineating the ±3σ band. In the lower panel, we show
the distribution of these points relative to the mean rela-
tion, normalized to the logarithmic scatter. The red, blue
and green histograms refer to the first-, second-, and third-
ranked matches, respectively.

density of redMaPPer clusters. Any ambiguity is efficiently
reduced by the richness cut, which is based on the existence
of a well-defined relation between richness, λ, andMsz. The
relation was established by Rozo et al. (2014) on the Planck
2013 SZ cluster catalogue and is expressed as

〈lnλ|Msz〉 = a+ α ln(
Msz

Mp
), (8)

with a = 4.572 ± 0.021, α = 0.965 ± 0.067, and Mp =
5.23 × 1014M⊙. The measured dispersion at given Msz is
σlnλ = 0.266 ± 0.017.

In Fig. 24 we compare the distribution of the first,
second-, and third-ranked redMaPPer matches in the λ −
MSZ plane to this scaling relation. The quantity ∆lnλ ≡
[ln(λ) − 〈lnλ〉]/σln λ is the deviation of measured rich-
ness from the expected mean. We see that the first-ranked
matches (in red) display a prominent peak with ±3σlnλ.
This reaffirms the existence of the scaling relation and mo-
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Fig. 25. Selection criteria for redMaPPer counterparts.
Objects are plotted following the same colour scheme as
in the previous figure, i.e., first-, second- and third-ranked
matches represented by red, blue and green symbols, re-
spectively. The bands delineate the acceptable region de-
fined by the angular criterion, and circled points indicate
objects that also satisfy the richness cut (Criterion 1).
Upper panel – Single matches within a 10 arcmin radius.
Lower panel – Double matches within a 10 arcmin radius.
Note that in both panels, only first-ranked matches appear
as good counterparts by satisfying both criteria.

tivates its use in defining the final redMaPPer counterparts
for the PSZ2.

We define the best redMaPPer counterparts with the
following cuts:

1. (θ/θerr) ≤ 1 OR (θ/θ500) ≤ 1;
2. |∆lnλ| ≤ 3;
3. When more than one object remains a possible counter-

part, we choose the highest ranked match.

The criteria on angular separation, θ, allow objects with
centres either within Planck ’s positional uncertainty or
within the estimated size of the cluster (or both). The sec-
ond criterion imposes the richness requirement based on
the scaling relation. If there remain more than one possible
counterpart satisfying these two criteria, then we choose
the one with the largest richness. These latter cases, how-
ever, deserve closer examination, in particular for potential
projection effects.

Table 5. Distribution of the 375 good counterparts.

Matches

Single Double Triple

Rank (/40) (/85) (/438)

1 . . . . . . . . . . . 17 58 0 283 8 0
2 . . . . . . . . . . . 0 6 0
3 . . . . . . . . . . . 2

One object with three possible good matches.

Fig. 25 shows the distribution of redMaPPer objects for
Planck sources with single and double matches. The dashed
lines delineate the angular cuts, while open circles identify
those objects that also satisfy the richness cut. We see that
the richness cut effectively eliminates objects that would be
accepted on angular criteria alone. For the double matches,
there are no good second-ranked redMaPPer counterparts
because only the highest richness object satisfies the rich-
ness cut.

Table 5 summarizes the distribution of the 375 counter-
parts found with the above cuts. It is grouped into sets of
columns for single-, double-, and triple-matched Planck ob-
jects. For each grouping, the total number of Planck sources
is given in parentheses in the heading. The table entries list
the number of matches in matrix format as follows: the el-
ement (i, j) of a matrix gives the number of Planck sources
with both i- and j-ranked redMaPPer counterparts; for ex-
ample, six of the 438 triple matches have a good second-
ranked counterpart only, while eight have both good first-
and second-ranked counterparts.

7.3.2. Other optical information

We perform targeted searches for counterparts within
the SDSS footprint for all Planck sources without good
redMaPPer matches by applying the redMaPPer algorithm
on a case-by-case basis. This yielded an additional 17 coun-
terparts and associated redshifts.

We add optical confirmations and redshifts from sev-
eral other sources. These include optical counterparts for
PSZ1 clusters published recently from PanSTARRs (Liu
et al. 2014) and from Planck collaboration optical follow-
up observations (Planck Collaboration et al. 2014; Planck
Collaboration Int. XXXV 2015). We also search for coun-
terparts in the NED6 database, again removing any negated
duplicate matches from the systematic searches. We com-
pared the NED redshifts for PSZ2 matches to the redshifts
from all the other ancillary catalogues we have studied.
The NED redshifts have 88% agreement with these sources
within ∆z < 0.02. We therefore caution that NED redshifts
should be considered the least reliable of our counterpart as-
signments. The NED associations are dominated by optical
associations with Abell (Abell 1958) and Northern Optical
Cluster Survey clusters (Gal et al. 2003).

Finally, we add four high-z counterparts confirmed using
SDSS data and which are discussed in Appendix A.

6 The NASA/IPAC Extragalactic Database (NED) is oper-
ated by the Jet Propulsion Laboratory, California Institute of
Technology, under contract with the National Aeronautics and
Space Administration.
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7.4. IR information

At Planck detection positions, we have searched for galaxy
overdensities in the AllWISE mid-infrared source catalogue
(Cutri et al. 2013). The AllWISE source catalogue includes
the combined cryogenic and NEOWISE (Mainzer et al.
2011) observations from the Wide-field Infrared Survey
Explorer mission (WISE; Wright et al. 2010). The data
cover the entire sky and we used the deepest bandpasses,
the 3.4 µ (W1) and 4.6 µ (W2) channels. We predicted
galaxy (W1-W2) colours from Bruzual & Charlot (2003)
stellar population models, and searched for galaxy over-
densities of the same colour in successive redshift ranges
from z=0.3 to z=1.5 (e.g. Papovich et al. 2010; Mei et al.
2012, 2014; Stanford et al. 2014). At redshift z < 0.3, the
contrast between red mid-infrared galaxies and the back-
ground is not efficient for galaxy cluster detection, so we
searched only in the fields of Planck detections already val-
idated at redshift z > 0.3, and detections not yet confirmed
or with unknown redshift.

We estimated a significance of the over-densities by
comparing the number of galaxies found in a region of co-
moving diameter of 1 Mpc, with the background galaxies
found in regions of the same area. To estimate the back-
ground density, we calculated for each redshift range both
a local background for each candidate, in a region within
15 arcmin from the Planck detection, and a master back-
ground derived from the estimators for all the Planck fields.
A substantial percentage of the Planck detections (∼ 37%)
are affected by artefacts from bright stars in the WISE data,
which compromise meaningful assessment of the galaxy
over-densities. The bulk of these are at low galactic lati-
tude (|b| < 20). This means that we do not expect to reach
a detection completeness of better of 60 − 70%.

After visual inspection of all detections, we have flagged
our detections in regions not affected by bright star arte-
facts with the following classification: 3 - Significant galaxy
overdensity detected ; 2 - Probable galaxy overdensity; 1
- Possible galaxy overdensity; 0 - No significant galaxy
overdensity. We also include these classifications for detec-
tions in regions affected by bright star artefacts: -1 Possible
galaxy overdensity; -2 - No significant galaxy overdensity;
-3 No assessment possible.

To test our classification, and evaluate our completeness
and purity, we blindly apply our automated and visual in-
spection to 100 objects: 50 confirmed z > 0.5 clusters and
50 random positions in the sky. We show the results of this
validation test in Table 6: 59% of the fields have images
with bright star artefacts, including 17% which are class
-3. In class 3 and 2, we obtain a 96% and 80% purity, re-
spectively, for the validated clusters. Given the high purity
of the class 3 detections, we classify these objects as con-
firmed infra-red clusters.

In Table 7, we show the number of WISE Planck de-
tections in each class for the 935 Planck detections with
z > 0.3 or unknown redshift. A detailed study of the WISE
detections will be published in a separate paper (Mei et al.
2015, in prep.). 73 new clusters have been confirmed (class
3 and not validated by other methods) by our WISE image
analysis. A further 54 probable new clusters are identified
(class 2 and unvalidated by other methods).

Table 6. Total, validated, and spurious detections in a
blind test of our WISE detection classification using 50 real
and 50 spurious fields.

Test Detections

Class Total Validated Spurious

3 . . . . . . . . . 24 23 1
2 . . . . . . . . . 10 8 2
1 . . . . . . . . . 3 0 3
0 . . . . . . . . . 4 0 4

−1 . . . . . . . . . 14 2 12
−2 . . . . . . . . . 28 8 20
−3 . . . . . . . . . 17 9 8

7.5. SZ information

We searched for counterparts of our Planck detections
using catalogues obtained with other SZ surveys, such
as the South Pole Telescope (SPT) and the Atacama
Cosmology Telescope (ACT), and update the list of SZ
confirmations by direct follow-up with the Arc-minute
Micro-kelvin Interferometer (AMI).

7.5.1. SPT

For SPT, we refer to the recently released catalogue
(Bleem et al. 2014), extracted from the full 2500 deg2 SZ
survey. It contains 677 SZ detections, of which 516 have
been confirmed as clusters, through optical and near-IR
observations. The catalogue contains the photometric
redshifts (spectroscopic when available) and mass estimate
of the confirmed clusters. More specifically, we chose to
use the “Fiducial Cosmology” Catalogue provided by the
SPT collaboration, to be consistent with the cosmological
parameters used in the present paper. We performed a
two step matching process as described in Sect. 7.2: a
positional match within 10 arcmin, leading to 89 single and
five double matches, which we verified by comparing our
mass estimate with the one provided in the SPT catalogue.
The mass estimates are usually consistent at better than
3σ, except for one detection, PSZ2 G249.87 − 21.65,
where they differ at 3.5σ. We note, however, that the
error bars on the Planck mass reflect only the statistical
error on the probability contours and do not consider the
uncertainties nor the intrinsic scatter in the scaling relation
used to break the degeneracy. Moreover, as discussed also
in the SPT case by Bleem et al. (2014), the use of a
fixed scaling relation and of a fiducial cosmology results
in an underestimation of the statistical and systematic
uncertainties in both datasets. Therefore, we decided to
keep the SPT counterparts for PSZ2 G249.87 − 21.65,
which is also associated in the SPT catalogue to the same
MCXC cluster (RXC J0628.8 − 4143) as in our matching.
We checked the position of the matches in the separation
plane: none of the single matches have been discarded in
this way, while in four out of five multiple matches, one
of the counterparts was excluded following this criterion.
In the remaining match, two possible counterparts are
allowed and we selected as the most likely the one with a
smaller mass difference and a smaller separation in terms
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Table 7. WISE Planck detection classification.

WISE Planck Detectionsa

Previously
Class Total % of Sample Confirmed Unconfirmed

3 . . . . . . . . . 374 40 301 73
2 . . . . . . . . . 68 7 14 54
1 . . . . . . . . . 55 6 7 48
0 . . . . . . . . . 88 9 15 73

−1 . . . . . . . . . 42 4 5 37
−2 . . . . . . . . . 97 10 15 82
−3 . . . . . . . . . 211 23 55 156

a For each WISE detection class, we show the total number of Planck detections and their percentage with respect to the 935
objects with known redshift z > 0.3 or unknown redshift, the number of previously confirmed Planck clusters and the number
of unconfirmed Planck detections.

of θ500.

We observe a systematic difference between the masses
we derived from Planck data and those provided in the
SPT catalogue. The mass is a derived quantity which re-
quires scaling information to be assumed before it can be
calculated from the SZ signal measured by either instru-
ment. Comparison of the SZ observables is complicated by
the different scales probed by each instrument: Planck is
sensitive to the cluster outskirts while SPT is sensitive to
the core regions. Any comparison necessarily requires model
extrapolation, which is complicated further by the different
pressure models used in the two measurements. A robust
comparison will require a joint analysis of the data, which
is beyond the scope of this paper.

7.5.2. ACT

For ACT, we use the catalogue published in Hasselfield
et al. (2013), which contains both the most recent ACT
detections and an update of the 23 Marriage et al. (2011)
detections. 32 PSZ2 detections match with ACT clusters in
a 10 arcmin radius. 28 have ACT UPP-based SZ masses
consistent with Planck MSZ (less than 3σ deviation).
Four have more than 3σ deviation: PSZ2 G053.44-36.25
(ACT-CLJ2135.1-0102) and PSZ2 G130.21-62.60 (ACT-
CLJ0104.8+0002) are actually considered as good matches
by our redMaPPer association, PSZ2 G262.27-35.38 (ACT-
CLJ0516-5430) is also a good match for our MCXC associ-
ation. The last one, PSZ2 G265.86-19.93 (ACT-CLJ0707-
5522), is a good match in the PSZ1. We decided to leave
blank the ACT field of the PSZ2 catalogue for these four
clusters but, given the uncertainties on the mass determi-
nation and associated errors, we did not break the corre-
sponding redMaPPer, MCXC and PSZ1 association.

7.5.3. AMI

Following the ongoing follow-up observations of the Planck
cluster candidates, a total of 161 clusters with 4.5 <S/N<
20 were observed with AMI. The detection significance is
then characterised by calculating of the natural logarithm
of the Bayes factor, lnB10,

lnB10 = ∆lnZ10 = lnZ1 − lnZ0, (9)

Table 8. AMI scale for an interpretation of the detection
significance of the Planck cluster candidates.

Category lnB10 N

Clear detection . . . . . . . . . . lnB10 ≥ 3 102

Moderate detection . . . . . . . 0 ≤ lnB10 < 3 30

Non-detection . . . . . . . . . . . −3 ≤ lnB10 < 0 25

Clear non-detection . . . . . . . lnB10 ≤ −3 4

where lnZ1 and lnZ0 are the natural logarithm of the
Bayesian evidence for modelH1 and H0 respectively. Model
H1 accounts both for the cluster signal and the contribu-
tion from radio sources whileH0 only takes into account the
radio source environment. Further details of the AMI obser-
vations, of the Bayesian methodology and of the modelling
of interferometric SZ data, primordial CMB anisotropies,
and resolved and unresolved radio point sources, as well
as of the criteria used to categorise clusters are given in
Perrott et al. (2014) and references therein.

In this context the detection significance for the 161
clusters is described in Table 8. 132 of the 161 AMI-
confirmed Planck clusters are included in the PSZ2.

7.6. Redshift compilation

We provide a single redshift estimate for each detection
where at least one redshift is known for a matched coun-
terpart. In many cases, we have multiple estimates per de-
tection. This section discusses the compilation of redshift
information and how redshifts are assigned in the final cat-
alogue. Confirmation statistics and final assigned redshift
numbers are summarised in Table 9.

Initial redshift estimates are taken from the PSZ1
catalogue redshift compilation, given the matching in
Sect. 7.1. We include new follow-up results from the Planck
collaboration (Planck Collaboration et al. 2014; Planck
Collaboration Int. XXXV 2015), which include spectro-
scopic updates to PSZ1 photometric redshifts and new con-
firmations of PSZ1 detections. We also include external
updates to PSZ1 counterpart redshifts from the NED and
SIMBAD databases (Planck Collaboration XXXVI 2015).

After these steps, we cycle through priority levels in our
systematic counterpart searches, in the following order of
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priority: MCXC, redMaPPer ACT and SPT. We compare
the updated PSZ1 and MCXC redshifts with the redshifts
from redMaPPer where available, and prioritise redMaPPer
redshifts highest amongst available photometric redshifts.
We test spectroscopic redshifts at z > 0.1 for consistency
within ∆z < 0.03 and ∆z/z < 0.1 of the redMaPPer photo-
z. Any discrepancies are considered on an individual basis.
In a small number of cases, we choose the redMaPPer red-
shift. We also reject a small number of counterpart assign-
ments where that counterpart is a bad match in redMaPPer.
These cases are discussed in Appendix B.

The common sample between the PSZ2 and each of
the external samples is denoted in the catalogue. After the
systematic searches, we assign any remaining unconfirmed
clusters to database counterparts where available. If a PSZ1
match assigns to the same counterpart as one of the negated
counterparts from the systematic searches, where the pos-
sible counterpart violated the consistency criteria, then the
PSZ1 match is also negated.

8. Sample Properties

8.1. Mass and redshift properties

We discuss here the distribution of Planck SZ-selected clus-
ters in the mass-redshift (M500 − z) plane, using the mass
proxy derived with scaling relations as discussed in Sect. 7.
For 1094 detections with known redshifts in the PSZ2 cat-
alogue (Sect. 7), we show in Fig. 26 their position in the
M500 − z plane, compared with the expected completeness
function C(M500, z) of our survey (we show the 20%, 50%
and 80% completeness levels). These curves indicate the
points in the M500 − z plane at which clusters have C%
chances to be detected. They were computed for the full
survey area. The red points in Fig. 26 show the 298 new
PSZ2 confirmed detections, with redshifts, that were not
found in the previous version of the catalogue. The black
points show the common PSZ1-PSZ2 detections.

We stress that the M500 − z distribution in Fig. 26 can-
not be considered as fully representative of the Planck SZ
selection, since it reflects the biases due to the non-uniform
knowledge of redshifts over the sky in the ancillary informa-
tion we used (Sect. 7). For instance, we have an extensive
redshift information in the sky area covered by the SDSS
survey thanks to the redMaPPer catalogue (Rykoff et al.
2014) but not in the remaining part of the sky. The incom-
plete redshift information can also explain the rarity of new
detections in the PSZ2 catalogue with respect to PSZ1 at
high redshift: at z > 0.6 we have 36 objects, but only four
new PSZ2 detections. We note however that most of the
PSZ1 clusters in this redshift range were not present in ex-
isting catalogues but they were confirmed as clusters and
their redshift was measured thanks to the massive follow up
campaign with optical and X-ray telescopes which was un-
dertaken by the Planck Collaboration for PSZ1 candidates
(Planck Collaboration XXIX 2014 and references therein)
and which continued also after the 2013 release (Planck
Collaboration et al. 2014; Planck Collaboration Int. XXXV
2015). Since a similar observational campaign has not yet
been possible for new PSZ2 detections, we could not pop-
ulate further the high-mass high-z part of the M500 − z
plane.

The new PSZ2 confirmed detections (red points in
Fig. 26) are mostly low-mass objects close to the detection
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Fig. 27. Box-and-whisker diagrams showing the mass dis-
tribution of the PSZ2 (red), PSZ1 (blue) and their intersec-
tion (black) sample in seven redshift bins. The bottom and
the top of the boxes represent the first and third quantile of
the data, while the band inside the box shows the median
(i.e. the second quantile). The ends of the whiskers mark
the minimum and maximum of the data.

limit of the survey. The mean mass of confirmed clusters
over the whole redshift range in the PSZ2 is 4.82×1014 M⊙,
which is lower than in the PSZ1 (5.12×1014 M⊙). The com-
mon sample of 795 objects contains the higher mass clusters
detected by both surveys, with mean mass 5.16× 1014 M⊙.
This is expected, since the common sample contains none
of the new low-mass PSZ2 detections and none of the miss-
ing low S/N PSZ1 detections, discussed in Sect. 6.3, which
were likely to have been low mass.

This is also shown in Fig. 27, where we compare the
mass distribution of the confirmed clusters in the PSZ2,
the PSZ1 and their common sample, for several redshift
bins. The median mass and the first and third quantiles
are always lower for the PSZ2 than for the PSZ1 and the
common sample, showing that we are significantly expand-
ing the sample towards lower masses.

Fig. 26 also shows a comparison of the SZ selected sam-
ples from the Planck, ACT and SPT surveys. Planck tends
to detect the rarest high-mass clusters observed at high-
redshift in these partial-sky surveys and provides a com-
plementary clean SZ selection at lower redshifts, where the
Planck frequency range provides sufficient information to
disentangle the SZ signal of large clusters from the back-
ground.

8.2. X-ray underluminous clusters

The presence of a bright cool-core, characterised by a
peaked surface brightness profile, has been shown to bias X-
ray flux selected cluster samples in favour of peaked, relaxed
objects with respect to morphologically disturbed systems
(Eckert et al. 2011). In contrast, SZ selected samples have
produced more disturbed systems than expected, with SZ
discovered clusters typically lying on the lower end of the
mass-luminosity relation (Planck Collaboration IX 2011).
There has also been much interest in the possible existence
of severely X-ray under-luminous clusters, with several au-
thors identifying potential systems (eg: Bower et al. 1997;
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Table 9. Summary of ancillary information. The highest available priority redshift source, following the ordering in
the Priority column, provides the reference confirmation and redshift. When two priorities are given, the first number
pertains to spectroscopic redshifts and the second number to photometric redshifts. The PSZ2 contains 1203 confirmed
clusters, of which 289 are Planck-discovered. 87 of these are clusters newly identified in this paper: 73 are confirmed by
WISE, eight are new identifications in SDSS data and six are confirmed by AMI.

Confirmation Joint Reference Planck- Redshift
source Validation Priority sample size confirmations discovered reference

ENO follow-up . . . . . 10 1/5 . . . 22 18 Planck Collaboration Int. XXXV 2015
RTT follow-up . . . . . . 11 1/5 . . . 45 31 Planck Collaboration et al. 2014
PanSTARRs . . . . . . . 12 6 . . . 16 16 Liu et al. 2014
redMaPPer non-blind . 13 . . . . . . 17 5 This paper: Sect. 7.3.2
SDSS high-z . . . . . . . 14 . . . . . . 4 4 This paper: Appendix A
AMI fu . . . . . . . . . . . . 15 . . . . . . 10 10 . . .
WISE . . . . . . . . . . . . . 16 . . . . . . 73 73 . . .
PSZ1 2013 . . . . . . . . . 20 1 782 348 125 Planck Collaboration XXIX 2014
MCXC . . . . . . . . . . . . 21 2 551 447 0 Piffaretti et al. 2011
SPT . . . . . . . . . . . . . . 22 4/5 94 39 4 Bleem et al. 2014
ACT . . . . . . . . . . . . . 23 4/5 28 1 0 Hasselfield et al. 2013
redMaPPer . . . . . . . . 24 3 374 122 2 Rykoff et al. 2014
Updated PSZ1 . . . . . 25 1 . . . 19 0 Planck Collaboration XXXVI 2015
NED . . . . . . . . . . . . . 30 7 . . . 40 1 Various
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Fig. 26. Left panel: Distribution of the 1094 PSZ2 clusters with counterparts with known redshift in the M500 − z plane.
New PSZ2 detected clusters are indicated with red dots, while commmon PSZ1 and PSZ2 clusters are indicated by black
dots. The solid, dashed and dotted lines indicate respectively the 20%,50% and 80% survey completeness contours for
the PSZ2. Right panel: Distribution of the PSZ2 clusters with associated redshift in the M500 − z plane compared to the
SPT (Bleem et al 2014) and ACT (Hasselfield et al 2013) catalogues. Black circles represent PSZ2 clusters, while red and
green filled circles mark common SPT/PSZ2ACT/ PSZ2 clusters, respectively. The remaining SPT and ACT clusters
not detected by Planck are shown with red and green empty squares.

Popesso et al. 2007; Dietrich et al. 2009; Trejo-Alonso et al.
2014 and references therein) and suggesting a model where
these clusters are dynamically young objects, still undergo-
ing accretion and mergers and yet to reach equilibrium. An
alternative suggestion is that line-of-sight structures may
bias mass and richness estimates high relative to the X-ray
luminosity (Bower et al. 1997; Giles et al. 2015).

However, the reported under-luminosity of these objects
is disputed. Andreon & Moretti (2011) note that the under-
luminosity is often claimed relative to biased scaling rela-
tions, and that the significance of the under-luminosity is
amplified due to underestimation of the true scatter in the
relation.

In the SDSS area, the majority of Planck detections
possess counterparts in the redMaPPer catalogue, with red-
shifts and optical richness estimates. We construct a test
sample from the Planck -redMaPPer intersection at low red-
shift, z < 0.2. This sample of 148 clusters can be expected
to be detectable in the ROSAT maps. While redMaPPer is
not complete for the Planck mass ranges at these redshifts,
it allows us to construct a sample that is independent of any
X-ray selection effects and therefore well-suited for finding
under-luminous clusters, as any biases in selection will af-
fect both normal and under-luminous X-ray cluster alike.

For each of these clusters, we calculate the X-ray count-
rate using a growth-curve analysis on the ROSAT 0.5− 2.4
keV band maps following Böhringer et al. (2000). We de-
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rived the count-rate and its upper and lower limit from the
growth curve at θ500, which we calculated from the Planck
mass proxy. We then converted the RASS count rates into
flux in the 0.1 − 2.4 keV energy range, using an absorbed
thermal model, where we used the galactic absorption at
the Planck position, the redshift of the redMaPPer coun-
terpart and the temperature derived from the mass proxy
through the M-T scaling relation by Arnaud et al. (2007).
We then converted fluxes into luminosity in the 0.1 − 2.4
keV channel. We found good agreement with the reported
MCXC values of L500 for those clusters also present in the
MCXC.

We then searched for outlier clusters from the Y500-L500

and Y500−λ relations, using the Y500 calculated following
Sect. 5.3. In both cases, we find the best-fit relation for
our sample using the BCES algorithm. To exclude outliers
from the fits, we clipped objects with orthogonal residual
|r⊥| > 2.5σtot from the best-fit relations, where σtot is the
raw scatter around the relation derived from the median-
absolute deviation. We then iterated the sigma-clipping
process until converged.

The top panels of Fig. 28 show the best-fit relations and
their ±2σtot scatters between Y500 and redMaPPer richness
λ, and between Y500 and L500, for the test sample of 148
Planck -redMaPPer clusters. The bottom panels of Fig. 28
show the histograms of ∆, normalised by σtot.

The points highlighted with larger cyan circles denote
clusters with L500 more than 2.5σtot below the best-fit rela-
tion. These clusters are under-luminous in X-rays for their
Y500. However, their Y500 estimates are consistent with their
optical richness and do not lie preferentially beneath the re-
lation. The consistency of optical and SZ mass proxies sug-
gest either that these clusters are under-luminous for their
mass, or that both the Y500 and λ estimates are biased high.

One exception to this is PSZ2 G127.71-69.55, discrepant
with both relations: at 10σtot for Y500−L500 and 3σtot
for Y500−λ. It is circled in red in Figure 28. This is the
only cluster in the Planck -redMaPPer sample with a poor
Q NEURAL flag and is either a failed redMaPPer match
(lying close to the matching threshold in theMsz−λ plane)
or a cluster with a severely IR contaminated spectrum for
which the Planck Y500 estimate is likely overestimated. We
therefore remove this from the list of under-luminous can-
didates.

We expanded the search for under-luminous clusters
across the whole sky, testing all clusters with z < 0.2
against the mean Y500−L500 relation determined above.
This expanded the number of under-luminous candidates
to 22. These objects warrant follow-up observations to de-
termine their dynamical state and to search for line-of-sight
structures that may bias high both the Y500 and optical
richness. They are flagged in the COMMENT field of the
catalogue. They should be of interest in understanding the
systematic differences between SZ and X-ray selection.

9. Summary

The Planck satellite is unique in providing broad frequency
coverage over the whole sky with good sensitivity to both
the high frequency spectral increment and the low fre-
quency decrement of the thermal SZ effect. In this paper,
we have presented second Planck catalogue of SZ sources
(PSZ2). This is based on data from the full 29 month mis-
sion and uses a methodology that refines the one used to

produce the PSZ1 from 15.5 months of data. The catalogue
is based on the union of results from three cluster detection
codes (Planck Collaboration XXIX 2014). The PSZ2 con-
tains 1653 cluster candidates distributed across 83.6% of
the sky. The catalogue was validated using external X-ray,
optical, SZ and near infra-red data, producing confirmation
for 1203 candidates with 1094 redshifts. The catalogue con-
tains 716 new detections including 366 confirmed clusters
with newly identified SZ signal. 87 of our confirmed clusters
are newly identified in this paper. We have found good con-
sistency with the PSZ1 and re-detect 937 SZ sources from
the PSZ1 sample of 1227. We have investigated the missed
detections: the vast majority of these were low-significance
PSZ1 detections whose S/N has fluctuated beneath the de-
tection threshold. The majority of these are expected to be
spurious detections.

The current status of our knowledge of counterparts
for our detections at various frequencies is summarised in
Table 10 and compared to the PSZ1. Our optical valida-
tion scheme is based on the newly released SDSS-based
redMaPPer catalogue (Rozo & Rykoff 2014). This produced
374 high-quality matches where the counterparts are consis-
tent with Planck mass and position information. We reject
188 possible matches where the mass or position informa-
tion is inconsistent with the Planck information. This un-
derlines the importance of consistency checks when match-
ing with high density SDSS catalogues. Our X-ray and SZ
counterpart searches implement similar consistency criteria
leading to tight control over mismatches.

Central to the counterpart search process is the under-
standing of the Planck SZ parameter estimates. We have
validated the Planck Compton-Y posteriors using detailed
simulations that include an ensemble of hydro-dynamically
simulated pressure profiles that vary from the pressure pro-
file assumed by our extraction algorithms. Our Y5R500 es-
timates are robust to mis-matches in the pressure profile.
When translating to Y500, we have shown the importance
of accurate prior information about radius to break the
Y − θ degeneracy and produce accurate and precise es-
timates from the Planck data. Our counterpart searches
make extensive use of the Planck mass-proxy; this uses
prior information about redshift and scaling relations to de-
rive mass constraints which show low scatter with respect to
external estimates. We provide this Msz for all candidates
with a redshift, and provide Msz(z) in the range 0 < z < 1
for all other candidates. We expect this information to be
useful in future comparisons with external data.

Central to any statistical use of a cluster sample is the
survey selection function. We have estimated the catalogue
completeness using Monte-Carlo source injection and we
provide this as a product for the full survey and for various
sub-samples as a function of selection S/N. We have vali-
dated the completeness through a comparison with external
X-ray data and high resolution SZ data from SPT (Bleem
et al. 2014), which spans the redshift range and angular
sizes of the Planck data. We estimate the catalogue to be
83-87% pure, based on simulations of the Planck data and
detection-by-detection quality assessment utilising machine
learning. Higher reliability sub-samples can be constructed
easily: the main contaminant is infra-red galactic emission
and as such the reliability is a strong function of galactic
latitude. Specifically, the cluster cosmology zone that covers
65% of the sky contains 1308 detections at ∼ 90% reliabil-
ity, and full survey intersection catalogue (objects detected
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Fig. 28. Properties in the Y500−λ (top panels) and Y500-L500 (bottom panels) planes for the Planck -redMaPPer sample
at z < 0.2. Under-luminous candidates are denoted with cyan circles in the scatter plots to the left, which also show the
best fit relation and the dispersion ±2σtot. The circled red point is a cluster with contaminated Y signal. The right plots
show the histograms of orthogonal deviation ∆⊥ for each relation.

by all three codes) contains 827 detections at > 95% relia-
bility.

Cosmology using the cluster counts is also dependent
on external observational data to provide cluster redshifts.
Planck Collaboration XXIV (2015) have produced cosmo-
logical constraints using samples drawn from the PSZ2,
containing 493 candidates from the intersection sample
and 439 drawn from the single-code MMF3 sample. Utilising
larger samples from the PSZ2 requires further redshift in-
formation. We also expect the PSZ2 to contain many high-
mass clusters at z > 0.6. So far only 36 have been identi-
fied, of which 21 were identified in targeted follow-up ob-
servations of PSZ1 candidates. For these reasons, the PSZ2
should motivate further follow-up observations. In particu-
lar, the catalogue contains 73 clusters confirmed by WISE
infra-red data that currently have no redshift information
but which are likely to be high-redshift.

Understanding the biases in cluster selection that af-
fect samples defined at different wavelengths will be impor-
tant for interpreting statistical results from existing surveys
and those planned for the near future. Using a low-redshift
overlap sample from PSZ2 and redMaPPer, we have iden-

tified a population of low-z clusters with ‘typical’ optical
and SZ properties, but which are underluminous for their
mass in ROSAT X-ray data. These clusters may be part
of a population of dynamically disturbed clusters that are
under-represented in X-ray selected surveys. These objects
will be interesting targets for multi-wavelength follow-up to
determine their dynamical state.

In the near future, Planck all-sky SZ data can be com-
bined with observations of the large-scale structure by sur-
veys such as PAN-STARRS, LOFAR, Euclid, LSST, and
RSG/e-ROSITA. This will provide an unprecedented multi-
wavelength view of the evolution of large-scale structure
that will revolutionise our understanding of the physics gov-
erning this process.
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Table 10. Counterpart summary for PSZ2 compared to PSZ1. Common samples are defined as those PSZ2 detections
with the given property that has a counterpart with that property in the PSZ1 2015. The intersection comprises those
detections common to all three detector codes. Low reliability candidates possess a poor neural-network quality assessment
flag. In the PSZ1, low reliability candidates possess the lowest external quality assessment flag. SZ clusters denote clusters
with SZ detections in ACT or SPT. PSZ1 2013 refers to the 2013 release of the catalogue (Planck Collaboration XXIX
2014), and PSZ1 2015 to a recent addendum updating the counterpart information of the catalogue (Planck Collaboration
XXXVI 2015).

Sample PSZ1 2013 PSZ1 2015 PSZ2 Common New PSZ2

Union . . . . . . . . . . . . 1227 1227 1653 937 716
Intersection . . . . . . . 546 546 827 502 325

Confirmed . . . . . . . . 861 947 1203 820 383
Candidates . . . . . . . 366 292 546 99 447
Low reliability . . . . . 142 131 143 39 104

Total X-ray . . . . . . . 501 501 603 477 126
MCXC . . . . . . . . . . . 455 455 551 427 124
SZ clusters . . . . . . . . 82 82 110 79 31
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Appendix A: High-redshift SDSS confirmations

Table A.1 gives optical information for four high-redshift
confirmations found using a search in SDSS data around
unmatched Planck detections.

We use a multi-wavelength approach to confirm the
clusters. Each of these candidates possess coincident high-
redshift optical over-densities in SDSS, firm infra-red confir-
mations fromWISE, and significant emission in the ROSAT
0.5−2.4 keV band. We estimate the X-ray luminosity from
the ROSAT maps using growth-curve analysis, and confirm
that the luminosity is consistent with the measured Msz as
discussed in Sect. 7.2.

One interesting case is PSZ2 G097.52+51.70, which ap-
pears to be a near line-of-sight projection with components
at z = 0.7 and z = 0.333, separated by 1.91 arcmin. Both
systems may contribute to the observed Planck signal. We
have associated to the high-redshift cluster because it is
significantly closer to the SZ centre (0.714 arcmin vs. 2.47
arcmin separation), and because it is coincident (0.23 ar-
cmin) with the ROSAT X-ray centre. The z = 0.333 system
shows less significant hard-band emission.
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Table A.1.Optical information for our high-z SDSS confir-
mations. Alongside the redshift, we give the RA and DEC
of the BCG and if the redshift is spectroscopic, Nz gives
number of cluster members with spectroscopic redshifts.

NAME αBCG δBCG z Nz

PSZ2 G076.18-47.30 343.1475 4.5381 0.666 3
PSZ2 G087.39+50.92 231.6383 54.1520 0.748 1
PSZ2 G089.39+69.36 208.4382 43.4843 0.68 . . .
PSZ2 G097.52+51.70 223.8374 58.8707 0.7 . . .

Appendix B: Differences in PSZ1 and PSZ2
redshift assignments

The PSZ2 contains 782 clusters which had redshift esti-
mates in the PSZ1. We assign the same redshift in all but
43 of these cases. In 25 of these cases, there is no significant
difference, defined by |∆z| > 0.03 or |∆z|/z > 0.1, between
the estimates and we have updated PSZ1 photometric red-
shift from various sources to new estimates from redMaPPer
or Planck follow-ups.

We have updated a further seven PSZ1 photometric red-
shifts with recent Planck ENO follow-up redshifts (Planck
Collaboration Int. XXXV 2015) where the redshift has sig-
nificantly changed. Of these, one was from the PSZ1 SDSS
search, two were from PanSTARRs and four were from ear-
lier Planck photometric follow-ups. These updates are in-
cluded in the 2015 update of the PSZ1 redshift compilation
(Planck Collaboration XXXVI 2015).

We discuss the remaining 11 significant differences be-
low:

– PSZ2 G020.66+37.99 (PSZ1 INDEX 51):
Rozo et al. (2014) discuss this cluster in depth.
RedMAPPer finds two overlapping clusters, zspec =
0.338, λ = 85.4 and zspec = 0.443, λ = 23.5. The PSZ1
redshift zphot = 0.39 from WFI Planck follow-up is
likely to be biased by members from the less rich and
more distant system. For the PSZ2, we choose the higher
richness match and quote the zphot = 0.345. The 2015
update to the PSZ1 adopts this change.

– PSZ2 G066.68+68.44 (PSZ1 INDEX 222):
This is an ambiguous system. The PSZ1 used zspec =
0.1813 from NORAS (Böhringer et al. 2000). For the
PSZ2 we have quoted zphot = 0.163 from redMaPPer
which agrees with the estimate zspec = 0.16 from BCS
follow-up (Struble & Rood 1999; Crawford et al. 1995)
and the SDSS BCG estimate zspec = 0.163. The decision
between these two ROSAT follow-up spectroscopic red-
shifts rests on the redMaPPer information, which iden-
tifies a rich λ = 84.1 system at zphot = 0.163.

– PSZ2 G087.39+50.92 (PSZ1 INDEX 299):
The PSZ2 position has moved closer to a clear high-
redshift SDSS cluster at zspec = 0.748 at separa-
tion 0.9 × θerr, and away from the PSZ1 SDSS match
which is now at 2.62 × θerr. There is also clear ROSAT
0.5 − 2.4 keV X-ray emission at the high-z location,
whose strength is consistent with the SZ emission, while
there is no significant emission at the PSZ1 SDSS match
location.

– PSZ2 G090.66-52.34 (PSZ1 INDEX 308):
The PSZ1 redshift zspec = 0.1784 came from a single
galaxy spectrum (Struble & Rood 1999). redMaPPer

suggest this galaxy is likely to be in the foreground,
with the rich λ = 85 cluster at slightly high redshift
zphot = 0.197. We note however that the difference is
small (10.2%).

– PSZ2 G113.91-37.01 (PSZ1 INDEX 416):
We adopt the Rozo et al. (2014) update of the NORAS
redshift, which replaced a λ = 7.1 group at z = 0.135
with a rich λ = 159 cluster at z = 0.371 separated by 8
arcmin.

– PSZ2 G121.13+49.64 (PSZ1 INDEX 443):
We note that this system is a probable projection. We
adopt the correction of the redshift from (Rozo et al.
2014), noting that the richness of the z = 0.22 compo-
nent is consistent with the SZ signal, while the z = 0.438
system matched in the PSZ1 is insufficiently rich. The
2015 update to the PSZ1 adopts this change.

– PSZ2 G143.26+65.24 (PSZ1 INDEX 513):
The PSZ1 association with ACO 1430 is correct, but
we update the redshift of zspec = 0.211 from two mem-
bers (Struble & Rood 1991) with zphot = 0.363 from
redMaPPer. The X-ray and optical images show an E-
W elongation and two possible galaxy concentrations,
possibly a projection. The high-redshift component has
richness consistent with the SZ signal. The 2015 update
to the PSZ1 adopts this change.

– PSZ2 G151.19+48.27 (PSZ1 INDEX 537):
The PSZ1 association with A0959 is correct. NED lists
two literature redshifts for this cluster: 0.289 (which we
adopt) and 0.353 (adopted in the PSZ1). This object is
bimodal in the optical and in the X-ray and is almost
certainly a projection. redMaPPer suggests association
with 0.289 component based on consistency of richness
with the SZ signal. The 2015 update to the PSZ1 adopts
this change.

– PSZ2 G259.30+84.41 (PSZ1 INDEX 888):
We adopt the correction of Rozo et al. (2014) of the
PSZ1 redshift zphot = 0.4125 from NSCS, instead
matching to a clear and rich SDSS cluster within 1 ar-
cmin of the Planck position at zphot = 0.323. The 2015
update to the PSZ1 adopts this change.

– PSZ2 G310.81+83.91 (PSZ1 INDEX 1093):
The PSZ2 matched to an SDSS cluster at zphot = 0.446.
redMaPPer finds this potential counterpart to be insuf-
ficiently rich to be detected by Planck at this redshift
and there is no X-ray emission in ROSAT. The Planck
detection may be spurious: there are point sources de-
tected at 353 and 545GHz and the neural network qual-
ity assessment suggests a contaminated spectrum. We
therefore break the association and leave the detection
unconfirmed.

– PSZ2 G318.62+58.55 (PSZ1 INDEX 1123):
We adopt the correction of Rozo et al. (2014) of the
PSZ1 redshift zspec = 0.1144. This associates to a differ-
ent cluster at 4.56 arcmin separation, with redMaPPer
redshifts zphot = 0.22 (zspec = 0.233), and richness
λ = 69.3.

Appendix C: Modifications of the extraction
algorithms since the PSZ1 release

C.1. MMF1

The MMF1 code used for the PSZ2 is the same as for the
PSZ1 with the following changes:
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– Positions estimates are now calculated with sub-pixel
positioning using posteriors marginalised over all other
parameters, rather than taking the pixel centre closest
to the peak.

– Position error radius estimation has been debugged.
– The 2D contour grids for (Y, θ) expand dynamically

if the 91% confidence region is not entirely contained
within the grid. This expansion is not applied to S/N< 5
detections.

C.2. MMF3

For the PSZ2 release, we made three improvements on our
MMF3 code:

– Bright clusters impact the estimation of background.
For the PSZ1 we have adopted two different estimators
of the MMF3 background depending on the S/N of the
detections. If the S/N was below 20, the theoretical cal-
culation was used (see Eq. 7 in Melin et al. (2006b))
while, for S/N greater than 20, we used the standard
deviation of the filtered map. When the cluster signal is
subdominant in the map the two estimators return the
same result but they differ if the cluster is bright (typ-
ically with S/N above 20) due to the contamination of
the background by the cluster itself. The choice of using
two estimators has been made to make the MMF3 back-
ground estimate compatible with PwS and MMF1 for the
PSZ1. We tested it against the QA after the 2013 release
and found that it biases significantly MMF3 two dimen-
sional (θs,Y5R500) contours with respect to injected clus-
ter size and flux at high S/N. We thus decided to come
back to the theoretical calculation of the background
across all the S/N range as in the earlier version of MMF3
used for the ESZ. This choice fixes the issue with high
S/N cluster contours in the QA. But it increases the
S/N value and shifts the (θs,Y5R500) contours for MMF3
detections in the PSZ2 release with respect to PSZ1 for
the detections with S/N above 20 more than the increase
expected from the additional integration time. For the
PSZ2 PwS now estimate the cross-channel covariance
matrix under the ‘native’ prescription (see PwS section
in this appendix). This improvement makes the back-
ground estimate compatible with the theoretical calcu-
lation from MMF3 and also gives unbiased estimates for
the PwS two dimensional in the QA.

– MMF3 two dimensional (θs,Y5R500) contours in the PSZ1
were tested against the QA after the 2013 release. This
could not be done in early 2013 for lack of time. The
contours were found to be wider than expected. The
code has been corrected and new contours have been
produced and included in the Planck Legacy Archive
for the PSZ1. The PSZ2 relies on this new and fully
tested estimate of the two dimensional contours.

– The MMF3 positional error for the PSZ1 was overesti-
mated. The code has been corrected and tested against
the QA. New estimates have been produced and in-
cluded in the Planck Legacy Archive for the PSZ1. The
PSZ2 uses the new estimate of the positional error.

C.3. PwS

The PwS code used for PSZ2 is similar to the one used for
PSZ1, with two modifications:

– The cross-channel covariance matrix is now always esti-
mated using iterative recalibration but is parameterised
in order to produce a smoother estimate. Using the QA,
we have shown that the new calibration only impacts
the S/N estimate (∼ 12%) keeping unchanged all other
parameter estimates. The new S/N estimates are con-
sistent with the other codes.

– For (θs,Y5R500), we now adopt non-informative pri-
ors, formulated using Jeffrey’s method (Carvalho et al.
2012), instead of informative priors derived from a fidu-
cial cosmology and mass function.
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Appendix D: Description of the delivered products

The data products comprise: (i) the main catalogue, which contains the characterised catalogue with ancillary information;
(ii) individual algorithm catalogues produced by each of the codes prior to merging to create the main catalogue, which
contain Y −θ parameter posteriors per cluster; (iii) selection function files containing the completeness and survey masks
for various sample definitions.

D.1. Main catalogue

The table contains the following columns:

Column Name Data Type Units Description
INDEX . . . . . . . . . . . Integer(4) . . . Index of detection (see note 1)
NAME . . . . . . . . . . . String . . . Name of detection (see note 2)
GLON . . . . . . . . . . . . Real(8) degrees Galactic longitude (0◦ ≤ l < 360◦)
GLAT . . . . . . . . . . . . Real(8) degrees Galactic latitude (−90◦ ≤ b ≤ 90◦)
RA . . . . . . . . . . . . . . . Real(8) degrees Right ascension (J2000)
DEC . . . . . . . . . . . . . . Real(8) degrees Declination (J2000)
POS ERR . . . . . . . . Real(4) arcmin Uncertainty in position (see note 3)
SNR . . . . . . . . . . . . . . Real(4) . . . S/N of detection
PIPELINE . . . . . . . Integer(4) . . . Pipeline from which information is taken: the reference

pipeline (see note 4)
PIPE DET . . . . . . . Integer(4) . . . Information on pipelines making detection (see note 4)
PCCS2 . . . . . . . . . . . Boolean . . . Indicates whether detection matches with any in PCCS2

catalogues
PSZ . . . . . . . . . . . . . . Integer(4) . . . Index of matching detection in PSZ1, or -1 if a new detec-

tion
IR FLAG . . . . . . . . . Integer(1) . . . Flag denoting heavy IR contamination
Q NEURAL . . . . . . Real(4) . . . Neural network quality flag (see note 5)
Y5R500 . . . . . . . . . . . Real(4) 10−3 arcmin2 Mean marginal Y5R500 as measured by the reference pipeline
Y5R500 ERR . . . . . Real(4) 10−3 arcmin2 Uncertainty onY5R500 as measured by the reference pipeline
VALIDATION . . . . Integer(4) . . . External validation status (see note 6)
REDSHIFT ID . . . String . . . External identifier of cluster associated with redshift mea-

surement (see note 7).
REDSHIFT . . . . . . . Real(4) . . . Redshift of cluster (see note 7)
MSZ . . . . . . . . . . . . . . Real(4) 1014M⊙ SZ mass proxy (see note 8)
MSZ ERR UP . . . . Real(4) 1014M⊙ Upper 1σ SZ mass proxy confidence interval (see note 8)
MSZ ERR LOW . . Real(4) 1014M⊙ Lower 1σ SZ mass proxy confidence interval (see note 8)
MCXC . . . . . . . . . . . String . . . ID of X-ray counterpart in the MCXC if one is present
REDMAPPER . . . String . . . ID of optical counterpart in the redMaPPer catalogue if one

is present
ACT . . . . . . . . . . . . . . String . . . ID of SZ counterpart in the ACT catalogues if one is present
SPT . . . . . . . . . . . . . . String . . . ID of SZ counterpart in the SPT catalogues if one is present
WISE FLAG . . . . . Integer(4) . . . Confirmation flag of WISE IR overdensity (see note 9)
AMI EVIDENCE . Real(4) . . . Bayesian evidence for AMI counterpart detection (see note

9)
COSMO . . . . . . . . . . Boolean . . . Indicates whether the cluster is in the cosmology sample
COMMENT . . . . . . String . . . Comments on this detection

Notes:

1. The index is determined by the order of the detections in the union catalogue. The matching entries in the individual
catalogues have the same index to facilitate cross-referencing.

2. The names are in the format PSZ2 Gxxx.xx±yy.yy where xxx.xx is the Galactic longitude and ±yy.yy is the Galactic
latitude of the detection, both in degrees. The coordinates are truncated towards zero, not rounded.

3. The value given here is the 95% confidence interval of the distribution of radial displacement.
4. The PIPELINE column defines the pipeline from which the values in the union catalogue are taken: 1 = MMF1; 2 =

MMF3; 3 = PwS.
The PIPE DET column is used to indicate which pipelines detect this object. The three least significant decimal
digits are used to represent detection or non-detection by the pipelines. Order of the digits: hundreds = MMF1; tens
= MMF3; units = PwS. If it is detected then the corresponding digit is set to 1, otherwise it is set to 0.

5. The neural network quality flag is 1-Qbad, following the definitions in Aghanim et al. 2014. Values Q NEURAL< 0.4
denote low-reliability detections.
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6. The VALIDATION column gives a summary of the external validation, encoding the most robust external identifica-
tion: -1 = no known external counterpart; 10=ENO follow-up; 11= RTT follow-up; 12= PanSTARRs; 13= redMaPPer
non-blind; 14= SDSS high-z; 15=AMI; 16=WISE; 20 = legacy identification from the PSZ1 2013 release; 21 = MCXC;
22= SPT; 23=ACT; 24= redMaPPer; 25= PSZ1 counterpart with redshift updated in (Planck Collaboration XXXVI
2015); 30= NED.

7. The redshift source is the most robust external validation listed in the VALIDATION field.
8. Definition of Msz. The hydrostatic mass, M500, assuming the best-fit Y −M scaling relation of Arnaud et al. (2010)

as a prior that cuts a plane through the parameter contours (see Sect. 5.3). The errors are 67% confidence statistical
errors and based on the Planck measurement uncertainties only. Not included in the error estimates are the statistical
errors on the scaling relation, the intrinsic scatter in the relation, or systematic errors in data selection for the scaling
relation fit.

9. WISE confirmation flag is assigned by visual inspection and defined to be one of [−10,−2,−1, 0, 1, 2, 3], where -10
denotes no information and the other values are discussed in Section 7.4. Bayesian evidence for AMI counterpart
defined in paper.

D.2. Individual algorithm catalogues

The table contains the following columns:

Column Name Data Type Units Description
INDEX . . . . . . . . Integer(4) . . . Index of detection (see note 1)
NAME . . . . . . . . String . . . Name of detection (see note 1)
GLON . . . . . . . . Real(8) degrees Galactic longitude (0◦ ≤ l < 360◦)
GLAT . . . . . . . . . Real(8) degrees Galactic latitude (−90◦ ≤ b ≤ 90◦)
RA . . . . . . . . . . . . Real(8) degrees Right ascension (J2000)
DEC . . . . . . . . . . Real(8) degrees Declination (J2000)
POS ERR . . . . . Real(4) arcmin Uncertainty in position (see note 2)
SNR . . . . . . . . . . . Real(4) . . . S/N of detection (see note 3)
TS MIN . . . . . . . Real(4) arcmin Minimum θs in second extension HDU (see note 4)
TS MAX . . . . . . Real(4) arcmin Maximum θs in second extension HDU (see note 4)
Y MIN . . . . . . . . Real(4) arcmin2 Minimum Y5R500 in second extension HDU (see note 4)
Y MAX . . . . . . . Real(4) arcmin2 Maximum Y5R500 in second extension HDU (see note 4)

Notes:

1. The index and name are taken from the union catalogue. The matching entries in the individual catalogues have the
same index and name to facilitate cross-referencing.

2. The value given here is the 95% confidence interval of the distribution of radial displacement.
3. The SNR column contains the native signal-to-noise ratio determined by the detection pipeline.
4. These entries define the limits of the grid used to evaluate the 2D probability distribution of θs and Y5R500 in the

second extension HDU (see below).

Second extension HDU

The second extension HDU contains a three-dimensional image with the two-dimensional probability distribution in θs
and Y5R500 for each cluster. The probability distributions are evaluated on a 256 × 256 linear grid between the limits
specified in the first extension HDU. The limits are determined independently for each detection. The dimensions of the
3D image are 256 × 256 × n, where n is the number of detections in the catalogue. The second dimension is θs and the
first dimension is Y5R500.

Third extension HDU

The third extension HDU contains a three-dimensional image with the Msz observable information per cluster as a
function of assumed redshift. The image dimensions are 100×4×n, where n is the number of detections in the catalogue.
The first dimension is the assumed redshift. The second dimension has size 4: the first element is the assumed redshift
value for the Msz fields. The second element is the Msz lower 67% confidence bound, the third element is the Msz

estimate and the fourth element is the Msz upper 67% confidence bound, all in units of 1014M⊙. These errors are based
on the Planck measurement uncertainties only. Not included in the error estimates are the statistical errors on the scaling
relation, the intrinsic scatter in the relation, or systematic errors in data selection for the scaling relation fit.

D.3. Selection function file format

The selection function information is stored in FITS files. The filenames of the catalogues are of the form PSZ2-
selection Rx.xx.fits, where x.xx is the release number.
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First extension HDU

The first extension HDU contains the survey region, denoted by an Nside = 2048 ring-ordered HEALPix map in
GALACTIC coordinates. Pixels in the survey region have the value 1.0 while areas outside of the survey region have
value 0.0.

Second extension HDU

The second extension HDU contains a three-dimensional image containing the survey completeness probability distribu-
tion for various thresholds. The information is stored in an image of size 30 × 32 × 12. The first dimension is Y500, the
second dimension is θ500 and the third dimension is the signal-to-noise threshold. The units are percent and lie in the
range 0-100 and denote the detection probability of a cluster lying within the given Y500-θ500 bin.

Third extension HDU

The second extension HDU contains the Y500 grid values for the completeness data cube held in the second extension. It
has length 30 and spans the range 1.12480× 10−4 − 7.20325× 10−2 arcmin2 in logarithmic steps.

Fourth extension HDU

The fourth extension HDU contains the θ500 grid values for the completeness data cube held in the second extension. It
has length 32 and spans the range 0.9416-35.31 arcmin in logarithmic steps.

Fifth extension HDU

The fifth extension HDU contains the signal-to-noise threshold grid values for the completeness data cube held in the
second extension. It has length 12 and contains thresholds at intervals of 0.5 from 4.5 to 10.0.
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Appendix E: Detail of missing PSZ1 detections

Table E.1. Detail of the 291 PSZ1 detections not present in the PSZ2 catalogue. The TYPE column lists the reason why
the detection was dropped. TYPE 1 lost detections are low-S/N detections lost due to changes in the noise realisation.
The S/N non blind field contains the non-blind S/N for the Y signal in the full-mission maps at the location and size
of the PSZ1 detection and is provided for all TYPE 1 lost detections (whereas the field S/N is for the PSZ1). TYPE 2
are lost behind the new point source mask. TYPE 3 are cut due to IR contamination. TYPE 4 are cut by internal PwS
consistency criteria. Each of these types are discussed in Sect. 6.3.

Index S/N Pipeline Pipe det Id ext Redshift S/N (non-blind) Type
4 . . . . . . . . 6.04 3 101 . . . . . . . . . 3
8 . . . . . . . 4.92 1 100 . . . . . . 0.34 1
9 . . . . . . . 5.76 1 100 . . . . . . . . . 3
13 . . . . . . 4.52 1 100 ZwCl 1454.5+0656 0.429 3.73 1
28 . . . . . . 4.70 2 10 . . . 0.46 3.54 1
30 . . . . . . 4.72 1 100 . . . . . . 1.83 1
32 . . . . . . 4.54 1 100 . . . . . . 1.65 1
34 . . . . . . 4.50 1 100 . . . . . . 1.42 1
38 . . . . . . 4.65 1 100 . . . . . . 2.48 1
40 . . . . . . 4.89 2 10 . . . . . . 2.90 1
41 . . . . . . 4.81 2 10 . . . . . . 2.90 1
43 . . . . . . 4.76 2 10 . . . . . . 2.69 1
52 . . . . . . 5.71 2 10 . . . 0.39 . . . 4
58 . . . . . . 4.56 1 100 . . . . . . 2.06 1
59 . . . . . . 4.63 1 100 . . . . . . 3.27 1
60 . . . . . . 4.84 2 10 RXC J1917.5-1315 0.177 3.11 1
61 . . . . . . 5.06 2 111 . . . 0.650893 2.91 1
62 . . . . . . 4.95 2 11 ACO S 1010 0.28 4.02 1
66 . . . . . . 5.20 2 10 . . . . . . 3.19 1
68 . . . . . . 4.67 3 1 . . . . . . 3.45 1
77 . . . . . . 4.58 1 100 RXC J1453.1+2153 0.1186 2.96 1
82 . . . . . . 4.98 2 10 . . . . . . 2.84 1
83 . . . . . . 4.96 2 10 . . . . . . 3.53 1
84 . . . . . . 4.84 2 10 . . . . . . 3.80 1
86 . . . . . . 5.23 1 100 . . . . . . 2.82 1
89 . . . . . . 4.69 3 101 WHL J248.764+15.4836 0.4725 3.27 1
90 . . . . . . 4.68 1 100 . . . . . . 2.11 1
97 . . . . . . 4.82 1 100 WHL J252.649+16.8253 0.3612 2.56 1
98 . . . . . . 4.70 3 1 . . . . . . 3.54 1
104 . . . . . 4.54 2 10 . . . . . . 1.94 1
111 . . . . . 4.57 2 10 . . . . . . 1.97 1
112 . . . . . 4.61 1 100 . . . . . . 1.59 1
121 . . . . . 4.70 2 110 . . . . . . 1.22 1
126 . . . . . 4.67 2 10 . . . . . . 1.91 1
128 . . . . . 4.54 3 1 RXC J1623.5+2634 0.4274 3.79 1
131 . . . . . 5.23 2 11 AMF J320.551-6.81740 0.5344 3.59 1
136 . . . . . 4.74 1 100 . . . . . . . . . 3
142 . . . . . 4.52 3 101 . . . . . . 1.26 1
157 . . . . . 4.64 1 100 . . . . . . 2.27 1
158 . . . . . 5.29 2 10 . . . . . . 2.08 1
162 . . . . . 4.60 1 100 . . . . . . 2.34 1
165 . . . . . 5.11 3 101 . . . . . . . . . 3
170 . . . . . 5.33 2 11 . . . . . . 4.32 1
175 . . . . . 4.82 1 100 . . . 0.1944 2.84 1
176 . . . . . 5.72 2 10 . . . . . . . . . 3
184 . . . . . 4.76 3 1 . . . . . . 2.67 1
193 . . . . . 4.55 1 100 . . . . . . 2.83 1
199 . . . . . 4.55 3 1 . . . . . . 2.12 1
203 . . . . . 4.65 2 10 . . . . . . 1.98 1
211 . . . . . 4.58 3 1 . . . . . . 3.31 1
212 . . . . . 4.54 3 1 . . . . . . 3.72 1
213 . . . . . 4.70 2 10 . . . . . . 2.93 1
223 . . . . . 4.51 2 10 . . . 0.3341 3.16 1
233 . . . . . 4.79 2 10 ZwCl 2151.0+1325 0.205 3.97 1
237 . . . . . 4.78 1 100 ACO 2429 . . . 3.36 1
251 . . . . . 5.17 1 100 . . . . . . 2.59 1
257 . . . . . 4.90 2 11 . . . . . . 3.68 1
260 . . . . . 4.78 2 110 WHL J242.728+51.2267 0.4096 3.60 1
262 . . . . . 4.52 1 100 . . . . . . 3.63 1
267 . . . . . 6.37 2 111 ACTJ2327.4-0204 0.705 . . . 2
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Table E.2. Continuation of Table E.1.

Index S/N Pipeline Pipe det Id ext Redshift S/N (non-blind) Type
271 . . . . . 4.71 2 10 . . . . . . 3.84 1
272 . . . . . 4.57 3 1 ZwCl 1746.2+5429 0.31 4.00 1
276 . . . . . 4.65 2 11 . . . . . . 2.88 1
278 . . . . . 4.55 2 10 . . . 0.306807 2.32 1
300 . . . . . 5.07 2 10 . . . 0.1132 4.09 1
305 . . . . . 4.82 2 10 . . . . . . 2.12 1
306 . . . . . 4.90 1 100 . . . . . . 3.51 1
309 . . . . . 5.37 2 110 ZwCl 1602.3+5917 0.2544 4.01 1
311 . . . . . 4.64 2 110 . . . . . . . . . 3
314 . . . . . 5.18 1 100 . . . . . . 1.78 1
317 . . . . . 5.46 1 100 . . . . . . 1.09 1
321 . . . . . 4.58 1 100 ZwCl 1604.4+6113 0.3447 4.06 1
327 . . . . . 5.78 3 101 RXC J2318.4+1843 0.0389 4
331 . . . . . 4.79 3 101 . . . . . . 2.53 1
333 . . . . . 4.71 3 1 WHL J286.905+64.5511 0.3561 3.89 1
336 . . . . . 6.55 2 111 . . . . . . . . . 3
349 . . . . . 4.87 2 11 . . . . . . . . . 2
361 . . . . . 4.71 2 10 . . . . . . 1.28 1
365 . . . . . 4.82 3 101 RXC J1834.1+7057 0.0824 3.43 1
367 . . . . . 4.52 2 10 ZwCl 1748.0+7125 . . . 2.72 1
370 . . . . . 5.08 2 110 . . . . . . . . . 3
371 . . . . . 4.55 2 110 . . . . . . . . . 3
372 . . . . . 4.63 2 11 . . . . . . 4.03 1
373 . . . . . 4.50 2 10 . . . . . . . . . 2
375 . . . . . 4.78 3 101 . . . . . . 3.03 1
376 . . . . . 4.54 2 10 AMF J359.521+15.1625 0.1785 2.56 1
382 . . . . . 4.73 2 110 . . . . . . . . . 3
387 . . . . . 4.66 2 111 . . . . . . . . . 2
396 . . . . . 4.55 2 10 . . . 0.25 1.78 1
397 . . . . . 6.89 2 111 . . . . . . . . . 3
398 . . . . . 4.55 2 10 . . . . . . . . . 3
400 . . . . . 4.58 2 111 . . . 0.533998 2.74 1
405 . . . . . 4.81 1 100 WHL J358.170+38.9803 0.27 2.79 1
412 . . . . . 4.76 3 1 . . . . . . 3.08 1
426 . . . . . 5.85 2 111 . . . . . . . . . 2
430 . . . . . 4.54 3 1 . . . . . . 3.60 1
436 . . . . . 4.96 3 101 . . . . . . 3.38 1
437 . . . . . 4.51 1 100 . . . . . . 3.42 1
444 . . . . . 4.72 2 110 . . . . . . 3.54 1
445 . . . . . 4.66 2 10 Abell 98S 0.104 2.87 1
446 . . . . . 5.35 2 11 . . . . . . . . . 2
456 . . . . . 4.89 1 100 . . . . . . 3.08 1
458 . . . . . 4.86 3 101 . . . . . . 2.82 1
462 . . . . . 5.40 2 110 . . . . . . . . . 2
466 . . . . . 5.91 2 11 . . . . . . . . . 3
468 . . . . . 4.95 2 10 . . . . . . 3.00 1
469 . . . . . 4.90 2 11 . . . 0.423 2.90 1
476 . . . . . 4.91 2 10 . . . . . . 2.66 1
478 . . . . . 5.42 3 1 . . . . . . . . . 3
479 . . . . . 4.81 2 11 . . . . . . 4.25 1
483 . . . . . 4.57 2 10 . . . . . . 3.40 1
488 . . . . . 4.58 1 100 RXC J0115.2+0019 0.045 3.60 1
489 . . . . . 4.58 3 1 . . . . . . 2.75 1
490 . . . . . 5.22 2 10 . . . . . . 3.18 1
491 . . . . . 4.51 1 100 RXC J0152.9+3732 0.2993 3.62 1
504 . . . . . 4.90 1 100 . . . . . . 2.99 1
505 . . . . . 4.53 2 10 . . . 0.172448 2.88 1
517 . . . . . 4.63 2 10 . . . . . . 2.33 1
522 . . . . . 6.62 3 110 . . . . . . 3
524 . . . . . 4.96 3 1 RXC J0209.5+1946 0.0657 3.57 1
527 . . . . . 4.52 1 100 . . . 0.38508 1.54 1
529 . . . . . 8.40 2 111 . . . . . . . . . 2
534 . . . . . 4.75 3 1 . . . . . . . . . 3
538 . . . . . 4.70 1 100 . . . . . . 3.62 1
539 . . . . . 5.59 2 111 ACO 307 . . . 3.52 1
544 . . . . . 4.79 2 10 . . . . . . 3.57 1
555 . . . . . 4.51 3 1 . . . . . . 2.81 1
556 . . . . . 5.28 2 111 . . . 0.532786 3.54 1
557 . . . . . 4.76 1 100 . . . . . . 1.97 1
559 . . . . . 4.67 1 100 . . . . . . 2.48 1
562 . . . . . 4.64 2 10 RXC J0157.4-0550 0.1289 4.35 1
564 . . . . . 6.56 1 100 . . . . . . . . . 3
565 . . . . . 5.22 2 111 RXC J0137.4-1259 0.2143 5.16 1
576 . . . . . 4.51 1 100 . . . . . . 2.81 1
586 . . . . . 5.32 2 10 . . . . . . 3.04 1
590 . . . . . 4.89 2 11 . . . . . . 4.83 1
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Table E.3. Continuation of Table E.1.

Index S/N Pipeline Pipe det Id ext Redshift S/N (non-blind) Type
592 . . . . . 4.62 2 10 RXC J0822.1+4705 0.1303 3.47 1
604 . . . . . 4.68 1 100 RXC J0248.0-0332 0.1883 3.19 1
605 . . . . . 5.01 3 101 . . . . . . 2.68 1
607 . . . . . 4.94 1 100 RXC J0956.0+4107 0.587 2.96 1
611 . . . . . 4.82 2 111 . . . . . . . . . 3
612 . . . . . 5.87 2 11 . . . . . . . . . 2
616 . . . . . 5.09 2 10 . . . . . . 2.20 1
618 . . . . . 5.43 2 11 . . . . . . 3.43 1
621 . . . . . 4.78 2 11 RXC J0326.8+0043 0.45 2.90 1
622 . . . . . 5.43 2 10 . . . 0.494731 1.51 1
626 . . . . . 5.90 2 111 . . . . . . . . . 3
629 . . . . . 4.51 1 100 . . . . . . 2.07 1
639 . . . . . 5.10 3 1 . . . . . . 4.27 1
642 . . . . . 4.65 1 100 WHL J164.029+34.0043 0.3805 3.50 1
645 . . . . . 4.51 1 100 . . . . . . 2.60 1
650 . . . . . 4.56 1 100 . . . 0.47 1.10 1
652 . . . . . 4.62 1 100 . . . . . . 2.59 1
653 . . . . . 5.19 3 1 . . . . . . . . . 3
658 . . . . . 4.57 1 100 . . . . . . 1.78 1
659 . . . . . 4.82 1 100 . . . . . . 3.24 1
669 . . . . . 4.85 2 10 RXC J1110.7+2842 0.0314 2.96 1
670 . . . . . 4.86 1 100 WHL J56.0261-13.5512 0.5757 3.73 1
671 . . . . . 4.70 3 1 . . . . . . . . . 2
672 . . . . . 4.94 2 110 WHL J161.821+27.9906 0.4333 3.28 1
678 . . . . . 4.54 1 100 . . . 0.37572 2.01 1
679 . . . . . 4.55 1 100 . . . . . . 3.31 1
683 . . . . . 5.38 2 10 . . . . . . . . . 2
684 . . . . . 6.62 3 101 . . . . . . . . . 2
697 . . . . . 4.62 3 1 ACO 457 . . . 3.81 1
698 . . . . . 4.72 2 10 . . . . . . . . . 2
699 . . . . . 4.77 1 100 . . . . . . 2.73 1
704 . . . . . 4.56 1 100 WHL J131.956+13.5279 0.3487 3.79 1
705 . . . . . 4.67 1 100 . . . . . . 0.27 1
712 . . . . . 4.65 1 100 . . . . . . 1.52 1
719 . . . . . 4.82 2 10 WHL J158.665+20.5346 0.4674 2.95 1
721 . . . . . 4.53 1 100 ACO S 270 . . . 2.01 1
722 . . . . . 4.71 3 1 . . . . . . 2.76 1
725 . . . . . 4.56 2 10 . . . . . . 3.61 1
728 . . . . . 5.29 1 100 RXC J0906.4+1020 0.1328 3.67 1
729 . . . . . 4.62 1 100 WHL J140.630+11.6581 0.2609 2.88 1
735 . . . . . 4.52 3 1 . . . . . . 3.37 1
736 . . . . . 5.02 2 10 . . . . . . 3.95 1
737 . . . . . 4.52 2 10 . . . . . . 3.19 1
743 . . . . . 4.57 2 10 . . . . . . 3.45 1
748 . . . . . 4.55 3 1 . . . . . . 3.84 1
749 . . . . . 4.97 3 101 ACO 3218 . . . 4.03 1
750 . . . . . 5.13 2 10 . . . 0.31 3.37 1
751 . . . . . 4.81 1 100 CXOMP J091126.6+055012 0.7682 3.82 1
753 . . . . . 4.52 3 1 . . . . . . 3.42 1
755 . . . . . 7.77 3 1 . . . . . . . . . 2
760 . . . . . 4.62 2 110 WHL J134.086+1.78038 0.7243 2.90 1
762 . . . . . 4.93 3 1 . . . . . . . . . 4
766 . . . . . 7.83 3 1 . . . . . . . . . 4
770 . . . . . 4.64 3 1 RXC J1047.5+1513 0.2108 3.50 1
771 . . . . . 4.52 2 10 WHL J124.638-6.42296 0.5123 3.19 1
775 . . . . . 6.97 3 1 . . . . . . . . . 2
781 . . . . . 4.79 3 1 . . . . . . . . . 3
782 . . . . . 4.62 3 1 ZwCl 0919.7-0016 0.3538 2.64 1
788 . . . . . 4.64 2 10 ACO S 403 . . . 3.72 1
789 . . . . . 5.22 2 110 . . . . . . . . . 3
792 . . . . . 4.52 2 10 . . . . . . 1.39 1
794 . . . . . 5.83 1 100 . . . . . . . . . 3
795 . . . . . 4.60 2 111 WHL J170.480+15.8014 0.5593 2.95 1
798 . . . . . 5.05 2 10 . . . . . . 3.29 1
809 . . . . . 4.59 1 100 . . . . . . 2.85 1
811 . . . . . 4.64 3 1 . . . . . . . . . 3
813 . . . . . 4.64 1 100 . . . . . . 3.06 1
814 . . . . . 4.58 3 1 . . . . . . 4.50 1
820 . . . . . 4.57 1 100 RXC J1013.7-0006 0.0927 2.49 1
827 . . . . . 8.14 3 1 . . . . . . . . . 2
830 . . . . . 4.56 2 10 . . . . . . 2.33 1
832 . . . . . 4.55 2 10 ACO S 539 . . . 3.04 1
833 . . . . . 4.62 2 110 . . . . . . 3.38 1
836 . . . . . 4.76 2 110 RXC J0345.7-4112 0.0603 3.89 1
843 . . . . . 4.51 3 1 . . . . . . 2.78 1
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Table E.4. Continuation of Table E.1.

Index S/N Pipeline Pipe det Id ext Redshift S/N (non-blind) Type
844 . . . . . 4.78 3 1 . . . . . . 3.91 1
845 . . . . . 7.14 3 1 . . . . . . . . . 4
859 . . . . . 4.89 3 1 . . . . . . 1.87 1
860 . . . . . 4.64 1 100 . . . . . . 2.41 1
864 . . . . . 5.04 2 10 . . . . . . 3.54 1
866 . . . . . 5.17 3 1 . . . . . . . . . 3
874 . . . . . 4.55 1 100 . . . . . . 3.45 1
884 . . . . . 4.67 1 100 . . . . . . 0.99 1
885 . . . . . 4.53 3 1 . . . . . . 3.01 1
886 . . . . . 4.72 2 111 . . . . . . 2.50 1
900 . . . . . 4.60 3 1 . . . . . . 2.92 1
908 . . . . . 4.68 2 10 . . . 0.45 3.14 1
909 . . . . . 4.68 1 100 . . . . . . 1.94 1
913 . . . . . 4.87 2 10 . . . . . . 3.50 1
917 . . . . . 4.78 1 100 . . . . . . 1.46 1
921 . . . . . 4.72 2 10 . . . 0.26 4.23 1
923 . . . . . 4.71 1 100 . . . . . . 1.57 1
925 . . . . . 5.00 1 100 . . . . . . 2.16 1
927 . . . . . 4.72 1 100 . . . . . . 1.84 1
928 . . . . . 4.66 3 1 . . . . . . 2.65 1
933 . . . . . 4.60 2 10 . . . . . . 3.06 1
949 . . . . . 4.86 3 1 . . . . . . 1.88 1
950 . . . . . 4.76 1 100 . . . . . . 2.11 1
953 . . . . . 4.87 3 1 . . . . . . 3.98 1
964 . . . . . 4.95 2 10 . . . 0.14 2.83 1
965 . . . . . 4.51 1 100 . . . . . . 1.71 1
966 . . . . . 4.51 3 1 . . . . . . 2.19 1
968 . . . . . 4.54 2 10 . . . . . . 2.67 1
973 . . . . . 4.56 1 100 . . . . . . 1.52 1
980 . . . . . 12.78 2 111 RXC J1217.6+0339 0.0766 2
992 . . . . . 5.52 2 11 . . . . . . 0.68 1
1010. . . . . 5.91 2 11 . . . . . . . . . 3
1016. . . . . 4.76 2 110 . . . . . . 2.74 1
1018. . . . . 4.61 3 1 . . . . . . 3.97 1
1019. . . . . 4.98 2 11 . . . . . . 3.89 1
1031. . . . . 4.81 2 110 . . . . . . . . . 3
1039. . . . . 4.50 2 10 . . . . . . 3.30 1
1048. . . . . 4.90 2 10 ACO S 137 0.02764 2.50 1
1049. . . . . 4.95 2 10 ACO 1603 0.1314 2.86 1
1052. . . . . 5.74 3 1 . . . . . . . . . 3
1055. . . . . 4.62 3 1 RXC J0052.7-8015 0.1141 4.03 1
1059. . . . . 4.68 1 100 . . . . . . 2.74 1
1060. . . . . 6.81 2 111 . . . . . . . . . 3
1069. . . . . 4.84 2 10 . . . 0.12941 2.29 1
1080. . . . . 4.61 1 100 . . . . . . 2.40 1
1081. . . . . 4.60 2 10 . . . . . . . . . 3
1091. . . . . 5.21 2 11 . . . . . . . . . 3
1092. . . . . 4.64 2 10 . . . . . . 3.08 1
1094. . . . . 4.68 1 100 . . . . . . 2.57 1
1103. . . . . 6.15 1 100 . . . . . . . . . 2
1107. . . . . 5.02 2 10 . . . . . . 2.39 1
1111. . . . . 4.83 2 10 . . . . . . 2.74 1
1119. . . . . 5.48 2 10 . . . . . . 3.53 1
1132. . . . . 4.51 1 100 . . . . . . 1.43 1
1133. . . . . 4.73 1 100 . . . 0.25 2.81 1
1135. . . . . 4.78 3 1 . . . . . . 3.83 1
1144. . . . . 4.90 3 1 . . . . . . 4.22 1
1152. . . . . 4.63 3 1 . . . . . . 3.61 1
1155. . . . . 4.78 2 111 SPT-CLJ2148-6116 0.571 3.59 1
1159. . . . . 4.76 1 100 . . . . . . 2.15 1
1162. . . . . 4.63 1 100 . . . . . . 2.74 1
1170. . . . . 4.65 2 10 . . . . . . 3.63 1
1173. . . . . 4.55 1 100 . . . . . . 2.24 1
1174. . . . . 6.61 2 111 . . . . . . . . . 2
1177. . . . . 5.58 2 10 . . . . . . . . . 3
1178. . . . . 4.50 1 100 . . . . . . 2.90 1
1180. . . . . 5.88 2 111 . . . . . . . . . 3
1188. . . . . 4.78 2 10 . . . . . . 3.03 1
1194. . . . . 4.75 2 10 . . . 0.21 3.26 1
1196. . . . . 4.57 1 100 . . . . . . 2.76 1
1197. . . . . 4.78 2 11 . . . . . . 2.35 1
1198. . . . . 4.80 1 100 . . . . . . 2.91 1
1199. . . . . 4.60 2 110 . . . . . . 2.31 1
1203. . . . . 5.02 1 100 ACO S 808 0.049131 3.41 1
1204. . . . . 4.70 1 100 . . . 0.5 3.20 1
1212. . . . . 4.74 1 100 . . . . . . 2.84 1
1215. . . . . 4.63 1 100 . . . . . . 3.43 1
1217. . . . . 4.52 2 10 . . . . . . 2.49 1
1219. . . . . 5.16 3 1 . . . . . . . . . 2
1221. . . . . 5.47 2 11 . . . . . . . . . 2
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69 Institut d’Astrophysique de Paris, CNRS (UMR7095), 98 bis Boulevard Arago, F-75014, Paris, France
70 Institute of Astronomy, University of Cambridge, Madingley Road, Cambridge CB3 0HA, U.K.
71 Institute of Theoretical Astrophysics, University of Oslo, Blindern, Oslo, Norway
72 Instituto de Astrof́ısica de Canarias, C/Vı́a Láctea s/n, La Laguna, Tenerife, Spain
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Grenoble Cedex, France
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101 Sorbonne Université-UPMC, UMR7095, Institut d’Astrophysique de Paris, 98 bis Boulevard Arago, F-75014, Paris, France
102 Space Research Institute (IKI), Russian Academy of Sciences, Profsoyuznaya Str, 84/32, Moscow, 117997, Russia
103 Space Sciences Laboratory, University of California, Berkeley, California, U.S.A.
104 Special Astrophysical Observatory, Russian Academy of Sciences, Nizhnij Arkhyz, Zelenchukskiy region, Karachai-Cherkessian

Republic, 369167, Russia
105 Sterrewacht Leiden, P.O. Box 9513, NL-2300 RA Leiden, The Netherlands
106 Sub-Department of Astrophysics, University of Oxford, Keble Road, Oxford OX1 3RH, U.K.
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Abstract. We study the nature of cluster selection in Sunyaev-Zel’dovich (SZ) surveys, focusing on single frequency obser-
vations and using Monte Carlo simulations incorporating instrumental effects, primary cosmic microwave background (CMB)
anisotropies and extragalactic point sources. Clusters are extracted from simulated maps with an optimal, multi-scale matched
filter. We introduce a general definition for the survey selection function that provides a useful link between an observational
catalog and theoretical predictions. The selection function defined over the observed quantities of flux and angular size is in-
dependent of cluster physics and cosmology, and thus provides a useful characterization of a survey. Selection expressed in
terms of cluster mass and redshift, on the other hand, depends on both cosmology and cluster physics. We demonstrate that
SZ catalogs are not simply flux limited, and illustrate how incorrect modeling of the selection function leads to biased estimates
of cosmological parameters. The fact that SZ catalogs are not flux limited complicates survey “calibration” by requiring more
detailed information on the relation between cluster observables and cluster mass.

Key words. cosmology: large-scale structure of Universe – galaxies: clusters: general

1. Introduction

Galaxy cluster surveys are important tools for measuring
key cosmological quantities and for understanding the pro-
cess of structure formation in the universe (Bahcall et al. 1999;
Rosati et al. 2002). Surveying for clusters using the
Sunyaev-Zel’dovich (SZ) effect (Sunyaev & Zeldovich 1970;
Sunyaev & Zeldovich 1972; for recent reviews, see Birkinshaw
1999; and Carlstrom et al. 2002) offers a number of advan-
tages over more traditional methods based on X-ray or op-
tical imaging. These advantages include good detection ef-
ficiency at high-redshift; a selection based on the thermal
energy of the intracluster medium, a robust quantity rela-
tive to any thermal structure in the gas; and an almost con-
stant mass detection limit with redshift (Holder et al. 2000;
Bartlett 2000; Bartlett 2001). A new generation of opti-
mized, dedicated instruments, both large bolometer arrays
(Masi et al. 2003; Runyan et al. 2003; Kosowsky 2004) and in-
terferometers (Lo et al. 2000; Jones 2002), will soon perform
such SZ cluster surveys, and we may look forward to the large
and essentially full-sky SZ catalog expected from the Planck
mission1. In anticipation, many authors have studied the na-
ture and use of SZ cluster catalogs and made predictions for
the number of objects expected from various proposed sur-
veys (Holder et al. 2000; Kneissl et al. 2001). A good exam-
ple of the potential of an SZ survey is the use of its redshift
distribution to examine structure formation at high redshift and

1 A list of web pages describing a number of experiments is given
in the reference section.

to thereby constrain cosmological parameters, such as the den-
sity parameter ΩM (Barbosa et al. 1996), and the dark energy
equation-of-stateω (Haiman et al. 2001).

An astronomical survey is fundamentally characterized by
its selection function, which identifies the subclass of objects
detected among all those actually present in the survey area.
It is a function of cluster properties and survey conditions.
Depending on the nature of the observations, relevant cluster
properties may include: mass, redshift, luminosity, morphol-
ogy, etc., while key descriptors of the survey would be sensi-
tivity, angular resolution, spectral coverage, etc. The selection
function will also depend on the the detection algorithm used
to find clusters in the survey data. Understanding of the selec-
tion function is a prerequisite to any statistical application of
the survey catalog; otherwise, one has no idea how representa-
tive the catalog is of the parent population actually out in the
universe.

Selection function issues for SZ surveys have been touched
on recently by several authors (Bartlett 2001; Schulz & White
2003; White 2003), while most previous studies of the potential
use of SZ surveys have not examined this point in detail. For
example, predictions of the redshift distribution of SZ-detected
clusters usually assume that they are point sources, simply
selected on their total flux2. We shall see below that this
is not necessarily the case, and an analysis of cosmological

2 The term flux does not really apply in the case of SZ observa-
tions, as the effect is measured relative to the unperturbed background
and may be negative. We shall nevertheless use it throughout for
simplicity.

Article published by EDP Sciences and available at http://www.aanda.org or http://dx.doi.org/10.1051/0004-6361:20048093
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parameters based on such an assumption would significantly
bias the results.

Understanding a survey selection function is difficult. By
its very nature and purpose, the selection function is supposed
to tell us about objects that we don’t see in the survey! Realistic
simulations of a survey are central to determining its selection
function (e.g., Adami et al. 2001). One knows which objects
are put into the simulation and can then compare them to the
subset of objects detected by the mock observations. In prac-
tice, of course, understanding of a selection function comes
only from a combination of such simulations and diverse ob-
servations taken under different conditions and/or in different
wavebands; full understanding thus comes slowly.

There are really two distinct issues connected to the selec-
tion function: object detection, or survey completeness, and ob-
ject measurement, which we shall refer to as photometry; as
a separate issue, one must also determine the contamination
function. One would like to characterize each detected clus-
ter by determining, for example, its total flux, angular size,
etc. As practitioners are well aware, photometry of extended
objects faces many difficulties that introduce additional uncer-
tainty and, in particular, potential bias into the survey catalog.
The selection function must correct for bias induced by both
the detection and photometric procedures. The two are, how-
ever, distinct steps in catalog construction, and the selection
function (see below) should reflect this fact.

The object of the present work is to begin a study of SZ se-
lection functions for the host of SZ surveys that are being
planned, and to propose a formalism for their characterization.
To this end, we have developed a rapid Monte Carlo simula-
tion tool (Delabrouille et al. 2002) that produces mock images
of the SZ sky, including various clustering and velocity effects,
primary cosmic microwave background (CMB) anisotropies,
radio point sources and instrumental effects. The main goals of
such studies, in this period before actual surveying has begun,
are to improve understanding of the expected scientific return
of a given survey and to help optimize observing strategies.

Our specific aim in the present work is to study selection
effects in SZ surveys by focusing on single frequency obser-
vations, such as will be performed by up-coming interferom-
eters. Most bolometer cameras propose surveys at several fre-
quencies, although not necessarily simultaneously; the present
considerations are therefore applicable to the first data sets
from these instruments. This work builds on that of Bartlett
(2000) by adding the effects of primary CMB anisotropies,
point sources and photometric errors, and by the use of an op-
timized cluster detection algorithm (Melin et al. 2004).

General considerations concerning the selection function
are given in the next section and used to motivate our definition
given in Eq. (1). We then briefly describe (Sect. 3) our simula-
tions, based on a Monte Carlo approach incorporating cluster
correlations and velocities, as well as our cluster detection and
photometry algorithms built on an optimized spatial filter (de-
tails will be given elsewhere, Melin et al. 2004). A discussion
of cluster selection with this method follows (Sect. 4), where
with a simple analytic argument, we show how cluster detec-
tion depends on both total flux and angular size. Our main con-
clusion is that SZ surveys will not be simply flux limited. Our

simulations support the analytical expectations, and they also
highlight the difficulty of performing accurate photometry on
detected clusters.

We close with a discussion (Sect. 5) of some implications
for upcoming surveys. The most important is that the redshift
distribution of observed clusters differs from that of a pure
flux-limited catalog; assuming pure flux selection will there-
fore lead to biased estimates of cosmological parameters. In
this same section, we give an explicit example of biased pa-
rameter estimation caused by the presence of incorrectly mod-
eled excess primary CMB power on cluster scales, as sug-
gested by the CBI experiment (Mason et al. 2001). We note
that non-trivial cluster selection complicates survey “calibra-
tion” (Bartelmann 2001; Hu 2003; Majumdar & Mohr 2003;
Lima & Hu 2004) because a size-mass relation must be ob-
tained in addition to a flux-mass relation. Photometric errors
will further increase the difficulty by augmenting scatter in the
mass-observable relations.

2. Selection function: General considerations

To motivate our definition, we first consider some general prop-
erties desired of a survey selection function. Fundamentally, it
relates observed catalog properties (e.g., flux and size) to rel-
evant intrinsic characteristics of the source population under
study. In particular, we want it to tell us about the completeness
of the survey catalog as a function of source properties, which
is a measure of the selection bias. In addition, we also wish
for it to reflect the effects of statistical (e.g., photometric) er-
rors. Notice, on the other hand, that the selection function will
not tell us anything about contamination of the catalog by false
detections; this is another function of observed quantities that
must be separately evaluated.

Consider the example of a flux-limited catalog of point
sources. Neglecting photometric measurement errors, the prob-
ability that a source at redshift z will find its way into the survey
catalog is simply given by the fraction of sources brighter than
the flux limit, which may be calculated as an integral over the
luminosity function at z (e.g., Peebles 1993). Extended objects
complicate the situation, for their detection will in general de-
pend on morphology. One must then define appropriate source
descriptors other than just a total flux; and even the definition
of total flux, conceptually simple, becomes problematic (fixed
aperture flux, isophotal flux, integrated flux with a fitted pro-
file, etc.). The choice of descriptors is clearly important and
the selection function will depend on it. They must encode rel-
evant observational information on the sources and represent
observables with as little measurement error as possible.

The simplest characterization for extended SZ sources
would employ a total observed flux, Yo, and a representative
angular size, which we take to be the core radius θco. By total
flux, we mean the flux density integrated over the entire cluster
profile, out to the virial radius, and we express it in a frequency
independent manner as the integrated Compton-y parameter.
We limit ourselves to these two descriptors in the ensuing
discussion, although clearly many others describing cluster
morphology are of course possible (ellipticity, for example...).
How the observed quantities are actually measured is crucial –
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measurement errors and the selection function will both depend
on the technique used.

Our detected clusters will then populate the observed pa-
rameter space according to some distribution dNo/dYodθco.
What we really seek, however, is the true cluster distribu-
tion, dN/dYdθc, over the intrinsic cluster parameters Y and θc.
Measurement errors and catalog incompleteness both con-
tribute to the difference between these two distributions. In
addition, the catalog will suffer from contamination by false
detections.

These general considerations motivate us to define the se-
lection function as the joint distribution of Yo and θco, as a func-
tion of (i.e., given) Y and θc. There are many other factors that
influence the selection function, such as instrument characteris-
tics, observation conditions and analysis methods, so in general
we write

Φ [Yo, θco|Y, θc, σN, θfwhm, ...] (1)

where θfwhm is the FWHM of an assumed Gaussian beam
and σ2

N is the map noise variance. We illustrate our main points
throughout this discussion with simple uniform Gaussian white
noise. The dots represent other possible influences on the selec-
tion function, such as the detection and photometry algorithms
employed to construct the catalog.

Several useful properties follow from this definition. For
example, the selection function relates the observed counts
from a survey to their theoretical value by

dNo

dYodθco
(Yo, θco) =

∫ ∞

0
dY

∫ ∞

0
dθc Φ(Yo, θco|Y, θc)

× dN
dYdθc

(Y, θc) . (2)

A similar relation can be established between the observed
counts and cluster mass and redshift:

dNo

dYodθco
(Yo, θco) =

∫ ∞

0
dz

∫ ∞

0
dM Ψ(Yo, θco|z,M)

× dN
dzdM

(z,M) (3)

where dN/dzdM is the mass function andΨ incorporates the in-
trinsic and observational scatter in the relation between (Yo, θco)
and (z,M) (mass-observable relations). This is made more
explicit by

Ψ(Yo, θco|z,M) =
∫ ∞

0
dY

∫ ∞

0
dθcΦ(Yo, θco|Y, θc)

×T (Y, θc|z,M) (4)

where the function T represents the intrinsic scatter in the rela-
tion between actual flux Y and core radius θc, and cluster mass
and redshift.

In general, we may separate the selection function into two
parts, one related to detection and the other to photometry:

Φ(Yo, θco|Y, θc) = χ(Y, θc)F(Yo, θco|Y, θc). (5)

The first factor represents survey completeness and is simply
the ratio of detected to actual clusters as a function of true

cluster parameters. The second factor quantifies photometric
errors with a distribution function F normalized to unity:
∫

dYodθco F(Yo, θco|Y, θc) = 1

In the absence of measurement errors we would have

Φ(Yo, θco|Y, θc) = χ(Yo, θco)δ(Yo − Y)δ(θco − θc)

in which case the observed counts become

dNo

dYodθco
(Yo, θco) = χ(Yo, θco)

dN
dYdθc

(Y, θc) . (6)

The importance of the selection function for cosmological stud-
ies lies in Eq. (3) which relates the cosmologically sensitive
mass function to the observed catalog distribution. Accurate
knowledge of Ψ is required in order to obtain constraints on
cosmological parameters, such as the density parameter or the
dark energy equation-of-state.

3. Simulations

Detailed study of SZ selection issues requires realistic sim-
ulations of proposed surveys. Although analytic arguments
do provide significant insight, certain effects, such as cluster-
cluster blending and confusion, can only be fully modeled
with simulations. To this end, we have developed a rapid
Monte Carlo-based simulation tool that allows us to generate
a large number of realizations of a given survey. This is es-
sential in order to obtain good measures of the selection func-
tion that are not limited by insufficient statistics. In this section
we briefly outline our simulation method and our cluster detec-
tion algorithm, leaving details to Delabrouille et al. (2002) and
Melin et al. (2004).

Unless explicitly stated, the simulations used in this
work are for a flat concordance model (Spergel et al. 2003)
with ΩM = 0.3 = 1 − ΩΛ, Hubble constant of H0 =

70 km s−1 Mpc−1 Freedman et al. 2001) and a power spectrum
normalizationσ8 = 0.98. The normalization of the M − T rela-
tion is chosen to reproduce the local abundance of X-ray clus-
ters with this value of σ8 (Pierpaoli et al. 2001). Finally, we fix
the gas mass fraction at fgas = 0.12 (e.g., Mohr et al. 1999).

3.1. Method

Our simulations produce sky maps at different frequencies
and include galaxy clusters, primary CMB anisotropies, point
sources and instrumental properties (beam smoothing and
noise). In this work, we do not consider diffuse Galactic
foregrounds, such as dust and synchrotron emission, as we
are interested in more rudimentary factors influencing the
selection function; we leave foreground issues to a future
work (as general references, see Bouchet & Gispert 1999;
Tegmark et al. 2000; Delabrouille et al. 2003).

We model the cluster population using the Jenkins et al.
(2001) mass function and self-similar, isothermal β-profiles for
the SZ emission. A realization of the linear density field δρ/ρ
within a comoving 3D box, with the observer placed at one
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end, is used to construct the cluster spatial distribution and ve-
locity field. We scale the density field by the linear growth fac-
tor over a set of redshift slices (or bins) along the past light-
cone of the observer; a set of mass bins is defined within each
redshift slice. We then construct a random cluster catalog by
drawing the number of clusters in each bin of mass and red-
shift according to a Poisson distribution with mean given by
the mass function integrated over the bin. Within each redshift
slice, we spatially distribute these clusters with a probability
proportional to 1 + b δρ

ρ
, where b is the linear bias given by

Mo & White (1996). Comparison of the resulting spatial and
velocity 2-point functions of the mock catalog with results from
the VIRGO consortium’s N-body simulations shows that this
method faithfully reproduces the correlations down to scales of
order of 10 h−1 Mpc.

Individual clusters are assigned a temperature using
a M − T relation consistent with the chosen value of σ8

(Pierpaoli et al. 2001)

M

1015 h−1 M�
=

(
T
βp

) 3
2 (
∆cE2

)− 1
2 (7)

with βp = 1.3 ± 0.13 ± 0.13 keV. Here, ∆c is the mean density
contrast for virialization (weakly dependent on the cosmology)
and E(z) = H(z)/H0. As mentioned, we distribute the cluster
gas with an isothermal β-model:

ne(r) = ne(0)

1 +
(

r
rc

)2
−3β

2

(8)

where we fix β = 2/3 and the core radius is taken to be
rc = 0.1 rv, with the virial radius given by

rv = 1.69 h−2/3

(
M

1015 M�

)1/3 (
∆c

178

)−1/3

E−2/3 Mpc. (9)

The central electron density is determined by the gas mass frac-
tion fgas. For the present work, we ignore any intrinsic scatter
in these scaling relations.

In this way we produce a 3 × 3 degree map of the SZ sky.
Primary CMB anisotropies are added as a Gaussian random
field by drawing Fourier modes according to a Gaussian dis-
tribution with zero mean and variance given by the power
spectrum as calculated with CMBFAST (Seljak & Zaldarriaga
1996). We then populate the maps with radio and infrared point
sources, using the counts summarized in Bennett et al. (2003)
and fitted by Knox et al. (2003), and the counts from SCUBA
(Borys et al. 2003). Finally, the map is smoothed with a
Gaussian beam and white Gaussian noise is added to model
instrumental effects.

3.2. Detection algorithm

We have developed (Melin et al. 2004) a rapid detection routine
incorporating a deblending algorithm that is based on matched
filtering (Haehnelt & Tegmark 1996), for single frequency sur-
veys, and matched multi-filtering (Herranz et al. 2002), for
multi-frequency surveys. Recall that in this work we only
examine single frequency surveys. The matched filter, on a

scale θc, is defined to yield the best linear estimate of the am-
plitude of the SZ signal from a cluster with (matched) core
radius θc. It depends on both the beam-smoothed cluster pro-
file τc and the noise power spectrum P(k). In Fourier space it is
given by

F̂(k) =

[∫ |τ̂c(k′)|2
P(k′)

d2k′

(2π)2

]−1
τ̂∗c(k)
P(k)

(10)

where P = (Pcmb+Psources)|B̂|2+Pins, τ̂c is the Fourier transform
of the beam-smoothed cluster profile τc, B̂ is that of the instru-
mental beam (a Gaussian), and Pcmb, Psources and Pins represent
the power spectra of the primary CMB anisotropies, residual
point sources and instrumental noise, respectively. We denote
the standard deviation of the noise (including primary CMB
and residual points sources) passed through the filter at scale θc
by σθc , and give its expression for future reference:

σθc =

[∫ |τ̂c(k)|2
P(k)

d2k
(2π)2

]− 1
2

· (11)

This is the fluctuation amplitude of the filtered signal in the
absence of any cluster signal.

We can summarize the detection algorithm in three steps:

– filter the observed map with matched filters on different
scales θc in order to identify clusters of different sizes. This
produces a set of filtered maps;

– in each filtered map, find the pixels that satisfy S
N >

threshold (e.g. 3 or 5). Define cluster candidates as local
maxima among these pixels. At this point, each cluster can-
didate – in each map – has a position, size (that of the filter
that produced the map), and a SZ flux given by the signal
through the matched filter;

– identify cluster candidates across the different filtered maps
using a tree structure (the same cluster can obviously be de-
tected in several filtered maps) and eliminate multiple de-
tections by keeping only cluster properties corresponding
to the highest S/N map for each candidate.

4. Selection function for single frequency
SZ surveys

We consider a single frequency SZ survey with charac-
teristics representative of upcoming interferometers (e.g.,
the Arcminute MicroKelvin Imager being constructed in
Cambridge3): a 15 GHz observation frequency, 2 arcmin
FWHM (synthesized) beam and a noise level of 5 µK/beam.
Note that, for simplicity and generality, we model the observa-
tions as a fully sampled sky map instead of actual visibilities.
This approximation should be reasonably accurate given the
good sampling expected in the Fourier plane; it will, however,
miss important details of the selection function that will require
adequate modeling when the time comes. In the same spirit, we
also model the noise as a white Gaussian random variable with
zero mean and the given variance.

During the course of the discussion, we will often com-
pare the following observational cases: 1) no instrumental

3 http://www.mrao.cam.ac.uk/telescopes/ami/index.html
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Fig. 1. Cluster counts in terms of integrated Y for the input concor-
dance model (black solid line) and for detected clusters: the green
dotted line gives the counts neglecting the effects of instrumental noise
and point sources (CMB + beam = 2 arcmin FWHM); the blue dash-
dotted line includes instrumental noise (5 µK/beam); the red dash-
triple-dotted line further includes the effects of residual point sources
after explicit subtraction of all sources with flux greater than 100 µJy
(see text). These are all plotted as functions of the true total flux Y .
The red dashed line shows the observed counts for the latter case in
terms of the observed flux Yo.

noise (CMB+beam4); 2) the former plus instrumental noise
at 5 µK/beam; and 3) the previous plus point sources below
a flux limit of 100 µJy at 15 GHz. In this last case, we are
assuming that all sources brighter than the flux limit are explic-
itly subtracted; for example, both AMI and the SZA5 plan long
baseline observations for point source removal.

Integrated source counts in terms of total cluster flux Y
(measured in arcmin2) are shown in Fig. 1. The theoretical
counts for the fiducial model are given by the solid black line,
while the other curves give the counts from our simulated ob-
servations. They are plotted in terms of true flux Y, except
for the red dashed curve that gives the counts as a function
of observed flux Yo, as would actually be observed in a sur-
vey. Differences between the detected cluster counts and the
theoretical prediction (black solid line) reflect catalog incom-
pleteness; the nature of this incompleteness is the focus of our
discussion. The influence of photometric errors is illustrated by
the difference between the observed counts as a function of ob-
served flux (red dashed curve) and the detected-cluster counts
given as a function of true flux.

4.1. Catalog completeness

It is important to understand the exact nature of the incomplete-
ness evident in Fig. 1, and we shall now demonstrate that it is
not simply a function of total flux. Our detection algorithm op-
erates as a cut at fixed signal-to-noise, which leads to the fol-
lowing constraint on (true) cluster parameters Y and θc:

Y = yest

∫
dΩ τc(n̂) ≥

( S
N

)
σθc

∫
dΩ τc(n̂) (12)

4 Note that in this case of no noise, the beam can be perfectly
deconvolved.

5 http://astro.uchicago.edu/sze

Fig. 2. Selection in the parameter plane of total flux Y and core ra-
dius θc. The three curves correspond to the different simulated cases,
as indicated in the legend; all correspond to a cut at signal-to-noise
of 5. The dot-dashed lines in the background give contours of constant
mass in this plane; each is parameterized by redshift z. Note that clus-
ter selection does not follow a simple flux cut, which would be a hor-
izontal line, nor a simple mass cut. Photometric errors are neglected
in this plot, meaning that observed cluster parameters Yo and θc equal
the true values Y and θc.

where yest is the central Compton parameter estimated by the
filter matched to a cluster of core radius θc, and the filter noise
on this scale is given by Eq. (11). Figure 2 shows the resulting
selection curves for our three cases in the Y − θc plane at S/N ≥
5. Note that we are speaking in terms of true cluster parameters,
leaving the effects of photometric errors aside for the moment.

It is clear from this figure that cluster selection does not
correspond to a simple flux cut – it depends rather on a combi-
nation of both source flux and angular extent. The exact form
of this dependence is dictated by the noise power spectrum,
which must be understood to include primary CMB anisotropy.
That this latter dominates on the larger scales can be seen from
the fact that the three curves approach each other at large core
radii. For smaller objects, on the other hand, instrumental noise
and residual point source contamination “pull” the curve to-
wards higher fluxes relative to the ideal case that includes only
CMB anisotropies (dotted line).

For the solid red curve, we calculate the flux variance in-
duced by residual point sources at the given filter scale and
then add the equivalent Gaussian noise term to the instrumen-
tal noise and CMB contributions. One may well ask why the
source fluctuations should be Gaussian given the shallow slope
of the radio source counts that would normally lead to very
non-Gaussian statistics. The fluctuations are in fact Gaussian,
as we have verified with the simulations, essentially because
the source subtraction is performed at higher angular resolution
than the smallest filter scale; in effect, we have cleaned “below”
the filter confusion limit, so that the number of sources/filter
beam is large and we approach the Gaussian limit. This realis-
tically reflects what will actually be done with interferometers
using long baseline observations for source subtraction.

The dot-dashed lines in the background of the figure rep-
resent contours of constant cluster mass M(Y, θc). They result
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Fig. 3. Detection mass as a function of redshift. The blue long-dashed
line shows the result for the case CMB + noise (blue long-dashed
line in Fig. 2). The rise at low redshift is due confusion with primary
CMB fluctuations that is more important for nearby clusters with large
angular extent. The red dot-dashed line gives the result for a pure flux-
limited catalog (see text), and the black short dashed line that for ob-
servations without CMB confusion (e.g., multi-frequency). Relative to
a pure flux-limited catalog, both observed catalogs loose clusters over
a range of redshifts.

from inversion of the Y(M, z) and θc(M, z) relations, where we
associate cluster core radius with filter scale. Note that redshift
varies along each contour, and that we have assumed zero scat-
ter in the relations so that the inversion is one-to-one. In reality,
of course, they contain intrinsic scatter, due to cluster physics,
as well as observational scatter induced by photometric errors.
The position of these mass contours depends on both cluster
physics and the underlying cosmology; we may, for example,
displace the contours by changing the gas-mass fraction. The
selection curves, in contrast, are independent of cosmology and
cluster physics, being based on purely observational quantities.

Observed clusters populate this plane according to the dis-
tribution dNo/dYodθco, which depends on cluster physics, cos-
mology and photometry; Eq. (3) gives it in terms of the key
theoretical quantity, the mass function. If photometric errors
are assumed to be unimportant, then Eq. (6) applies and we see
that the function χ(Y, θc) is a step function taking the value of
unity above the selection curves, and zero below; photometric
errors simply “smooth” the selection function Φ as manifest
by Eq. (5). Completeness expressed in terms of the function χ
is therefore independent of cluster physics and cosmology. A
more common way to express completeness is by the ratio of
detected to actual clusters as a function of total flux (or angu-
lar scale). At a given flux, for example, this ratio is the frac-
tion of clusters falling above the selection curve. Clearly, it
depends on the distribution of clusters over the plane and is,
hence, dependent on cluster physics, cosmology and photome-
try. We conclude that the function χ is a more useful description
of a survey.

Figure 2 provides a concise and instructive view of clus-
ter selection over the observational plane. We are of course
ultimately interested in the kinds of objects that can be de-
tected as a function of redshift, and to this end it is useful to
study the detection mass shown in Fig. 3. This is defined as the

smallest mass cluster detectable at each redshift given the de-
tection criteria. For the figure, we assume that there is no scatter
in the Yo(M, z) and θco(M, z) relations so that a selection curve
in the observational plane uniquely defines the function Mdet(z).
Note that, as emphasized above, these detection mass curves
depend on the assumed cosmology.

We compare three situations in the figure. The blue long-
dashed line gives the detection mass for the case CMB + noise
(single frequency experiment), while the red dot-dashed line
shows the result for a pure flux-limited catalog. The chosen flux
cut corresponds to the left-most point on the blue long-dashed
selection curve in Fig. 2 (CMB+noise). Finally, the black short-
dashed line gives the detection mass for a case with just instru-
mental noise (with the same beam as the previous cases) and
no primary CMB; this approximates the situation for a multi-
frequency experiment which eliminates CMB confusion. The
noise level has been adjusted such that the selection curve in
the (Y, θc)-plane matches the previous two cases on the smallest
scales. With this choice, all three detection mass curves overlap
at high z as seen in Fig. 3.

We see that that the observed catalog (blue long-dashed
curve) looses clusters (i.e., has a higher detection mass) over a
broad range of redshifts relative to the pure flux-limited catalog
(red dot-dashed line); the effect is most severe for nearby ob-
jects, whose large angular size submerges them in the primary
CMB anisotropies, but it remains significant out to redshifts
of order unity. This is also reflected in the redshift distribution
of Fig. 5 to be discussed below. We note in addition that even
multi-frequency experiments loose clusters over a rather broad
range of redshifts, as indicated by the difference between the
lower two curves.

Simulations are needed to evaluate the importance of fac-
tors not easily incorporated into the simple analytic calculation
of the cluster selection curve; these include source blending
and morphology, other filtering during data analysis, etc. Using
our simulations, we find that cluster detection in mock obser-
vations closely follows the analytic predictions, thus indicating
that blending does not significantly change the above conclu-
sions, at least for the case under study – a 2 arcmin beam with
noise at a level of 5 µK/beam – representative of planned in-
terferometer arrays. As our current simulations only employ
spherical beta model profiles, they only test for the importance
of blending effects; future work will include more realistic pro-
files taken, for example, from hydrodynamical N-body simula-
tions. The simulations are also crucial for correctly evaluating
the photometric precision of the survey catalog. Contrary to the
situation for cluster detection, we find that blending greatly af-
fects photometric measurements: photometric scatter from the
simulations is significantly larger than expected based on the
S/N ratio, whether the threshold is taken at S/N = 5 or 3.

4.2. Catalog contamination

Contamination by false detections is a separate function that
can only be given in terms of observed flux and angular (or
filter) scale; once again, simulations are crucial for evaluat-
ing effects such as blending and confusion. Figure 4 shows



J.-B. Melin et al.: The selection function of SZ cluster surveys 423

Fig. 4. Contamination rate for a single frequency survey as a function
of total flux for two different detection thresholds. The histograms give
the percentage of sources that are false detections in catalogs extracted
from our simulations.

Fig. 5. Redshift distribution of SZ clusters (case 2 – without resid-
ual point source noise). The black solid and red dashed curves give
the theoretically predicted counts at the two indicated flux limits.
Corresponding distributions for the simulated recovered counts, with
the same two flux cuts on the true Y , are shown by the black and red,
dashed histograms; the small difference between the two reflects the
flat observed counts in Fig. 1. The lighter, green histogram shows the
simulated counts cut at an observed flux of Yo > 10−4 arcmin2.

the contamination level in our extracted catalogs as a function
of total flux Y. The level is significantly higher than expected
from the S/N ratio, indicating that confusion and blending ef-
fects are clearly important. This is most obvious for the case
with S/N = 3, where contamination rises towards the high flux
end due to confusion with primary CMB fluctuations that are
more prevalent on larger angular scales. Even at relatively low
flux levels around 10−4 arcmin2, we see that the contamina-
tion rate remains near or above 10% for the S/N = 3 case. This
quantifies the the expectation that single frequency surveys will
contend with a non-negligible level of contamination.

4.3. The redshift distribution

The example of extracting cosmological constraints from the
redshift distribution of SZ detected clusters affords a good
illustration of the importance of understanding the selection

function. These constraints arise from the shape of the clus-
ter redshift distribution, which is affected by such parameters
as the matter density (Oukbir & Blanchard 1997) and the dark
energy equation-of-state (Wang & Steinhardt 1998); this is in
fact one of the primary motivations for performing SZ cluster
surveys (Haiman et al. 2001). The important point is that the
redshift distribution expected in a given cosmological model
also depends on the catalog selection function. In the following
discussion, we assume that the Y(M, z) and θc(M, z) relations
are perfectly known.

Consider the redshift distributions shown in Fig. 5 for an
observation where residual point source contamination has
been reduced to a negligible level (case 2). The black line
represents the theoretical distribution for clusters with total
flux Y > 5 × 10−5 arcmin2, which corresponds to the point
source detection limit on the smallest filter scale (leftmost point
on the dashed blue curve in Fig. 2). This predicted distribution
is very different from the actual distribution of clusters shown
as the black histogram. It is clearly impossible to deduce the
correct cosmological parameters by fitting a flux-limited the-
oretical curve to the observed distribution. This demonstrates
that the point-source flux limit cannot be used to model the cat-
alog redshift distribution, which is already clear from the fact
that the counts in Fig. 1 have already turned over and the cata-
log is clearly incomplete.

One can try to cut the catalog at a higher flux limit of
Y > 10−4 arcmin2, where the observed counts just begin to
flatten out and incompleteness is not yet severe. Comparison of
the dashed red line – theoretically predicted counts at this flux
limit – with the red dashed histogram shows that the observed
distribution still differs significantly from the predicted flux-
limited redshift distribution. Modeling the observed catalog as
a pure flux cut would again lead to incorrect cosmological con-
straints. In order to extract unbiased parameter estimates, one
must adequately incorporate the full catalog selection criteria.

We may illustrate this point by considering the effect of an
un-modeled CMB power excess at high l, such as suggested
by the CBI experiment (Mason et al. 2001). As we have seen
in Fig. 2, the primary CMB fluctuations influence the exact
form of the selection curve in the (Y, θc) plane; their power
on cluster scales must therefore be accurately known to cor-
rectly model the cluster selection function. The black curve and
black histogram in Fig. 6 repeat the results of Fig. 5 for a cut
at Y > 5 × 10−5 arcmin2. In particular, the black histogram
gives the redshift distribution of clusters extracted from sim-
ulations including a CMB power spectrum corresponding to
the concordance model. The blue (lower) histogram shows the
redshift distribution for clusters extracted from simulations in
which additional CMB power has been added at high l – a con-
stant power of l(l+1)Cl/2π = 20 µK was smoothly joined to the
concordance model CMB spectrum (just below l = 2000) and
continuing out to l = 3000. Instead of plunging towards zero, as
expected of the primary CMB fluctuations in the concordance
model, this second model levels off at a constant power level on
cluster scales. This has an important effect on cluster detection,
as clearly evinced in the figure.

We now examine the effect of ignoring this excess power
in an analysis aimed at constraining cosmological parameters.
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Fig. 6. Effect of incorrect modeling of the selection function. The
black continuous curve and black (upper) histogram repeat the results
of Fig. 5 for catalogs cut at a flux of Y = 5 × 10−5 arcmin2 – the for-
mer for a pure flux-limited catalog, the latter for the clusters extracted
from our concordance model simulations with the expected primary
CMB power spectrum [(ΩM,ΩΛ) = (0.3, 0.7)]; note that the histogram
is calculated as the average over 50 simulations of a 3×3 square degree
survey field. The light black, dot-dashed curve is the best-fit model to
the redshift distribution from a single such simulation; the constraints
from for this fit are shown in Fig. 7. The lower (blue) histogram shows
the distribution of clusters extracted from the same 50 simulations, but
with excess primary CMB power added at high l (see text); once again,
the histrogram is the average over the ensemble of simulations. The
blue dashed curve shows the best-fit for the same realization as before
– but now with the excess – when ignoring the excess in the fitting (in-
correct selection function modeling). Corresponding constraints are
shown in Fig. 7. Both fits are statistically acceptable (see text).

This means that we ignore the excess both in the construction
of the matched filter and in the selection function model needed
for the fit. The former has only a relatively minor effect on the
catalog extraction and observed histogram. The second effect
is much more serious, as we now demonstrate.

Consider constraints on the parameter pair (ΩM,ΩΛ) by fit-
ting models to the redshift distribution of a 3 × 3 square de-
gree survey. Note that the histograms shown in the figures are
in fact averages taken over an ensemble of 50 such simula-
tions, to avoid confusing statistical fluctuations. For the present
example, however, we fit models to the redshift distribution
from a single simulation. During the fit, we fix the Hubble
parameter to its standard value (H0 = 70 km s−1 Mpc−1)
and adjust the power spectrum normalization σ8 to main-
tain the observed present-day cluster abundance (following
Pierpaoli et al. 2001). For our simplified case of zero-scatter
relations between (Yo, θco) and (M, z), both the selection func-
tion Φ and the intrinsic scatter function T contain Dirac delta
functions that collapse the various integrals in Eqs. (3) and (4).
We then obtain the following expression for the redshift distri-
bution of observed clusters brighter than a flux of Yo:

dNo

dz
(>Yo) =

∫ ∞

M(Yo ,z)
dM χ [Y(M, z), θc(M, z)]

dN
dzdM

(13)

where M(Y, z) is the zero-scatter relation between flux and
mass and redshift. All selection effects are encapsulated in the

Fig. 7. Confidence contours for the fits discussed in Fig. 6, shown
for a survey covering 3 × 3 sq. degrees. The upper (black) con-
tours correspond to the case where the selection function is correctly
modeled (no excess CMB power at high l); the best-fit parameters
are (ΩM,ΩΛ) = (0.325, 0.675) and 1σ contours fully enclose the true
(simulation input) cosmological values of (0.3, 0.7). The larger (blue)
contours represent the situation when the CMB excess is not properly
accounted for by the selection function model. The best-fit parameter
values are significantly biased – (0.4, 0.375) – and the true parameter
values, lie outside the 99% contour. In both cases the fits are accept-
able (see text).

completeness function χ, whose dependence on the primary
CMB power is the focus of our present discussion.

We consider two cases: the first with the expected con-
cordance primary CMB power spectrum, the second with the
CBI-like excess power. In the first case, we adopt the true
power spectrum for catalog construction and modeling of χ –
the selection function is properly modeled. In the second sit-
uation, we ignore the excess in both catalog construction and
in fitting – the selection function is incorreclty modeled. When
correctly modeling the selection function, we find best-fit val-
ues of (ΩM,ΩΛ) = (0.325, 0.675). The light black dot-dashed
curve in Fig. 6 shows that this model reasonably reproduces
the predicted redshift distribution (black solid histogram), and
the 1σ contours in Fig. 7 enclose the true (simulation input)
values. The fit is good with a reduced χ2 = 0.94 (34 degrees-of-
freedom). When incorrectly modeling the selection function,
on the other hand, we find biased best-fit values of (0.4, 0.375),
and, as shown in Fig. 7, the true parameter values fall outside
the 99% confidence contours. Furthermore, this biased fit is ac-
ceptable with a reduced χ2 = 1.17 (31 degrees-of-freedom),
giving no indication of its incorrectness. The redshift distribu-
tion of this model is shown as the light dashed (blue) curve in
Fig. 6, faithfully reproducing the (averaged) histogram for this
case. This is a particularly telling example of the importance
of the selection function, because the primary CMB power on
cluster scales is at present not well known. It will have to be
constrained by the same experiments performing SZ cluster
surveys; cosmological constraints will be correspondingly de-
graded, a subject we return to in a future work.

For another example of incorrect modeling of the selection
function, consider that β and θc of real clusters may not
behave as we assume when constructing the matched filter.
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This will bias flux measurments and displace the selection
curve in the (Y, θc) plane relative to our expectations, leading
to an incorrect selection function model. As above, this will
yield biased parameter estimates.

As a final note, and returning to Fig. 5, we show the distri-
bution of detected clusters at the higher flux cut as a function
of observed flux with the lighter, green histogram. The differ-
ence with respect to the corresponding distribution in terms of
true flux (the red, dashed histogram) reflects statistical pho-
tometric errors; note that in fact this tends to falsely increase
the number of objects seen at the higher redshifts. Although
in this case photometric errors are of secondary importance to
the observed redshift distribution (completeness effects domi-
nate), they must also be fully accounted for in any cosmological
analysis.

5. Discussion and conclusions

Our aim as been to emphasize the importance of understand-
ing the SZ cluster selection function, as for any astronomical
survey. We proposed a general definition of the selection func-
tion that can be used to directly relate theoretical cluster dis-
tributions to observed ones, and which has the nice property
of clearly separating the influence of catalog incompleteness
and photometric errors. It is a function of both observing con-
ditions and of the detection and photometry algorithms used
to construct the survey catalog. Defined over the (true) total
flux-angular size plane, however, the selection function is in-
dependent of cosmology and cluster physics; its connection to
theoretical cluster descriptors, such as mass and redshift, on
the other hand, depends on both. A common way of quoting
incompleteness in terms of total flux is similarly sensitive to
cluster physics and underlying cosmology.

Using a matched spatial filter (Melin et al. 2004), we stud-
ied the selection function for single frequency SZ surveys,
such as will be performed with upcoming interferometers6. Our
main result is that a SZ catalog is not simply flux limited, and
this has implications for cosmological studies. A simple ana-
lytic argument shows the exact manner in which catalog selec-
tion depends on both cluster flux and angular size; simulated
observations indicate that this simple estimate is quite accu-
rate and little affected by blending, although future work needs
to take into account more realistic cluster profiles. We also
noted that noise induced by residual point sources tends to be
Gaussian, because subtraction of the brightest sources will be
done at higher angular resolution than the smallest filter scale
in the SZ maps.

The implications for cosmological studies were illustrated
with the redshift distribution, which will serve to constrain cos-
mological parameters in future surveys. Theoretical redshift
distributions based on a simple flux limit cannot fit observed
distributions; at best they would lead to biased estimates of
cosmological parameters. One must incorporate the complete
selection criteria depending on both flux and angular extent,
and hence have a good understanding of the catalog selection

6 Although we have not here modeled the actual data taking in the
visibility plane.

function. This understanding depends on a number of astro-
physical factors in addition to instrumental parameters. Our
example of an unmodeled primary CMB power excess (rela-
tive to the adopted concordance model) on small angular scales
(l ≥ 2000) highlights the point: we obtained biased parameter
estimates because the selection function was incorrectly mod-
eled; note that the false fit was in fact a good fit to the data,
according to the χ2. Other factors, for example, cluster mor-
phology and its potential evolution, will also play a role. In the
particular case of the CMB power excess, we note that accurate
knowledge of the primary CMB power on cluster scales will
come from the same experiments performing the cluster sur-
veys. It will be necessary to constrain the primary CMB power
at the same time as cluster extraction, a point we return to in a
future work.

An issue currently receiving attention in the literature con-
cerns SZ survey “calibration”, by which is meant the empirical
Establishment of the Y(M, z) relation. This is clearly essential
for any cosmological study. The fact that SZ catalog selection
depends not only on total flux but also on angular size com-
plicates the question of survey calibration, for it implies that
one must additionally establish a θc(M, z) relation, or its equiv-
alent with some other angular size measure. In fact, since the
dispersion on Y and θc will in general be correlated, we need
the full joint distribution for these observables as a function of
mass and redshift. Photometric errors, which we find can be
significant, further complicate the issue by increasing scatter
in observed relations and hence making them more difficult to
obtain.

Although in this work we have focused our detailed study
on single frequency surveys, the general conclusions should
carry over to multiple frequency observations. In closing we
note that the selection function obviously has equally impor-
tant implications for other studies based on SZ-detected cluster
catalogs, such as spatial clustering, etc. For many of these stud-
ies, photometric errors, which we have only briefly touched on
here, will take on even greater importance.
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ABSTRACT

We present constraints on cosmological parameters using number counts as a function of redshift for a sub-sample of 189 galaxy clusters from the
Planck SZ (PSZ) catalogue. The PSZ is selected through the signature of the Sunyaev-Zeldovich (SZ) effect, and the sub-sample used here has a
signal-to-noise threshold of seven, with each object confirmed as a cluster and all but one with a redshift estimate. We discuss the completeness
of the sample and our construction of a likelihood analysis. Using a relation between mass M and SZ signal Y calibrated to X-ray measurements,
we derive constraints on the power spectrum amplitude σ8 and matter density parameter Ωm in a flat ΛCDM model. We test the robustness
of our estimates and find that possible biases in the Y–M relation and the halo mass function are larger than the statistical uncertainties from
the cluster sample. Assuming the X-ray determined mass to be biased low relative to the true mass by between zero and 30%, motivated by
comparison of the observed mass scaling relations to those from a set of numerical simulations, we find that σ8 = 0.75 ± 0.03, Ωm = 0.29 ± 0.02,
and σ8(Ωm/0.27)0.3 = 0.764 ± 0.025. The value of σ8 is degenerate with the mass bias; if the latter is fixed to a value of 20% (the central
value from numerical simulations) we find σ8(Ωm/0.27)0.3 = 0.78 ± 0.01 and a tighter one-dimensional range σ8 = 0.77 ± 0.02. We find that
the larger values of σ8 and Ωm preferred by Planck’s measurements of the primary CMB anisotropies can be accommodated by a mass bias of
about 40%. Alternatively, consistency with the primary CMB constraints can be achieved by inclusion of processes that suppress power on small
scales relative to the ΛCDM model, such as a component of massive neutrinos. We place our results in the context of other determinations of
cosmological parameters, and discuss issues that need to be resolved in order to make further progress in this field.
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1. Introduction

This paper, one of a set associated with the 2013 release of data
from the Planck1 mission (Planck Collaboration I 2014), de-
scribes the constraints on cosmological parameters using num-
ber counts as a function of redshift for a sample of 189 galaxy
clusters.

Within the standard picture of structure formation, galax-
ies aggregate into clusters of galaxies at late times, forming
bound structures at locations where the initial fluctuations create
the deepest potential wells. The study of these galaxy clusters
has played a significant role in the development of cosmology
over many years (see, for example, Perrenod 1980; Oukbir &
Blanchard 1992; White et al. 1993; Carlberg et al. 1996; Voit
2005; Henry et al. 2009; Vikhlinin et al. 2009b; Allen et al.
2011a). More recently, as samples of clusters have increased in
size and variety, number counts inferred from tightly-selected
surveys have been used to obtain detailed constraints on the cos-
mological parameters.

The early galaxy cluster catalogues were constructed by eye
from photographic plates with a “richness” (or number of galax-
ies) attributed to each cluster (Abell 1958; Abell et al. 1989).
As time has passed, new approaches for selecting clusters have
been developed, most notably using X-ray emission due to ther-
mal Bremsstrahlung radiation from the hot gas that makes up
most of the baryonic matter in the cluster. X-ray cluster surveys
include both the NORAS (Böhringer et al. 2000) and REFLEX
(Böhringer et al. 2004) surveys, based on ROSAT satellite obser-
vations, which have been used as source catalogues for higher-
precision observations by the Chandra and XMM-Newton satel-
lites, as well as surveys with XMM-Newton, including the XMM
Cluster Survey (XCS, Mehrtens et al. 2012) and the XMM Large
Scale Structure survey (XMM-LSS, Willis et al. 2013).

To exploit clusters for cosmology, a key issue is how the
properties used to select and characterize the cluster are related
to the total mass of the cluster, since this is the quantity most
readily predicted using theoretical models. Galaxies account for
a small fraction of the cluster mass, and the scatter between rich-
ness and mass appears to be large. However, there are a number
of other possibilities. In particular, there are strong correlations
between the total mass and both the integrated X-ray surface
brightness and X-ray temperature, making them excellent mass
proxies.

The Sunyaev-Zeldovich (SZ) effect (Sunyaev & Zeldovich
1970; Zeldovich & Sunyaev 1969) is the inverse Compton scat-
tering of cosmic microwave background (CMB) photons by
the hot gas along the line of sight, and this is most signifi-
cant when the line of sight passes through a galaxy cluster. It
leads to a decrease in the overall brightness temperature in the
Rayleigh-Jeans portion of the spectrum and an increase in the
Wien tail, with a null around 217 GHz (see Birkinshaw 1999
for a review). The amplitude of the SZ effect is given by the
integrated pressure of the gas within the cluster along the line
of sight. Evidence both from observation (Marrone et al. 2012;
Planck Collaboration Int. III 2013) and from numerical simu-
lations (Springel et al. 2001; da Silva et al. 2004; Motl et al.
2005; Nagai 2006; Kay et al. 2012) suggests that the SZ effect
is an excellent mass proxy. A number of articles have discussed

1 Planck (http://www.esa.int/Planck) is a project of the
European Space Agency (ESA) with instruments provided by two sci-
entific consortia funded by ESA member states (in particular the lead
countries France and Italy), with contributions from NASA (USA) and
telescope reflectors provided by a collaboration between ESA and a sci-
entific consortium led and funded by Denmark.

the possibility of using SZ-selected cluster samples to constrain
cosmological parameters (Barbosa et al. 1996; Aghanim et al.
1997; Haiman et al. 2001; Holder et al. 2001; Weller et al. 2002;
Diego et al. 2002; Battye & Weller 2003).

This paper describes the constraints on cosmological param-
eters imposed by a high signal-to-noise (S/N) sub-sample of
the Planck SZ Catalogue (PSZ, see Planck Collaboration XXIX
2014, henceforth Paper I, for details of the entire catalogue) con-
taining nearly 200 clusters (shown in Fig. 1). This sub-sample
has been selected to be pure, in the sense that all the objects
within it have been confirmed as clusters via additional obser-
vations, either from the literature or undertaken by the Planck
collaboration. In addition all objects but one have a measured
redshift, either photometric or spectroscopic. This is the largest
SZ-selected sample of clusters used to date for this purpose. We
will show that it is the systematic uncertainties from our imper-
fect knowledge of cluster properties that dominate the overall
uncertainty on cosmological constraints.

The Planck cluster sample is complementary to those from
observations using the South Pole Telescope (SPT, Carlstrom
et al. 2011) and the Atacama Cosmology Telescope (ACT, Swetz
et al. 2011), whose teams recently published the first large sam-
ples of SZ-selected clusters (Reichardt et al. 2013; Hasselfield
et al. 2013). The resolution of Planck at the relevant frequen-
cies is between 5 and 10 arcmin, whereas that for ACT and SPT
is about 1 arcmin, but the Planck sky coverage is much greater.
This means that Planck typically finds larger, more massive, and
lower-redshift clusters than those found by SPT and ACT.

Our strategy is to focus on number counts of clusters, as a
function of redshift, above a high S/N threshold of seven and
to explore the robustness of the results. We do not use the ob-
served SZ brightness of the clusters, due to the significant uncer-
tainty caused by the size-flux degeneracy as discussed in Paper I.
Accordingly, our theoretical modelling of the cluster population
is directed only at determining the expected number of clus-
ters in each redshift bin exceeding the S/N threshold. The pre-
dicted and observed numbers of clusters are then compared in
order to obtain the likelihood. In the future, we will make use of
the SZ-estimated mass and a larger cluster sample to extend the
analysis to broader cosmological scenarios.

This paper is laid out as follows. We describe the theoretical
modelling of the redshift number counts in Sect. 2, while Sect. 3
presents the PSZ cosmological sample and selection function
used in this work. The likelihood we adopt for putting con-
straints on cosmological parameters is given in Sect. 4. Section 5
presents our results on cosmological parameter estimation and
assesses their robustness. We discuss how they fit in with other
cluster and cosmological constraints in Sect. 6, before provid-
ing a final summary. A detailed discussion of our calibration of
the SZ flux versus mass relation and its uncertainties is given in
Appendix A.

2. Modelling cluster number counts

2.1. Model definitions

We parameterize the standard cosmological model as follows.
The densities of various components are specified relative to the
present-day critical density, with ΩX = ρX/ρcrit denoting that
for component X. These components always include matter, Ωm,
and a cosmological constant ΩΛ. For this work we assume that
the Universe is flat, that is, Ωm + ΩΛ = 1, and the optical depth
to reionization is fixed at τ = 0.085 except in the CMB and
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Fig. 1. Distribution on the sky of the Planck SZ cluster sub-sample used in this paper, with the 35% mask overlaid.

SZ analyses. The present-day expansion rate of the Universe is
quantified by the Hubble constant H0 = 100 h km s−1 Mpc−1.

The cluster number counts are very sensitive to the ampli-
tude of the matter power spectrum. When studying cluster counts
it is usual to parametrize this in terms of the density variance
in spheres of radius 8 h−1 Mpc, denoted σ8, rather than over-
all power spectrum amplitude, As. In cases where we include
primary CMB data we use As and compute σ8 as a derived pa-
rameter. In addition to the parameters above, we allow the other
standard cosmological parameters to vary: ns representing the
spectral index of density fluctuations; and Ωbh2 quantifying the
baryon density.

The number of clusters predicted to be observed by a survey
in a given redshift interval [zi, zi + 1] can be written

ni =

∫ zi + 1

zi

dz
dN
dz
, (1)

with

dN
dz

=

∫
dΩ

∫
dM500 χ̂(z,M500, l, b)

dN
dz dM500 dΩ

, (2)

where dΩ is the solid angle element and M500 is the mass within
the radius where the mean enclosed density is 500 times the crit-
ical density. The quantity χ̂(z,M500, l, b) is the survey complete-
ness at a given location (l, b) on the sky, given by

χ̂ =

∫
dY500

∫
dθ500P(z,M500|Y500, θ500) χ(Y500, θ500, l, b). (3)

Here P(z,M500|Y500, θ500) is the distribution of (z,M500) for a
given (Y500, θ500), where Y500 and θ500 are the SZ flux and size
of a cluster of redshift and mass (z,M500).

This distribution is obtained from the scaling relations be-
tween Y500, θ500, and M500, discussed later in this section. Note
that χ̂(z,M500, l, b) depends on cosmological parameters through
P(z,M500|Y500, θ500), while the completeness in terms of the ob-
servables, χ(Y500, θ500, l, b), does not depend on the cosmology
as it refers directly to the observed quantities.

For the present work, we restrict our analysis to the quan-
tity dN/dz that measures the total counts in redshift bins. In
particular, we do not use the blind SZ flux estimated by the
cluster candidate extraction methods that, as detailed in Planck
Collaboration VIII (2011), is found to be significantly higher
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Fig. 2. Blind S/N versus S/N re-extracted at the X-ray position using the
X-ray size, for the MMF3 detections of Planck clusters that are associated
with known X-ray clusters in the reference cosmological sample. In
contrast to the blind SZ flux, the blind S/N is in good agreement with
S/N measured using X-ray priors.

than the flux predicted from X-ray measurements. In contrast
to the blind SZ flux, the blind S/N is in good agreement with the
S/N measured using X-ray priors. Figure 2 shows the blind S/N
(S/Nblind) versus the S/N re-extracted at the X-ray position and
using the X-ray size (S/NX). The clusters follow the equality
line. In Sect. 3, we use the (S/Nblind) values to define our cosmo-
logical sample, while for the predicted counts (defined in Sect. 2)
we use the completeness based on S/NX. Our analysis relies on
the good match between these two quantities2.

2 The two signal-to-noises are actually estimated at two different po-
sitions on the sky (blind SZ and X-ray position), leading to different
values of both the signal and the noise. It thus happens that the recom-
puted S/N is higher than the blind SZ.
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To carry out a prediction of the counts expected in a survey,
given cosmological assumptions, we therefore need the follow-
ing inputs:

– a mass function that tells us the number distribution of clus-
ters with mass and redshift;

– scaling relations that can predict observable quantities from
the mass and redshift;

– the completeness of the survey in terms of those observables,
which tells us the probability that a model cluster would
make it into the survey catalogue.

These are described in the remainder of this section and in the
next.

2.2. Mass function

Our main results use the mass function from Tinker et al. (2008),
giving the number of haloes per unit volume:

dN
dM500

(M500, z) = f (σ)
ρm(z = 0)

M500

dlnσ−1

dM500
, (4)

where

f (σ) = A
[
1 +

(
σ

b

)−a]
exp

(
− c
σ2

)
, (5)

and ρm(z = 0) is the mean matter density at z = 0. The coef-
ficients A, a, b and c are tabulated in Tinker et al. (2008) for
different overdensities, ∆mean, with respect to the mean cosmic
density, and depend on z. Here we use ∆critical = 500 relative to
the critical density, so we compute the relevant mass function
coefficients by interpolating the Tinker et al. (2008) tables for
haloes with ∆mean ≡ ∆critical/Ωm(z) = 500/Ωm(z), where Ωm(z)
is the matter density parameter at redshift z.

The quantity σ is the standard deviation, computed in linear
perturbation theory, of the density perturbations in a sphere of
radius R, which is related to the mass by M = 4πρm(z = 0)R3/3.
It is given by

σ2 =
1

2π2

∫
dk k2P(k, z)|W(kR)|2, (6)

where P(k, z) is the matter power spectrum at redshift z, which
we compute for any given set of cosmological parameters using
CAMB (Lewis et al. 2000), and W(x) = 3(sin x− x cos x)/x3 is the
filter function of a spherical top hat of radius R.

The quantity dN/(dz dM500 dΩ) in Eq. (2) is computed by
multiplying the mass function dN(M500, z)/dM500 by the volume
element dV/(dz dΩ).

As a baseline we use, except where stated otherwise, the
Tinker et al. (2008) mass function, but we consider an alterna-
tive mass function as a cross-check. In a recent publication by
Watson et al. (2013), a new mass function is extracted from the
combination of large cosmological simulations (typical particle
numbers of 30003 to 60003) with a very large dynamic range
(size from 11 h−1 to 6000 h−1 Mpc), which extends the maxi-
mum volume probed by Tinker et al. by two orders of magni-
tude. The two mass functions agree fairly well, except in the
case of the most massive objects, where Tinker et al.’s mass func-
tion predicts more clusters than Watson et al.’s. The Tinker et al.
mass function might be derived from volumes that are not large
enough to properly sample the rarer clusters. These rare clusters
are more relevant for Planck than for ground-based SZ experi-
ments, which probe smaller areas of the sky. The Watson et al.
mass function is used only in Sect. 5.3, which deals with mass
function uncertainties.

Table 1. Summary of scaling-law parameters and error budget.

Parameter Value
log Y∗ −0.19 ± 0.02
α 1.79 ± 0.08
β 0.66 ± 0.50

σlog Y 0.075 ± 0.01

Notes. β is kept fixed at its central value except in Sect. 5.3.

2.3. Scaling relations

A key issue is to relate the observed SZ flux, Y500, to the
mass M500 of the cluster. As we show in Sect. 5, cosmological
constraints are sensitive to the normalization, slope and scatter
of the assumed Y500–M500 relation. We thus paid considerable
attention to deriving the most accurate scaling relations possi-
ble, with careful handling of statistical and systematic uncer-
tainties, and to testing their impact on the derived cosmological
parameters.

The baseline relation is obtained from an observational cali-
bration of the Y500–M500 relation on one-third of the cosmolog-
ical sample. The calibration uses MYX

500, the mass derived from
the X-ray YX–M500 relation, as a mass proxy. Here YX is the
X-ray analogue of the SZ signal introduced by Kravtsov et al.
(2006), as defined in Appendix A. Y500 is then measured inte-
rior to RYX

500, the radius corresponding to MYX
500. The mean bias

between MYX
500 and the true mass, (1 − b), is assumed to account

for all possible observational biases (departure from hydrostatic
equilibrium (HE), absolute instrument calibration, temperature
inhomogeneities, residual selection bias, etc.) as discussed in full
in Appendix A. In practice, the plausible range for this mean
bias (1 − b) was estimated by comparing the observed relation
with predictions from several sets of numerical simulations, as
detailed in Appendix A.

The large uncertainties on (1 − b) are due to the dispersion
in predictions from the various simulation sets. This is a major
factor limiting the accuracy of our analysis. A value (1−b) = 0.8
could be considered as a best guess given available simulations,
with no clear dependence on mass or redshift. From one cluster
to the next the ratio of MYX

500 to the true mass is expected to be
stochastic, contributing to the scatter in the Y500–M500 relation
given below. A conspiracy of all possible sources of bias (de-
parture from HE, absolute instrument calibration, temperature
inhomogeneities, residual selection bias) would seem necessary
to lead to a significantly lower value of (1 − b). This apparently
implausible possibility needs to be excluded through tests using
other probes such as baryon and gas fractions, gas pressure, etc.
As a baseline we take (1 − b) to vary within the range [0.7, 1.0]
with a flat prior. We also consider, when analysing systematic
uncertainties on the derived cosmological parameters, a case
where the bias is fixed to the value (1 − b) = 0.8.

As detailed in Appendix A, we derive a baseline relation for
the mean SZ signal Ȳ500 from a cluster of given mass and redshift
in the form

E−β(z)


D2
A(z) Ȳ500

10−4 Mpc2

 = Y∗

[
h

0.7

]−2 +α [
(1 − b) M500

6 × 1014 M�

]α
, (7)

where DA(z) is the angular-diameter distance to redshift z and
E2(z) = Ωm(1 + z)3 + ΩΛ. The coefficients Y∗, α, and β are given
in Table 1.
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Equation (7) has an estimated intrinsic scatter3 σlog Y =
0.075, which we take to be independent of redshift (see
Appendix A). This is incorporated by drawing the cluster’s Y500
from a log-normal distribution

P(log Y500) =
1√

2πσ2
log Y

exp

−
log2(Y500/Ȳ500)

2σ2
log Y

 , (8)

where Ȳ500 is given by Eq. (7). Inclusion of this scatter increases
the number of clusters expected at a given S/N; since the clus-
ter counts are a steep function of M500 in the range of mass in
question, there are more clusters that scatter upwards from be-
low the limit given by the zero-scatter scaling relation than those
that scatter downwards.

In addition to Eq. (7) we need a relation between θ500

(in fact θYX
500, the angular size corresponding to the physical

size RYX
500), the aperture used to extract Y500, and M500. Since

M500 = 500 × 4πρcritR3
500/3 and θ500 = R500/DA, this can be

expressed as

θ̄500 = θ∗

[
h

0.7

]−2/3 [
(1 − b) M500

3 × 1014 M�

]1/3

E−2/3(z)
[

DA(z)
500 Mpc

]−1

, (9)

where θ∗ = 6.997 arcmin.

2.4. Limiting mass

One can use Eqs. (7) and (9) to compute the limiting mass at
a point on the sky where the noise level, σY , has been com-
puted as described in Sect. 3. As the latter is not homogeneous
on the sky, we show in Fig. 3 the limiting mass, defined at 50%
completeness, as a function of redshift for three different zones,
deep, medium, and shallow, covering respectively, 3.5%, 47.8%,
and 48.7% of the unmasked sky. For each line a S/N cut of 7 has
been adopted.

3 Throughout this article, log is base 10 and ln is base e.

2.5. Implementation

We have implemented three independent versions of the com-
putation of counts and constraints. The differences in predicted
counts are of the order of a few percent, which translates to less
than a tenth of 1σ on the cosmological parameters of interest.

3. The Planck cosmological samples

3.1. Sample definition

The reference cosmological sample is constructed from the
PSZ Catalogue published in Planck Collaboration XXIX (2014)
and made public with the first release of Planck cosmological
products. It is based on the SZ detections performed with the
matched multi-filter (MMF) method MMF3 (Melin et al. 2006),
which relies on the use of a filter of adjustable width θ500 chosen
to maximize the S/N of the detection. In order to ensure a high
purity and to maximize the number of redshifts, the cosmologi-
cal sample was constructed by selecting the SZ detections above
a S/N threshold of 7 outside Galactic and point source masks
covering 35% of the sky, as discussed in Paper I. From the orig-
inal PSZ, only the information on S/N (for the selection) and
redshift are used.

This sample contains 189 candidates. All but one are con-
firmed bona fide clusters with measured redshifts, including
184 spectroscopic redshifts. Among these confirmed clusters 12
were confirmed with follow-up programmes conducted by the
Planck collaboration (see Paper I for details). The remaining
non-confirmed cluster candidate is a high-reliability   can-
didate, meaning that its characterization as a cluster is supported
by data in other wavebands (see Paper I for details). It is thus
considered as a bona fide cluster. The distribution on the sky of
this baseline cosmological sample is shown in Fig. 1.

In addition to our reference sample, we consider two other
samples drawn from the PSZ for consistency checks. One is
based on the detections from the second implementation of the
MMF algorithm, MMF1, described in Paper I. It contains 188 clus-
ters with S/N > 7 and no missing redshifts, with almost com-
plete overlap with the baseline sample (187 clusters in common).
The third sample considered in the present study is also based on
MMF3 detections but with a higher S/N cut of S/N > 8. It allows
us to test selection effects and to probe the consistency of the
results as a function of the S/N cut. It contains 136 clusters, all
with measured redshifts.

The selection function for each of these samples is con-
structed as described in the next section.

3.2. Completeness

The completeness of the reference cosmological sample is com-
puted with two distinct and complementary approaches: a semi-
analytic approach based on the assumption of Gaussian uncer-
tainties, and a computational approach based on Monte Carlo
cluster injection into real sky maps.

The completeness χ can be evaluated analytically by set-
ting the probability of the measured SZ flux, Y500, to be
Gaussian distributed with a standard deviation equal to the noise,
σY500 (θ500, l, b), computed for each size θ500 of the MMF filter
and at each position (l, b) on the sky:

χerf(Y500, θ500, l, b) =
1
2

1 + erf


Y500 − X σY500 (θ500, l, b)√

2σY500 (θ500, l, b)


 ,

(10)
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Fig. 4. Noise map σY500 (θ500) for θ500 = 6 arcmin. The PSZ is limited
by instrumental noise at high (|b| > 20◦) Galactic latitude (deeper at
ecliptic poles) and foreground noise at low Galactic latitude. The scale
of the map ranges from 0.5 to 2 times the mean noise of the map, which
is 〈σY500 (6 arcmin)〉 = 2.2 × 10−4 arcmin2.

where X = 7 is the S/N threshold and the error function is de-
fined as usual by

erf(u) =
2√
π

∫ u

0
exp

(
−t2

)
dt. (11)

χerf(Y500, θ500, l, b) thus lies in the range [0, 1] and gives the prob-
ability for a cluster of flux Y500 and size θ500 at position (l, b) to
be detected at S/N ≥ X.

The noise estimate σY500 (θ500, l, b) is a by-product of the de-
tection algorithm and can be written in the form (see e.g., Melin
et al. 2006)

σY500 (θ500, l, b) =

[∫
d2k Ft

θ500
(k) · P−1(k, l, b) · Fθ500 (k)

]−1/2

,

(12)

with Fθ500 (k) being a vector of dimension Nfreq (the six highest
Planck frequencies here) containing the beam-convolved clus-
ter template scaled to the known SZ frequency dependence. The
cluster template assumed is the non-standard universal pres-
sure profile from Arnaud et al. (2010). P(k, l, b) is the noise
power spectrum (dimension Nfreq × Nfreq) directly estimated
from the data at position (l, b). Figure 4 shows σY500 (θ500, l, b)
for θ500 = 6 arcmin in a Mollweide projection with the Galactic
mask used in the analysis applied. As expected, the noise at high
Galactic latitude is lower than in the areas contaminated by dif-
fuse Galactic emission. The ecliptic pole regions have the lowest
noise level, reflecting the longer Planck integration time in these
high-redundancy areas.

The Monte Carlo (MC) completeness is calculated by in-
jecting simulated clusters into real sky maps following the
method presented in Paper I, with the modifications that the 65%
Galactic dust mask and a S/N > 7 threshold are applied to match
the cosmological sample definition. The Monte Carlo complete-
ness encodes effects not probed by the erf approximation, in-
cluding the variation of cluster pressure profiles around the fidu-
cial pressure profile used in the MMF, spatially-varying and
asymmetric effective beams, and the effects of correlated non-
Gaussian uncertainties in the estimation of (Y500, θ500). As shown
in Fig. 5, the erf-based formula for the completeness is a good
approximation to the Monte Carlo completeness. The agreement
is best for the typical sizes probed by Planck (5 to 10 arcmin),
though the two determinations of the completeness start to de-
viate for small and large sizes, due to beam and profile effects,
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Fig. 5. Completeness averaged over the unmasked sky as a function of
Y500 for two different filter sizes, θ500 = 6 and 15.3 arcmin. The dashed
lines show the semi-analytic approximation of Eq. (10), while the dia-
monds with errors show the completeness estimated by the MC injec-
tion technique.

respectively. For simplicity, we chose the erf formulation as the
baseline. The effect of using the Monte Carlo completeness in-
stead is discussed in Sect. 5.2.

4. Likelihood and Markov chain Monte Carlo

4.1. The likelihood

We now have all the information needed to predict the counts
in redshift bins for our theoretical models. To obtain cosmolog-
ical constraints with the PSZ sample presented in Sect. 3, we
construct a likelihood function based on Poisson statistics (Cash
1979):

ln L = lnP(Ni|ni) =

Nb∑

i=1

[Ni ln(ni) − ni − ln(Ni!)], (13)

where P(Ni|ni) is the probability of finding Ni clusters in each
of Nb bins given an expected number of ni in each bin in red-
shift. The likelihood includes bins that contain no observed clus-
ters. As a baseline, we assume bins in redshift of ∆z = 0.1 and
we checked that our results are robust when changing the bin
size between 0.05 and 0.2. The modelled expected number ni
depends on the bin range in redshift and on the cosmological
parameters, as described in Sect. 2. It also depends on the scal-
ing relations and the selection function of the observed sample.
The parameters of the scaling relations between flux (or size)
and mass and redshift are taken to be Gaussian distributed with
central values and uncertainties stated in Table 1, and with the
scatter in Y500 incorporated into the method via the log-normal
distribution with width σlog Y .

In the PSZ, the redshifts have been collected from differ-
ent observations and from the literature. Individual uncertain-
ties in redshift are thus spread between 0.001 and 0.1. Most
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Table 2. Best-fit cosmological parameters for various combinations of data and analysis methods.

Data σ8(Ωm/0.27)0.3 Ωm σ8 1 − b

Planck SZ and BAO and BBN 0.764 ± 0.025 0.29 ± 0.02 0.75 ± 0.03 [0.7, 1]
Planck SZ and HST and BBN 0.774 ± 0.024 0.28 ± 0.03 0.77 ± 0.03 [0.7, 1]

Planck SZ and BAO and BBN 0.782 ± 0.010 0.29 ± 0.02 0.77 ± 0.02 0.8
MMF1 sample and BAO and BBN 0.800 ± 0.010 0.29 ± 0.02 0.78 ± 0.02 0.8
MMF3 S/N > 8 and BAO and BBN 0.785 ± 0.011 0.29 ± 0.02 0.77 ± 0.02 0.8
Planck SZ and BAO and BBN (MC completeness) 0.778 ± 0.010 0.30 ± 0.03 0.75 ± 0.02 0.8
Planck SZ and BAO and BBN (Watson et al. mass function) 0.802 ± 0.014 0.30 ± 0.01 0.77 ± 0.02 0.8

Notes. For the analysis using the Watson et al. mass function, or (1 − b) in [0.7, 1], the degeneracy line is different, and thus the value
of σ8(Ωm/0.27)0.3 is just illustrative.

of the clusters in the cosmological sample have spectroscopic
redshifts (184 out of 189) and we checked that the uncertain-
ties in redshift are not at all dominant in our error budget; they
are thus neglected. The cluster without known redshift is incor-
porated by scaling the counts by a factor 189/188, i.e., by as-
suming its redshift is drawn from the distribution defined by the
other 188 objects.

4.2. Markov chain Monte Carlo

In order to impose constraints on cosmological parameters from
our sample(s) given our modelled expected number counts, we
modified CosmoMC (Lewis & Bridle 2002) to include the like-
lihood described above. We mainly study constraints on the
spatially-flat ΛCDM model, varying Ωm, σ8, Ωb, H0, and ns,
but also adding in the total neutrino mass,

∑
mν, in Sect. 6. In

each of the runs, the nuisance parameters (Y∗, α, σlog Y ) follow
Gaussian priors, with the characteristics detailed in Table 1, and
are marginalized over. The bias (1 − b) follows a flat prior in the
range [0.7,1]. The redshift evolution of the scaling, β, is fixed to
its reference value unless stated otherwise.

4.3. External datasets

When probing the six parameters of the ΛCDM model, we
combine the Planck clusters with the Big Bang nucleosynthesis
(BBN) constraints from Steigman (2008), Ωbh2 = 0.022±0.002.
We also use either the H0 determination from HST by Riess et al.
(2011), H0 = (73.8 ± 2.4) km s−1 Mpc−1, or baryon acoustic os-
cillation (BAO) data. In the latter case we adopt the combined
likelihood of Hinshaw et al. (2013) and Planck Collaboration
XVI (2014), which uses the radial BAO scales observed by
6dFGRS (Beutler et al. 2011), SDSS-DR7-rec and SDSS-DR9-
rec (Padmanabhan et al. 2012; Anderson et al. 2012), and
WiggleZ (Blake et al. 2012).

5. Constraints from Planck clusters: ΛCDM

5.1. Results for Ωm and σ8

Cluster counts in redshift for our Planck cosmological sample
are not sensitive to all parameters of the ΛCDM model. We focus
first on (Ωm, σ8), assuming that ns follows a Gaussian prior cen-
tred on the best-fit Planck CMB value4 (ns = 0.9603 ± 0.0073).
We combine our SZ counts likelihood with the BAO and BBN
likelihoods discussed earlier. We also incorporate the uncertain-
ties on scaling parameters in Table 1. Allowing the bias to range

4 Table 2 of Planck Collaboration XVI (2014).

uniformly over the interval [0.7, 1.0], we find the expected de-
generacy between the two parameters,σ8(Ωm/0.27)0.3 = 0.764±
0.025,5 with central values and uncertainties of Ωm = 0.29±0.02
andσ8 = 0.75±0.03 (Table 2 and Fig. 6, red contours). The clus-
ter counts as a function of redshift for the best-fit model are plot-
ted in Fig. 7. When fixing the bias to (1−b) = 0.8, the constraint
on Ωm remains unchanged while the constraint on σ8 becomes
stronger: σ8(Ωm/0.27)0.3 = 0.78 ± 0.01 and σ8 = 0.77 ± 0.02
(Fig. 8).

To investigate how robust our results are when changing our
priors, we repeat the analysis substituting the HST constraints
on H0 for the BAO results. Figure 6 (black contours) shows that
the main effect is to change the best-fit value of H0, leaving the
(Ωm, σ8) degeneracy almost unchanged. In the following robust-
ness tests, we assume a fixed mass bias, (1 − b) = 0.8, to better
identify the effect of each of our assumptions.

5.2. Robustness to the observational sample

To test the robustness of our results, we performed the same
analysis with different sub-samples drawn from our cosmologi-
cal sample or from the PSZ, as described in Sect. 3, following
that section’s discussion of completeness. Figure 9 shows the
likelihood contours of the three samples (blue, MMF3 S/N > 8;
red, MMF3 S/N > 7; black, MMF1 S/N > 7) in the (Ωm, σ8) plane.
There is good agreement between the three samples. Obviously
the three samples are not independent, as many clusters are com-
mon, but the noise estimates for MMF3 and MMF1 are different
leading to different selection functions. Table 2 summarizes the
best-fit values.

We perform the same analysis as on the baseline cosmolog-
ical sample (SZ and BAO and BBN), but employing a different
computation of the completeness function using the Monte Carlo
method described in Sect. 3. Figure 9 shows the change in the
2D likelihoods when this alternative approach is adopted. The
Monte Carlo estimation (in purple), being close to the analytic
one, gives constraints that are similar, but enlarge the contour
along the (Ωm, σ8) degeneracy.

5.3. Robustness to cluster modelling

A key ingredient in the modelling of the number counts is the
mass function. Our main results adopt the Tinker et al. mass
function as the reference model. We compare these to results
from the Watson et al. mass function to evaluate the impact of
uncertainty in predictions for the abundance of the most mas-
sive and extreme clusters. Figure 8 shows the 95% contours

5 We express it this way to ease comparison with other work.

A20, page 7 of 20



A&A 571, A20 (2014)

0.20 0.24 0.28 0.32 0.36 0.40

0.65 0.70 0.75 0.80 0.85 0.90

56 64 72 80 88

H0

0.20 0.24 0.28 0.32 0.36 0.40
0.65

0.70

0.75

0.80

0.85

0.90

σ
8

0.20 0.24 0.28 0.32 0.36 0.40

Ωm

56

64

72

80

88

H
0

0.65 0.70 0.75 0.80 0.85 0.90

σ8

56

64

72

80

88

Fig. 6. Planck SZ constraints (+BAO+BBN) on ΛCDM cosmological parameters in red. The black lines show the constraints upon substituting
HST constraints on H0 for the BAO constrainsts. Contours are 68 and 95% confidence levels.
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Fig. 7. Distribution in redshift for the Planck cosmological cluster sam-
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model prediction (blue). The dashed and dot-dashed histograms are
the best-fit models from the Planck SZ power spectrum and Planck
CMB power spectrum fits, respectively. The cyan long dashed his-
togram is the best fit CMB and SZ when the bias is free (see Sect. 6.3).
The uncertainties on the observed counts, shown for illustration only,
are the standard deviation based on the observed counts, except for
empty bins where we show the inferred 84% upper limit on the pre-
dicted counts assuming a Poissonian distribution. See Sect. 6 for more
discussion.
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Fig. 8. Comparison of the constraints using the mass functions of
Watson et al. (black) and Tinker et al. (red), with b fixed to 0.8. When
relaxing the constraints on the evolution of the scaling law with red-
shift (blue), the contours move along the degeneracy line. Allowing the
bias to vary uniformly in the range [0.7, 1.0] enlarges the constraints
perpendicular to the σ8–Ωm degeneracy line due to the degeneracy of
the number of clusters with the mass bias (purple). Contours are 95%
confidence levels here.

when adopting the different mass functions. The main effect is
to change the orientation of the degeneracy between Ωm and σ8,
moving the best-fit values by less than 1σ.

We also relax the assumption of standard evolution of the
scalings with redshift by allowing β to vary with a Gaussian prior
taken from Planck Collaboration X (2011), β = 0.66± 0.5. Once
again, the contours move along the σ8–Ωm degeneracy direction
(shown in blue in Fig. 8).
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Table 3. Constraints from clusters on σ8(Ωm/0.27)0.3.

Experiment CPPPa MaxBCGb ACTc SPT Planck SZ

Reference Vikhlinin et al. Rozo et al. Hasselfield et al. Reichardt et al. This work
(2009b) (2010) (2013) (2013)

Number of clusters 49+37 ∼13 000 15 100 189
Redshift range [0.025, 0.25] and [0.35, 0.9] [0.1, 0.3] [0.2, 1.5] [0.3, 1.35] [0.0, 0.99]
Median mass (1014 h−1 M�) 2.5 1.5 3.2 3.3 6.0
Probe N(z,M) N(M) N(z,M) N(z,YX) N(z)
S/N cut 5 (N200 > 11) 5 5 7
Scaling YX–TX, Mgas N200–M200 several LX–M, YX YSZ–YX
σ8(Ωm/0.27)0.3 0.784 ± 0.027 0.806 ± 0.033 0.768 ± 0.025 0.767 ± 0.037 0.764 ± 0.025

Notes. (a) The degeneracy is σ8(Ωm/0.27)0.47. (b) The degeneracy is σ8(Ωm/0.27)0.41. (c) For ACT we choose the results assuming the scaling law
derived from the universal pressure profile in this table (constraints using other scaling relations are shown in Fig. 10).
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Fig. 9. 95% contours for different robustness tests: MMF3 with S/N
cut >7 in red; MMF3 with S/N cut >8 in blue; and MMF1 with S/N cut >7
in black; and MMF3 with S/N cut at 7 but adopting the MC completeness
in purple.

As shown in Appendix A, the estimation of the mass bias
is not trivial and there is a large scatter amongst simulations.
The red and purple contours compare the different constraints
when fixing the mass bias to 0.8 and when allowing it to vary
uniformly in the range [0.7, 1.0] respectively. Modelling of the
cluster observable-mass relation is clearly the limiting factor in
our analysis.

6. Discussion

Our main result is the constraint in the (Ωm, σ8) plane for the
standard ΛCDM model imposed by the SZ counts, which we
have shown is robust to the details of our modelling. We now
compare this result first to constraints from other cluster sam-
ples, and then to the constraints from the Planck analysis of
the sky-map of the Compton y-parameter (Planck Collaboration
XXI 2014) and of the primary CMB temperature anisotropies
(Planck Collaboration XVI 2014).

6.1. Comparison with other cluster constraints

We restrict our comparison to some recent analyses exploiting a
range of observational techniques to obtain cluster samples and
mass calibrations.

Benson et al. (2013) used 18 galaxy clusters in the first
178 deg2 of the SPT survey to find σ8(Ωm/0.25)0.3 = 0.785 ±
0.037 for a spatially-flat model. They break the degeneracy be-
tween σ8 and Ωm by incorporating primary CMB constraints,
deducing that σ8 = 0.795 ± 0.016 and Ωm = 0.255 ± 0.016.
In addition, they find that the dark energy equation of state
is constrained to w = −1.09 ± 0.36, using just their cluster
sample along with the same HST and BBN constraints used
here. Subsequently, Reichardt et al. (2013) reported a much
larger cluster sample and used this to improve on the statisti-
cal uncertainties on the cosmological parameters (see Table 3).
Hasselfield et al. (2013) use a sample of 15 high S/N clus-
ters from ACT, in combination with primary CMB data, to find
σ8 = 0.786 ± 0.013 and Ωm = 0.250 ± 0.012 when assuming a
scaling law derived from the universal pressure profile.

Strong constraints on cosmological parameters have been
inferred from X-ray and optical richness selected samples.
Vikhlinin et al. (2009b) used a sample of 86 well-studied
X-ray clusters, split into low- and high-redshift bins, to con-
clude that ΩΛ > 0 with a significance about 5σ and that
w = −1.14 ± 0.21. Rozo et al. (2010) used the approxi-
mately 104 clusters in the Sloan Digital Sky Survey (SDSS)
MaxBCG cluster sample, which are detected using a colour–
magnitude technique and characterized by optical richness. They
found that σ8(Ωm/0.25)0.41 = 0.832 ± 0.033. The fact that this
uncertainty is similar to those quoted above for much smaller
cluster samples signifies, once again, that cluster cosmology
constraints are now limited by modelling, rather than statistical,
uncertainties.

Table 3 and Fig. 10 show some current constraints on the
combination σ8(Ωm/0.27)0.3, which is the main degeneracy line
in cluster constraints. This comparison is only meant to be in-
dicative, as a more quantitative comparison would require full
consideration of modelling details which is beyond the scope
of this work. Cosmic shear (Kilbinger et al. 2013), X-rays
(Vikhlinin et al. 2009b), and MaxBCG (Rozo et al. 2010) each
have a different slope in Ωm, being 0.6, 0.47, and 0.41, respec-
tively (instead of 0.3), as they are probing different redshift
ranges. We have rescaled when necessary the best value and
errors to quote numbers with a pivot Ωm = 0.27. Hasselfield
et al. (2013) have derived “cluster-only” constraints from ACT
by adopting several different scaling laws, shown in blue and
dashed blue in Fig. 10. The constraint assuming the universal
pressure profile is highlighted as the solid symbol and error bar.
For SPT we show the “cluster-only” constraints from Reichardt
et al. (2013). For our own analysis we show our baseline result
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for SZ and BAO and BBN with a prior on (1−b) distributed uni-
formly in [0.7, 1]. The figure thus demonstrates good agreement
amongst all cluster observations, whether in optical, X-rays, or
SZ. Table 3 compares the different data and assumptions of the
different cluster-related publications.

6.2. Consistency with the Planck y-map

In a companion paper (Planck Collaboration XXI 2014), we per-
formed an analysis of the SZ angular power spectrum derived
from the Planck y-map obtained with a dedicated component-
separation technique. For the first time, the power spectrum has
been measured at intermediate scales (50 ≤ ` ≤ 1000). The same
modelling as in Sect. 2 and Taburet et al. (2009, 2010) has been
used to derive best-fit values of Ωm and σ8, assuming the uni-
versal pressure profile (Arnaud et al. 2010), a bias 1 − b = 0.8,
and the best-fit values for other cosmological parameters from
Planck Collaboration XVI (2014)6. The best model obtained,
shown in Fig. 7 as the dashed line, demonstrates the consistency
between the PSZ number counts and the signal observed in the
y-map.

6.3. Comparison with Planck primary CMB constraints

We now compare the PSZ cluster constraints to those from the
analysis of the primary CMB temperature anisotropies given in
Planck Collaboration XVI (2014) (see Footnote 6). In that anal-
ysis σ8 is derived from the standard six ΛCDM parameters.

The Planck primary CMB constraints, in the (Ωm, σ8) plane,
differ significantly from our own, in particular through favouring
a higher value of σ8, (see Fig. 11). For (1−b) = 0.8, this leads to

6 For Planck CMB we took the constraints from the Planck+WP case,
Col. 6 of Table 2 of Planck Collaboration XVI (2014). The baseline
model includes massive neutrinos with

∑
mν = 0.06 eV.
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Fig. 11. 2D Ωm–σ8 likelihood contours for the analysis with Planck
CMB only (red); Planck SZ and BAO and BBN (blue) with (1 − b)
in [0.7, 1].

a factor of 2 larger number of predicted clusters than is actually
observed (see Fig. 7). There is therefore some tension between
the results from the Planck CMB analysis and the current clus-
ter analysis. Figure 10 illustrates this with a comparison of three
analyses of primary CMB data alone (Planck Collaboration XVI
2014; Story et al. 2013; Hinshaw et al. 2013) and cluster con-
straints in terms of σ8(Ωm/0.27)0.3.

It is possible that the tension results from a combination of
some residual systematics with a substantial statistical fluctu-
ation. Enough tests and comparisons have been made on the
Planck data sets that it is plausible that at least one discrepancy
at the two or three sigma level will arise by chance. Nevertheless,
it is worth considering the implications if the discrepancy is real.

As we have noted, the modelling of the cluster gas physics
is the most important uncertainty in our analysis, in particular
through its influence on the mass bias (1− b). While we have ar-
gued for a preferred value of (1 − b) ' 0.8 based on comparison
of our Y500–M500 relation to those derived from a number of dif-
ferent numerical simulations, and we suggest a plausible range
of (1−b) from 0.7 to 1, a significantly lower value would substan-
tially alleviate the tension between CMB and SZ constraints. We
have undertaken a joint analysis using the CMB likelihood pre-
sented in Planck Collaboration XV (2014) and the cluster like-
lihood presented in the present paper, sampling (1 − b) in the
range [0.1, 1.5]. This results in a “measurement” of (1 − b) =
0.59 ± 0.05. We show in Fig 7 the SZ cluster counts predicted
by the Planck’s best-fit primary CMB model for (1 − b) = 0.59.
Clearly, this substantial reduction in (1−b) is enough to reconcile
our observed SZ cluster counts with Planck’s best-fit primary
CMB parameters.

Such a large bias is difficult to reconcile with numerical sim-
ulations, and cluster masses estimated from X-rays and from
weak lensing do not typically show such large offsets (see
Appendix A). Systematic discrepancies in the relevant scaling
relations have, however, been identified and studied in stack-
ing analyses of X-ray, SZ, and lensing data for the very large
MaxBCG cluster sample, e.g., Planck Collaboration XII (2011),
Biesiadzinski et al. (2012), Draper et al. (2012), Rozo et al.
(2012), and Sehgal et al. (2013), suggesting that the issue is not
yet fully settled from an observational point of view. The uncer-
tainty reflects the inherent biases of the different mass estimates.
Systematic effects arising from instrument calibration constitute
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a further source of uncertainty – in X-ray mass determinations,
temperature estimates represent the main source of systematic
uncertainty in mass, as the mass scales roughly with T 3/2. Other
biases in the determination of mass-observable scaling relations
come from the object selection process itself (e.g., Mantz et al.
2010; Allen et al. 2011b; Angulo et al. 2012). This may be less
of a concern for SZ selected samples because of the expected
small scatter between the measured quantity and the mass. An
improbable conspiracy of all sources of bias seems required to
lead to a sufficiently-low effective value of (1−b) to reconcile the
SZ and CMB constraints. This possibility needs to be carefully
examined with probes based on a variety of physical quantities
and derived from a wide range of types of observation, including
masses, baryon and gas fractions, etc.

A different mass function may also help reduce the tension.
Mass functions are calibrated against numerical simulations that
may still suffer from volume effects for the largest haloes, as
shown in the difference between the Tinker et al. (2008) and
Watson et al. (2013) mass functions. This does not seem suffi-
cient, however, given the results presented in Fig. 8.

One might instead ask whether the Planck data analysis
could somehow have missed a non-negligible fraction of the total
number of clusters currently predicted to have S/N > 7, resulting
in a lower observed number count distribution. This is linked to a
possible underestimate of the true dispersion about the Y500–YX
relation at a given M500. It would be necessary for Planck to have
missed ∼40 percent of the clusters with predicted SZ S/N > 7 in
order for the SZ and CMB number count curves in Fig. 7 to be in
agreement. Increasing the dispersion about the Y500–M500 rela-
tion and allowing it to correlate strongly with the scatter in X-ray
properties (in particular, YX) would raise the possibility that our
calibration procedures (which are based on X-ray and SZ se-
lected clusters assuming the scatter in Y and Yx at fixed M500
to be small and to be uncorrelated with cluster dynamical state)
might produce a relation which is biased high. A sufficiently-
large effect seems, however, to require a level of scatter and a
degree of correlation with cluster structure which are inconsis-
tent with the predictions of current hydrodynamical simulations
(see the discussion in Appendix A).

Alternatively, the discrepancy may reflect a need to extend
the minimal ΛCDM model in which the σ8 constraints are de-
rived from the primary CMB analysis. Any extension would
need to modify the power spectrum on the scales probed by
clusters, while leaving the scales probed by primary CMB ob-
servations unaffected. The inclusion of neutrino masses, quan-
tified by their sum over all families,

∑
mν, can achieve this

(see Marulli et al. 2011 and Burenin 2013 for reviews of how
cosmological observations can be affected by the inclusion of
neutrino masses). The SPT collaboration (Hou et al. 2014) re-
cently considered such a possibility to mitigate their tension
with WMAP-7 primary CMB data. There is an upper limit of∑

mν < 0.93 eV from the Planck primary CMB data alone7. If
we combine the Planck CMB (Planck+WP) likelihood and the
cluster count data using a fixed value (1 − b) = 0.8, then we
find a 2.8σ preference for the inclusion of neutrino masses with∑

mν = (0.53 ± 0.19) eV, as shown in Fig. 12. If, on the other
hand, we adopt a more conservative point of view and allow
(1−b) to vary between 0.7 and 1.0, this preference drops to 1.9σ
with

∑
mν = (0.40 ± 0.21) eV. Adding BAO data to the compi-

lation lowers the value of the required mass but increases the
significance, yielding

∑
mν = (0.20±0.09) eV, due to a breaking

of the degeneracy between H0 and
∑

mν.

7 Planck Collaboration XVI (2014), Table 10, Col. 3.

        
 

 

 

 

 

 

 

 
 

0.
2

0.
4

0.
6

0.
8

1.
0

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Y mi

 

Fig. 12. Marginalized posterior distribution for
∑

mν from: Planck
CMB data alone (black dotted line); Planck CMB and SZ with 1 − b
in [0.7, 1] (red); Planck CMB and SZ and BAO with 1 − b in [0.7, 1]
(blue); and Planck CMB and SZ with 1 − b = 0.8 (green).

As these results depend on the value and allowed range of
(1 − b), better understanding of the scaling relation is the key to
further investigation. This provides strong motivation for further
study of the relationship between Y and M. Over the past few
years we have moved into an era where systematic uncertainties
dominate to an increasing extent over statistical uncertainties.
Observed mass estimates using different methods are of improv-
ing quality; for instance, X-ray mass proxies can be measured
to better than 10% precision (e.g., Vikhlinin et al. 2006; Arnaud
et al. 2007). In this context, systematic calibration uncertainties
are playing an increasingly important role when using the cluster
population to constrain cosmology.

7. Summary

We have used a sample of nearly 200 clusters from the PSZ,
along with the corresponding selection function, to place strong
constraints in the (Ωm, σ8) plane. We have carried out a series
of tests to verify the robustness of our constraints, varying the
observed sample choice, the estimation method for the selection
function, and the theoretical methodology, and have found that
our results are not altered significantly by those changes.

The relation between the mass and the integrated SZ sig-
nal plays a major role in the computation of the expected num-
ber counts. Uncertainties in cosmological constraints from clus-
ters are no longer dominated by small number statistics, but by
the gas physics and sample selection biases. Uncertainties in the
Y–M relation include contributions from X-ray instrument cal-
ibration, X-ray temperature measurements, inhomogeneities in
cluster density and temperature profiles, and selection effects.
Considering several ingredients of the gas physics of clusters,
numerical simulations predict scaling relations with 30% scat-
ter in amplitude (at a fiducial mass of 6 × 1014 M�), and sug-
gest a mass bias between the true mass and the estimated mass
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of (1 − b) = 0.8+0.2
−0.1. Adopting the central value we found con-

straints on Ωm and σ8 that are in good agreement with previous
measurements using clusters of galaxies.

Comparing our results with Planck primary CMB constraints
within the ΛCDM cosmology reveals some tension. This can be
alleviated by permitting a large mass bias (1 − b ' 0.60), which
is however significantly larger than expected. Alternatively,
the tension may indicate a need for an extension of the base
ΛCDM model that modifies its power spectrum shape. For ex-
ample the inclusion of non-zero neutrino masses helps in recon-
ciling the primary CMB and cluster constraints, a fit to Planck
CMB and SZ and BAO yielding

∑
mν = (0.20 ± 0.09) eV.

Cosmological parameter determination using clusters is cur-
rently limited by the knowledge of the observable–mass rela-
tions. In the future our goal is to increase the number of ded-
icated follow-up programmes to obtain better estimates of the
mass proxy and redshift for most of the S/N > 5 Planck clus-
ters. This will allow for improved determination of the scaling
laws and the mass bias, increase the number of clusters that can
be used, and allow us to investigate an extended cosmological
parameter space.
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Appendix A: Calibration of the Y500–M500 relation

A cluster catalogue is a list of positions and measurements of ob-
servable physical quantities. Its scientific utility depends largely
on our ability to link the observed quantities to the underly-
ing mass, in other words, to define an observable proxy for the
mass. Planck detects clusters through the SZ effect. This ef-
fect is currently the subject of much study in the cluster com-
munity, chiefly because numerical simulations indicate that the
spherically-integrated SZ measurement is correlated particularly
tightly with the underlying mass. In other words, this measure-
ment potentially represents a particularly valuable mass proxy.

To establish a mass proxy, one obviously needs an accurate
measurement both of the total mass and of the observable quan-
tity in question. However, even with highly accurate measure-
ments, the correlation between the observable quantity and the
mass is susceptible to bias and dispersion, and both of these ef-
fects need to be taken into account when using cluster catalogues
for scientific applications.

The aim of this Appendix is to define a baseline relation
between the measured SZ flux, Y500, and the total mass M500.
The latter quantity is not directly measurable. On an individ-
ual cluster basis, it can be inferred from dynamical analysis of
galaxies, from X-ray analysis assuming hydrostatic equilibrium
(HE), or from gravitational lensing observations. However, it is
important to note that all observed mass estimates include in-
herent biases. For instance, numerical simulations suggest that
HE mass measurements are likely to underestimate the true mass
by 10–15 percent due to neglect of bulk motions and turbu-
lence in the intra-cluster medium (ICM, e.g., Nagai et al. 2007;
Piffaretti & Valdarnini 2008; Meneghetti et al. 2010), an effect

that is commonly referred to in the literature as the “hydrostatic
mass bias”. Similarly, simulations indicate that weak lensing
mass measurements may underestimate the mass by 5 to 10 per-
cent, owing to projection effects or the use of inappropriate mass
models (e.g., Becker & Kravtsov 2011). Instrument calibration
systematic effects constitute a further source of error. For X-ray
mass determinations, temperature estimates represent the main
source of systematic uncertainty, as the mass at a given density
contrast scales roughly with T 3/2. Other biases in the determina-
tion of mass-observable scaling relations come from the object
selection process itself (e.g., Allen et al. 2011b; Angulo et al.
2012). A classic example is the Malmquist bias, where bright
objects near the flux limit are preferentially detected. This ef-
fect is amplified by Eddington bias, the mass function dictating
that many more low-mass objects are detected compared to high-
mass objects. Both of these biases depend critically on the dis-
tribution of objects in mass and redshift, and on the dispersion in
the relation between the mass and the observable used for sam-
ple selection. This is less of a concern for SZ selected samples
than for X-ray selected samples, the SZ signal having much less
scatter at a given mass than the X-ray luminosity. However for
precise studies it should still be taken into account.

On the theoretical side, numerous Y500–M500 relations have
been derived from simulated data, as discussed below. The obvi-
ous advantage of using simulated data is that the relation be-
tween the SZ signal and the true mass can be obtained, be-
cause the “real” value of all physical quantities can be measured.
The disadvantage is that the “real” values of measurable physi-
cal quantities depend strongly on the phenomenological models
used to describe the different non-gravitational processes at work
in the ICM.

Nevertheless, the magnitude of the bias between observed
and true quantities can only be assessed by comparing multi-
wavelength observations of a well-controlled cluster sample to
numerical simulations. Thus, ideally, we would have full follow-
up of a complete Planck cluster sample. For large samples, how-
ever, full follow-up is costly and time consuming. This has led
to the widespread use of mass estimates obtained from mass-
proxy relations. These relations are generally calibrated from in-
dividual deep observations of a subset of the sample in question
(e.g., Vikhlinin et al. 2009a), or from deep observations of ob-
jects from an external dataset (e.g., the use of the REXCESS

relations in Planck Collaboration XI 2011).
For the present paper, we will rely on mass estimates

from a mass–proxy relation. In this context, the M500–YX re-
lation is clearly the best to use. YX, proposed by Kravtsov
et al. (2006), is defined as the product of Mg,500, the gas mass
within R500, and TX, the spectroscopic temperature measured in
the [0.15–0.75] R500 aperture. In the simulations performed by
Kravtsov et al. (2006), YX was extremely tightly correlated with
the true cluster mass, with a logarithmic dispersion of only 8 per-
cent. Observations using masses derived from X-ray hydrostatic
analysis indicate that YX does indeed appear to have a low disper-
sion (Arnaud et al. 2007; Vikhlinin et al. 2009a). Furthermore,
the local M500–YX relation for X-ray selected relaxed clusters has
been calibrated to high statistical precision (Arnaud et al. 2010;
Vikhlinin et al. 2009a), with excellent agreement achieved be-
tween various observations (see e.g., Arnaud et al. 2007). Since
simulations suggest that the Y500–M500 relation is independent
of dynamical state, calibrating the Y500–M500 relation via a low-
scatter mass proxy, itself calibrated on clusters for which the
HE bias is expected to be minimal, is a better approach than
using HE mass estimates for the full sample, since the latter can
be highly biased for very unrelaxed objects.
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We approach the determination of the Y500–M500 relation
in two steps. We first calibrate the Y500–proxy relation. This is
combined with the X-ray calibrated relation, between the proxy
and M500, to define an observation-based Y500–M500 relation. In
the second step, we assess possible biases in the relation by di-
rectly comparing the observation-based relation with that from
simulations. This approach, rather than directly assessing the
HE mass bias, allows us to avoid complications linked to the
strong dependence of the HE bias on cluster dynamical state,
and thus on the cluster sample (real or simulated). The final out-
put from this procedure is a relation between Y500 and M500, with
a full accounting of the different statistical and systematic uncer-
tainties that go into its derivation, including bias.

In the following, all relations are fit with a power law in log-
space using the orthogonal BCES method (Akritas & Bershady
1996), which takes into account the uncertainties in both vari-
ables and the intrinsic scatter. All dispersions are given in log10.

A.1. Baseline mass-proxy relation

As a baseline, we use the relation between YX and the X-ray
hydrostatic mass MHE

500 established for 20 local relaxed clusters
by Arnaud et al. (2010):

E−2/3(z)
[

YX

2 × 1014 M� keV

]
=

100.376± 0.018


MHE
500

6 × 1014 M�


1.78± 0.06

, (A.1)

assuming standard evolution, and where the uncertainties are sta-
tistical only. For easier comparison with the Y500–M500 relation
given below, the normalization for YX expressed in 10−4 Mpc2

is 10−0.171± 0.018. The HE mass is expected to be a biased estima-
tor of the true mass,

MHE
500 = (1 − b) M500, (A.2)

where all of the possible observational biases discussed above
(departure from HE, absolute instrument calibration, tempera-
ture inhomogeneities, residual selection bias) have been sub-
sumed into the bias factor (1 − b). The form of the YX–M500
relation is thus

E−2/3(z)YX = 10A±σA [(1 − b) M500]α±σα , (A.3)

where σA and σα are the statistical uncertainties on the normal-
ization and slope and b is the bias between the true mass and
the observed mass used to calibrate the relation. The bias is a
poorly-known stochastic variable with substantial variation ex-
pected between clusters. In our case, b represents the mean bias
between the observed mass and the true mass.

The mass proxy MYX
500 is defined from the best-fit YX–MHE

500
relation

E−2/3(z)YX = 10A
[
MYX

500

]α
. (A.4)

For any cluster, MYX
500, together with the corresponding YX

and RYX
500, can be estimated iteratively about this relation from

the observed temperature and gas mass profile, as described in
Kravtsov et al. (2006). The calibration of the YX–M500 relation
is equivalent to a calibration of the MYX

500–M500 relation, which
relates the mass proxy, MYX

500, to the mass via

MYX
500 = 10±σA/α [(1 − b) M500]1±σα/α . (A.5)

In addition to the bias factor, there are statistical uncertainties on
the slope and normalization of the relation, as well as intrinsic
scatter around the relation, linked to the corresponding statistical
uncertainties and scatter of the YX–MHE

500 relation.

A.2. Relation between Y500 and MYX
500

A.2.1. Best-fit relation

We first investigate the relationship between Y500 and MYX
500, the

mass estimated iteratively from Eq. A.4, with parameters given
by the best-fit Arnaud et al. (2010) relation (Eq. (A.1)). Full
X-ray follow-up of the Planck SZ cosmological cluster sample is
not yet available. Our baseline sample is thus a subset of 71 de-
tections from the Planck cosmological cluster sample, detected
at S/N > 7, for which good quality XMM-Newton observations
are available. The sample consists of data from our previous
archival study of the Planck Early SZ (ESZ) clusters (Planck
Collaboration XI 2011), of Planck-detected LoCuSS clusters
presented by Planck Collaboration Int. III (2013), and from the
XMM-Newton validation programme (Planck Collaboration IX
2011; Planck Collaboration Int. I 2012; Planck Collaboration
Int. IV 2013). The corresponding sub-samples include 58, 4,
and 9 clusters, respectively. The X-ray data were re-analysed
in order to have a homogeneous data set; measurement differ-
ences are negligible with respect to previously-published values.
Uncertainties on YX, RYX

500, and MYX
500 include those due to statis-

tical errors on the X-ray temperature and the gas mass profile.
The SZ signal is estimated within a sphere of radius RYX

500 cen-
tred on the position of the X-ray peak, as detailed in e.g., Planck
Collaboration XI (2011). The re-extraction procedure uses
matched multi-filters (MMF) and assumes that the ICM pres-
sure follows the universal profile shape derived by Arnaud et al.
(2010) from the combination of the REXCESS sample with sim-
ulations. The extraction is undertaken on the 15.5 month Planck
survey data set, and so statistical precision on the SZ signal is
improved with respect to previously-published values. The un-
certainty on Y500 includes statistical uncertainties on the SZ sig-
nal derived from the MMF, plus the statistical uncertainty on the
aperture RYX

500. The latter uncertainty is negligible compared to
the statistical error on the SZ signal. The resulting relation for
these 71 clusters from the cosmological sample is

E−2/3(z)


D2
A Y500

10−4 Mpc2

 =

10−0.175± 0.011


MYX

500

6 × 1014 M�


1.77±0.06

.(A.6)

This agrees within 1σ with the results from the sample of 62
clusters from the ESZ sample with archival XMM-Newton data
published in Planck Collaboration XI (2011). The slope and nor-
malization are determined at slightly higher precision, due to the
better quality SZ data. The derived intrinsic scatter (Table A.1)
is significantly smaller. This is a consequence of: a more robust
treatment of statistical uncertainties; propagation of gas mass
profile uncertainties in the YX error budget; and, to a lesser ex-
tent, the propagation of RYX

500 uncertainties to Y500 estimates.

A.2.2. Effects of Malmquist bias

The fitted parameters are potentially subject to selection effects
such as Malmquist bias, owing to part of the sample lying close
to the selection cut. For the present sample, we use an approach
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Table A.1. Parameters for the Y500–M500 relation, expressed as E−2/3(z)
[
D2

AY500/10−4 Mpc2
]

= 10A
[
M500/6 × 1014 M�

]α
.

Sample Nc MB Mass A α [σlogY|M] int [σlogY|M] raw Section

XMM-ESZ PEPXI 62 N MYX
500 −0.19 ± 0.01 1.74 ± 0.08 0.10 ± 0.01 ... A.2.1

Cosmo sample 71 N MYX
500 −0.175 ± 0.011 1.77 ± 0.06 0.065 ± 0.010 0.080 ± 0.009 A.2.1

Cosmo sample 71 Y MYX
500 −0.186 ± 0.011 1.79 ± 0.06 0.063 ± 0.011 0.079 ± 0.009 A.2.2

XMM-ESZ 62 Y MYX
500 −0.19 ± 0.01 1.75 ± 0.07 0.065 ± 0.011 0.079 ± 0.009 A.2.3

S/N > 7 78 Y MYX
500 −0.18 ± 0.01 1.72 ± 0.06 0.063 ± 0.010 0.078 ± 0.008 A.2.3

Cosmo sub-sample A 10 Y MHE
500 −0.15 ± 0.04 1.6 ± 0.3 ... 0.08 ± 0.02 A.3.2

Cosmo sub-sample B 58 Y MHE
500 −0.19 ± 0.03 1.7 ± 0.2 0.25 ± 0.06 0.27 ± 0.06 A.3.2

Notes. Column 1, considered sample; Col. 2, number of clusters in the sample; Col. 3, Malmquist bias correction; if this column contains Y, a
mean correction for Malmquist bias has been applied to each point before fitting; Col. 4, mass definition; Cols. 5 and 6, slope and normalization
of the relation; Cols. 7 and 8, intrinsic and raw orthogonal scatter around the best-fit relation at a given mass; Col. 9, Section in which sub-sample
is discussed. The Cosmo sample highlighted in bold represents the baseline relation (see text for details).
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Fig. A.1. Best scaling relation between Y500 and M500, and the data
points utilized after correction of the Malmquist bias.

adapted from that described in Vikhlinin et al. (2009a) and Pratt
et al. (2009), where each data point is rescaled by the mean bias
for its flux, and the relation refitted using the rescaled points.
The method is described in more detail in Paper I. For the
baseline cosmological sample of 71 systems, the bias-corrected
Y500–MYX

500 relation is

E−2/3(z)


D2
A Y500

10−4 Mpc2

 =

10−0.19± 0.01


MYX

500

6 × 1014 M�


1.79± 0.06

. (A.7)

The best-fit relation, together with Malmquist bias corrected data
points, is plotted in Fig. A.1.

The correction decreases the effective Y500 values at a given
mass, an effect larger for clusters closer to the S/N threshold. The
net effect is small, a roughly 1σ decrease of the normalization
and a slight steepening of the power-law slope (Table A.1).

A.2.3. Stability of slope and normalization

The slope and normalization of this relation are robust to the
choice of sample (Table A.1). We compared our results to those
obtained from:

– An extended sample of 78 clusters with S/N > 7 (71
in common with the baseline sample). This is built from
all objects falling in the 84% sky mask used to define
the SZ catalogue Planck Collaboration XXIX (2014), and
for which XMM-Newton data have been published by the
Planck Collaboration (Planck Collaboration IX 2011; Planck
Collaboration XI 2011; Planck Collaboration Int. I 2012;
Planck Collaboration Int. III 2013; Planck Collaboration
Int. IV 2013).

– The original 62 clusters from the ESZ sample published
in Planck Collaboration XI (2011), with updated SZ signal
measurements obtained from 15.5 month Planck data (62
in common with the baseline sample). These objects are all
known from X-ray surveys and all lie at z < 0.5. We use them
to test fit robustness to the inclusion of non-X-ray selected,
higher-redshift systems.

As indicated in Table A.1, there is agreement within 1σ between
the various samples. The results are also in agreement with the
relation obtained from a simple combination of the Y500–YX re-
lation (discussed in Paper I) and the YX–MHE

500 relation (Eq. (A.1)
above).

A.3. The observation-based Y500–M500 relation

A.3.1. Combination of the Y500–MYX
500 and the MYX

500–M500
relations

We now combine Eq. (A.7) with the MYX
500–M500 relation. This

will not change the best-fit parameters, but will increase their
uncertainties. As the determinations of the two relations are
independent, we added quadratically the uncertainties in the
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best-fit parameters of the Y500–MYX
500 (Eq. (A.6)) and MYX

500–M500
(Eq. (A.5), with values from Eq. (A.1)) relations. Our best-fit
Y500–M500 relation is then

E−2/3(z)


D2
A Y500

10−4 Mpc2

 =

10−0.19± 0.02
(

(1 − b) M500

6 × 1014 M�

)1.79± 0.08

. (A.8)

Thus inclusion of the statistical uncertainty in the MYX
500–MHE

500
relation doubles the uncertainty on the normalization and in-
creases the uncertainty on the slope by 40%. Note that we have
implicitly assumed here that the scatter around the two relations
is uncorrelated.

A.3.2. Effect of use of an external dataset

The above results assume a mass estimated from the baseline
YX–M500 relation, derived by Arnaud et al. (2010) from an ex-
ternal dataset of 20 relaxed clusters (Eq. (A.1)). How does this
relation compare to the individual hydrostatic X-ray masses of
the Planck cosmological cluster sample? Of the 71 clusters in
the baseline sample:

– 58 objects have temperature profile information extending to
various fractions of R500, of which

– 10 cool-core objects have temperature profiles measure-
ments at least out to R500.

Thus, while spatially-resolved temperature profiles are available
for 58 of the 71 clusters with XMM-Newton observations, we
must be careful in interpretation of these data. The Arnaud et al.
relation was derived from a carefully chosen data set consisting
of relaxed, cool-core objects having well-constrained tempera-
ture profiles out to around R500, i.e., the type of object for which
it makes sense to undertake a hydrostatic mass analysis. Many
clusters of the Planck sample are merging systems for which
such an analysis would give results that are difficult to interpret.
In addition, few of the Planck sample have spatially-resolved
temperature profiles out to R500. However, as given in Table A.1,
the best-fit YX–MHE

500 relation for the 10 cool-core clusters that
are detected to R500 agrees with Eq. (A.8) within 1σ. Moreover,
the relation for the 58 Planck clusters with HE mass estimates,
derived regardless of dynamical state and radial detection extent,
also agrees within 1σ (albeit with greatly increased scatter). We
are thus confident that the masses estimated from an externally-
calibrated YX–MHE

500 relation are applicable to the present data
set.

A.3.3. Dispersion about the observed relations

A key issue is the dispersion around the mean relation. We first
estimate the intrinsic scatter of the Y500–MHE

500 relation by com-
bining the intrinsic scatter of the Y500–MYX

500 relation and that of
the MYX

500–MHE
500 relation. This estimate is applicable to relaxed

objects only, since the Y500–MHE
500 relation has been measured

using a sample of such systems. If the scatter about the input
relations is independent, this gives

σ =

√
σ2

Y500 |MYX
500

+ 2 cos2(tan−1 α)σ2
MHE

500 |YX
, (A.9)

where α is the slope of the Y500–MYX
500 relation. As the HE mass

estimate introduces extra scatter as compared to the true mass
(Kay et al. 2012), the dispersion about the Y500–M500 relation
is expected to be smaller than that of the Y500–MHE

500 relation (al-
though this will depend on correlations between the scatter in the
MHE

500–M500 and MHE
500–Y500 relations). The above expression thus

also provides an estimate of the scatter of the Y500–M500 relation,
again for relaxed objects. While merging events are expected to
induce shocks in the ICM, leading to higher temperatures and
thus an increase in Y500, current simulations suggest that this is
a weak effect. This may be due to the relatively short duration
of the shocking phase during a merger (e.g., Ricker & Sarazin
2001; Ritchie & Thomas 2002; Poole et al. 2007). Thus, further
assuming that the intrinsic scatter of the Y500–M500 relation is the
same for the total relaxed and unrelaxed population, as indicated
by numerical simulations (Kravtsov et al. 2006; Kay et al. 2012),
Eq. (A.9) gives a conservative estimate of the intrinsic scatter of
the Y500–M500 relation.

The intrinsic dispersion about our baseline YX–MHE
500 relation

(Eq. (A.1)), taken from Arnaud et al. (2010), is not measurable;
neither is it measurable for the best-fit Chandra YX–MHE

500 rela-
tion published in Vikhlinin et al. (2009a). Using a smaller sam-
ple of 10 systems, Arnaud et al. (2007) measured an intrinsic
scatter of σlog MHE

500 |YX
= 0.039 (9 percent), in excellent agreement

with the results of the simulations of Nagai et al. (2007) for the
scatter of the MHE

500–YX relation for relaxed clusters (8.7 percent,
their Table 4). It is somewhat larger than the intrinsic scatter of
the relation between the true mass and YX derived by Kravtsov
et al. (σlogM500 |YX = 5−7 percent) but close to the results of
Fabjan et al. (2011), who find σlog M500 |YX = 0.036–0.046. We
thus take as a conservative estimate σlog MHE

500 |YX
= 0.05. The in-

trinsic dispersion about the Y500–MYX
500 relation for our data is

σlog Y500 |MYX
500

= 0.065 ± 0.01. This value is three times larger than
the results of Kay et al. (2012). Partly this is due to the presence
of outliers in our dataset (as discussed in Paper I), and it may
also be due to projection effects in observed data sets (Kay et al.
2012).

Our final observational estimate of the intrinsic scatter is then
σlog Y500 |M500 < 0.074 or 18 percent, similar to the predictions
from Kay et al. (2012) and Sehgal et al. (2010). These predic-
tions depend both on the numerical scheme and specific physics
assumptions, with values varying by a factor of two in the typical
range 0.04 to 0.08 (references in Sect. A.4.1 below).

A.4. Assessing the bias from comparison with numerical
simulations

The final piece of the jigsaw consists of assessing the bias b
in Eq. (A.2). Since the relation has been calibrated using the
HE mass for a sample of relaxed clusters, b represents the bias
between MHE

500 and the true mass for this category of clusters.
In principle, this can be assessed through comparison with nu-
merical simulations. However, this approach is hampered by two
difficulties. The first is the exact definition of “relaxed”, since it
is almost impossible to select such clusters from observations
and simulations according to the same criteria. The second is
the specific implementation of the HE equation, which can dif-
fer substantially between observations (e.g., the use of forward
fitting using parametric models, etc.) and simulations (e.g., the
use of mock observations, etc.). Thus the amplitude of the bias
that is found will depend not only on physical departures from
HE, but also on technical details in the approach to data analysis.
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Fig. A.2. Left: comparison of Y500–M500 relations from 12 simulations undertaken by six different groups with the updated observational Y500–MHE
500

result from Planck, Eq. (A.8). Right: ratio of each simulated Y500–M500 relation relative to Eq. (A.8). The different scaling laws are taken from Kay
et al. (2012), Battaglia et al. (2012), Yang et al. (2010), Sehgal et al. (2010), Krause et al. (2012), Nagai (2006), Sembolini et al. (2013) and Planck
Collaboration XI (2011).

Here we use a different approach that avoids these pit-
falls, assessing the bias b by comparing directly the estimated
Y500–M500 relations with those found from numerical simula-
tions. We then discuss the consistency of the resulting bias es-
timate with the HE bias expected from simulations and from ab-
solute calibration uncertainties.

A.4.1. Comparison of simulated Y500–M500 relations and data

We first compared the Y500–M500 relations from 14 different
analyses done by seven groups (Nagai 2006; Yang et al. 2010;
Sehgal et al. 2010; Krause et al. 2012; Battaglia et al. 2012; Kay
et al. 2012; Sembolini et al. 2013). We translated these simula-
tions results into a common cosmology and, where necessary,
converted cylindrical relations into spherical measurements as-
suming a ratio of Y500,cyl/Y500,sph = 0.74/0.61 ' 1.2, as given by
the Arnaud et al. (2010) pressure profile.

The left-hand panel of Fig. A.2 shows the different
Y500–M500 relations rescaled to our chosen cosmology. The sim-
ulations use various different types of input physics, and the re-
sulting Y500–M500 relations depend strongly on this factor. The
only obvious trend is a mild tendency for adiabatic simula-
tions to find nearly self-similar slopes (1.66). Runs with non-
gravitational processes tend to find slightly steeper slopes, but
this is not always the case (e.g., the Krause et al. 2012 simula-
tions). The right-hand panel of Fig. A.2 shows the ratio of each
simulation Y500–M500 relation to the Planck Y500–MYX

500 relation
given in Eq. (A.8). All results have been rescaled to account for
the differences in baryon fraction between simulations. At our
reference pivot point of M500 = 6 × 1014 M�, all simulations are
offset from the measured relation. There is also a clear depen-
dence on mass arising from the difference in slope between the
majority of the simulated relations and that of the Planck rela-
tion. The Planck slope is steeper, possibly indicating the stronger
effect of non-gravitational processes in the real data.

A.4.2. Quantification of the mass bias

We define the mass bias b between the “true” and observed M500
values, following Eq. (A.2) and explicitly allowing for possible
mass dependence of the bias, i.e, b = b(Mtrue

500 ). Both masses are
defined at a fixed density contrast of 500, so that the relations
between observed and true mass and radius read

Mobs
500 =

[
1 − b

(
Mtrue

500

)]
Mtrue

500 (A.10)

Robs
500 =

[
1 − b

(
Mtrue

500

)]1/3
Rtrue

500 (A.11)

where “true” denotes simulated quantities, and “obs” denotes
quantities estimated at the apertures derived from observations.
The corresponding Y500–M500 relations are

Y
(
<Rtrue

500

)
= Atrue

[
Mtrue

500

]β
, (A.12)

Y
(
<Robs

500

)
= Aobs

[
Mobs

500

]α
. (A.13)

In our case, Y500 is measured interior to RYX
500 as opposed to Rtrue

500 .
The ratio Y

(
<Rtrue

500

)
/Y

(
<Robs

500

)
depends on the radial variation

of Y500 for scaled radii, r/RYX
500 = Rtrue

500/R
obs
500 = (1 − b)−1/3, which

is close to 1. For a GNFW universal profile (Arnaud et al. 2010),
we find that it can be well fit by a power law of the form (1 −
b)−1/4. Combining Eq. (A.10), Eq. (A.12) and Eq. (A.13) we then
arrive at

[
1 − b

(
Mtrue

500

)]
=


Atrue

(
Mtrue

500

)β

Aobs

(
Mtrue

500

)α



−1/4+α

· (A.14)

The relation makes it clear that a mass dependence of the bias
naturally translates into a different slope of the observed and true
Y500–M500 relations.

The bias b can then be estimated from a comparison of
observed and simulated relations, with the caveat that differ-
ences can also arise from imperfect modelling of cluster physics
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Fig. A.3. Dependence of (1−b) on mass. Note that this value is strongly
dependent on the baryon fraction fb (see text).

within the simulations. For the ensemble of simulations shown
in Fig. A.2, the right panel shows the ratio of the observed and
simulated relations as a function of mass. Figure A.3 shows the
corresponding variation of (1 − b) as a function of mass M from
Eq. (A.14) for the observed slope α = 1.79. This is mass de-
pendent due to the difference in slopes between the simulated
and observed relations. At a pivot point of M500 = 6 × 1014 M�,
the median value of Atrue/Aobs is 0.74, implying (1 − b) = 0.81.
However, there is a large amount of scatter in the predictions
from simulations. As a consequence, (1 − b) can vary from 0.74
to 0.97 at M500 = 6×1014 M�. Note that the above results depend
significantly on the baryon fraction fb. For example, assuming
the WMAP-7 value fb = 0.167, the median value of (1 − b)
is 0.86 at the pivot point of M500 = 6 × 1014 M�.

A.4.3. Consistency with HE bias predictions and absolute
calibration uncertainties

Taken at face value, the bias we derive above of (1 − b) ' 0.8
implies that the HE mass used to calibrate the Y500–MHE

500 rela-
tion is offset from the true mass by around 20 percent. Is this
reasonable?

We can first compare HE X-ray and weak lensing (WL)
masses. Although as mentioned above both measurements are
expected to be biased, such comparisons are useful because the
mass measurements involved are essentially independent. In ad-
dition measurements for moderately large sample sizes (tens of
systems) are now starting to appear in the literature. However,
at present there is little consensus, with some studies finding
good agreement between HE and WL masses (e.g., Vikhlinin
et al. 2009a; Zhang et al. 2010), some finding that HE masses
are lower than WL masses, (e.g., Mahdavi et al. 2008), and
some even finding that HE masses are higher than WL masses
(Planck Collaboration Int. III 2013). The key point in such anal-
yses is rigorous data quality on both the X-ray and optical sides.
Most recent work points to relatively good agreement between
X-ray and WL masses, with MHE/MWL ' 0.9 on average,
and MHE/MWL ' 1 for relaxed systems (Mahdavi et al. 2013;
von der Linden et al. 2014).

According to cosmological numerical simulations, the mea-
surement bias induced by X-ray measurements relative to the

“true” values can be caused by two main effects. The first is the
classic “hydrostatic mass bias” due to non-thermal pressure sup-
port from turbulence/random motions, etc. However, the exact
details are very model-dependent. The HE bias expected from
simulations varies substantially, depending on the details of the
numerical scheme, the input physics, and the approach used to
calculate the HE masses (e.g., Rasia et al. 2012). In addition, the
amount of bias is different depending on the dynamical state of
the object, relaxed systems having less bias than unrelaxed sys-
tems. The majority of numerical simulations predict HE biases
of 10 to 20 percent (Nagai et al. 2007; Piffaretti & Valdarnini
2008; Lau et al. 2009; Kay et al. 2012; Rasia et al. 2012).

Temperature inhomogeneities constitute the second contrib-
utor to X-ray measurement bias. In the presence of large amounts
of cool gas, a single-temperature fit to a multi-temperature
plasma will yield a result that is biased towards lower temper-
atures (e.g., Mazzotta et al. 2004). The presence of temperature
inhomogeneities will depend on the dynamical state. While this
effect can be investigated with simulations, estimates of its im-
pact vary widely, owing to differences in numerical schemes and
the different implementations of the input physics. For instance,
simulations with heat conduction consistently predict smoother
temperature distributions, thus X-ray spectroscopic biases are
minimal in this case. On the other hand, “adiabatic” simula-
tions predict long-lasting high-density cool-core type phenom-
ena, which will lead to significant biases in single-temperature
fits. Estimates of biasing due to temperature inhomogeneities
can range up to 10 or 15 percent (e.g., Rasia et al. 2012).

Finally, for HE mass estimates obtained from X-ray data,
instrument calibration uncertainties also play a significant role
in introducing uncertainties in mass estimates. For instance, the
difference in calibration between XMM-Newton and Chandra
can induce differences in YX. This is typically 5 percent, from a
comparison of XMM-Newton based values published by Planck
Collaboration XI (2011) to Chandra values for 28 ESZ clusters
by Rozo et al. (2012). This can lead to differences of up to 10 per-
cent in the mass MYX

500 derived from YX, owing to the dependence
of the mass on YX.

Thus our adopted baseline value of (1 − b) ' 0.8, ranging
from 0.7–1, appears to encompass our current ignorance of the
exact bias.

A.5. Conclusions

In summary the baseline is

E−2/3(z)


D2
A Y500

10−4 Mpc2

 = 10−0.19± 0.02
[

(1 − b)M500

6 × 1014 M�

]1.79± 0.08

,

(A.15)

with an intrinsic scatter of σlog Y = 0.075 and a mean bias
(1 − b) = 0.80+0.2

−0.1. The statistical uncertainty on the normaliza-
tion is about 5% and the error budget is dominated by the sys-
tematic uncertainties.
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ABSTRACT

We present cluster counts and corresponding cosmological constraints from the Planck full mission data set. Our catalogue consists of
439 clusters detected via their Sunyaev-Zeldovich (SZ) signal down to a signal-to-noise of six, and is more than a factor of two larger
than the 2013 Planck cluster cosmology sample. The counts are consistent with those from 2013 and yield compatible constraints
under the same modelling assumptions. Taking advantage of the larger catalogue, we extend our analysis to the two-dimensional
distribution in redshift and signal-to-noise. We use mass estimates from two recent studies of gravitational lensing of background
galaxies by Planck clusters to provide priors on the hydrostatic bias parameter, 1−b. In addition, we use lensing of cosmic microwave
background (CMB) temperature fluctuations by Planck clusters as a third independent constraint on this parameter. These various
calibrations imply constraints on the present-day amplitude of matter fluctuations in varying degrees of tension with those coming
from Planck analysis of primary fluctuations in the CMB; for the lowest estimated values of 1 − b the tension is mild, only a little
over one standard deviation, while for the largest estimated value it remains substantial. We also examine constraints on extensions to
the base flat ΛCDM model by combining the cluster and CMB constraints. The combination appears to favour non-minimal neutrino
masses, but this possibility does little to relieve the overall tension because it simultaneously lowers the implied value of the Hubble
parameter, thereby exacerbating the discrepancy with most current astrophysical estimates. Improving the precision of cluster mass
calibrations from the current 10%-level to 1% would significantly strengthen these combined analyses and provide a stringent test of
the base ΛCDM model.

1. Introduction

Galaxy cluster counts are a standard cosmological tool that has
found powerful application in recent Sunyaev-Zeldovich (SZ)
surveys performed by the Atacama Cosmology Telescope (ACT,

∗ Corresponding authors:
A. Bonaldi, anna.bonaldi@manchester.ac.uk
M. Roman, matthieu.roman@apc.univ-paris7.fr

Swetz et al. 2011; Hasselfield et al. 2013), the South Pole Tele-
scope (SPT, Carlstrom et al. 2011; Benson et al. 2013; Re-
ichardt et al. 2013; Bocquet et al. 2014), and the Planck satellite1

(Tauber et al. 2010; Planck Collaboration I 2011). The abun-
1 Planck (http://www.esa.int/Planck) is a project of the Euro-
pean Space Agency (ESA) with instruments provided by two scientific
consortia funded by ESA member states and led by Principal Investi-
gators from France and Italy, telescope reflectors provided through a
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dance of clusters and its evolution are sensitive to the cosmic
matter density, Ωm, and the present amplitude of density fluctua-
tions, characterised by σ8, the rms linear overdensity in spheres
of radius 8h−1 Mpc. The primary cosmic microwave background
(CMB) anisotropies, on the other hand, reflect the density pertur-
bation power spectrum at the time of recombination. This differ-
ence is important because a comparison of the two tests the evo-
lution of density perturbations from recombination until today,
enabling us to look for possible extensions to the base ΛCDM
model, such as non-minimal neutrino masses or non-zero curva-
ture.

Launched on 14 May 2009, Planck scanned the entire sky
twice a year from 12 August 2009 to 23 October 2013 at angular
resolutions from 33′ to 5′with two instruments: the Low Fre-
quency Instrument (LFI; Bersanelli et al. 2010; Mennella et al.
2011), covering bands centred at 30, 44, and 70 GHz, and the
High Frequency Instrument (HFI; Lamarre et al. 2010; Planck
HFI Core Team 2011), covering bands centred at 100, 143, 217,
353, 545, and 857 GHz.

A initial set of cosmology results appeared in 2013 based
on the first 15.5 months of data (Planck Collaboration I 2014),
including cosmological constraints from the redshift distribu-
tion of 189 galaxy clusters detected at signal-to-noise (SNR)
> 7 (hereafter, our "first analysis" or the "2013 analysis", Planck
Collaboration XX 2014). The present paper is part of the second
set of cosmology results obtained from the full mission data set;
it is based on an updated cluster sample introduced in an accom-
panying paper (the PSZ2, Planck Collaboration I 2015).

Our first analysis found fewer clusters than predicted by
Planck’s base ΛCDM model, expressed as tension between the
cluster constraints on (Ωm, σ8) and those from the primary CMB
anisotropies (Planck Collaboration XVI 2014). This could reflect
the need for an extension to the base ΛCDM model, or indicate
that clusters are more massive than determined by the SZ signal-
mass scaling relation adopted in 2013.

The cluster mass scale is the largest source of uncertainty in
interpretation of the cluster counts. We based our first analysis
on X-ray mass proxies that rely on the assumption of hydrostatic
equilibrium. Simulations demonstrate that this assumption can
be violated by bulk motions in the gas or by nonthermal sources
of pressure (e.g., magnetic fields or cosmic rays, Nagai et al.
2007; Piffaretti & Valdarnini 2008; Meneghetti et al. 2010). Sys-
tematics in the X-ray analyses (e.g., instrument calibration, tem-
perature structure in the gas) could also bias the mass measure-
ments significantly. We quantified our ignorance of the true mass
scale of clusters with a mass bias parameter that was varied over
the range [0−30]%, with a baseline value of 20% (see below for
the definition of the mass bias), as suggested by numerical sim-
ulations (see the Appendix of Planck Collaboration XX 2014).

Gravitational lensing studies of the SZ signal-mass relation
are particularly valuable in this context because they are inde-
pendent of the dynamical state of the cluster (Marrone et al.
2012; Planck Collaboration Int. III 2013), although they also,
of course, can be affected by systematic effects (e.g., Becker &
Kravtsov 2011). New, more precise lensing mass measurements
for Planck clusters have appeared since our 2013 analysis (von
der Linden et al. 2014b; Hoekstra et al. 2015). We incorporate
these new results as prior constraints on the mass bias in the
present analysis. Two other improvements over 2013 are use of
a larger cluster catalogue and analysis of the counts in signal-to-
noise as well as redshift.

collaboration between ESA and a scientific consortium led and funded
by Denmark, and additional contributions from NASA (USA).

Fig. 1: Mass-redshift distribution of the Planck cosmological
samples colour-coded by their signal-to-noise, q. The baseline
MMF3 2015 cosmological sample is shown as the small filled
circles. Objects which were in the MMF3 2013 cosmological
sample are marked by crosses, while those in the 2015 inter-
section sample are shown as open circles. The final samples are
defined by q > 6. The mass MYz is the Planck mass proxy (see
text, Arnaud et al. 2015).

In addition, we apply a novel method to measure cluster
masses through lensing of the CMB anisotropies. This method,
presented in Melin & Bartlett (2014), enables us to use Planck
data alone to constrain the cluster mass scale. It provides an im-
portant independent mass determination, which we compare to
the galaxy lensing results, and one that is representative in the
sense that it averages over the entire cluster cosmology sample,
rather than a particularly chosen subsample.

Our conventions throughout the paper are as follows. We
specify cluster mass, M500, as the total mass within a sphere
of radius R500, defined as the radius within which the mean
mass over-density of the cluster is 500 times the cosmic criti-
cal density at its redshift, z: M500 = (4π/3)R3

500[500ρc(z)], with
ρc(z) = 3H2(z)/(8πG), where H(z) is the Hubble parameter with
present-day value H0 = h × 100 km s−1 Mpc−1. We give SZ sig-
nal strength, Y500, in terms of the Compton y-profile integrated
within a sphere of radius R500, and we assume that all clusters
follow the universal pressure profile of Arnaud et al. (2010).
Density parameters are defined relative to the present-day crit-
ical density, e.g., Ωm = ρm/ρc(z = 0) for the total matter density,
ρm.

We begin in the next section with a presentation of the Planck
2015 cluster cosmology samples. In Sect. 3 we develop our
model for the cluster counts in both redshift and signal-to-noise,
including a discussion of the scaling relation, scatter and the
sample selection function. Section 4 examines the overall cluster
mass scale in light of recent gravitational lensing measurements;
we also present our own calibration of the cluster mass scale
based on lensing of the CMB temperature fluctuations. Con-
struction of the cluster likelihood and selection of external data
sets is detailed in Sect. 5. We present cosmological constraints in
Sect. 6 and then summarize and discuss our results in Sect. 7. We
examine the potential impact of different modeling uncertainties
in the Appendix.
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2. The Planck cosmological samples

We detect clusters across the six highest frequency Planck
bands (100 − 857 GHz) using two implementations of the multi-
frequency matched filter (MMF3 and MMF1, Melin et al. 2006;
Planck Collaboration XXIX 2014) and a Bayesian extension
(PwS, Carvalho et al. 2009) that all incorporate the known (non-
relativistic) SZ spectral signature and a model for the spatial
profile of the signal. The latter is taken as the so-called univer-
sal pressure profile from Arnaud et al. (2010) — with the non
standard self-similar scaling — and parameterized by an angular
scale, θ500.

We empirically characterize noise (all non-SZ signals) in lo-
calized sky patches (10◦ on a side for MMF3) using the set of
cross-frequency power-spectra, we construct the filters with the
resulting noise weights, and we then filter the set of six fre-
quency maps over a range of cluster scales, θ500, spanning 1–
35 arcmin. The filter returns an estimate of Y500 for each scale,
based on the adopted profile template, and sources are finally as-
signed the θ500 (and hence Y500) of the scale that maximizes their
signal-to-noise. Details are given in Planck Collaboration XXIX
(2014) and in an accompanying paper introducing the Planck
full-mission SZ catalogue (PSZ2, Planck Collaboration XXVII
2015).

We define two cosmological samples from the general PSZ2
catalogues, one consisting of detections by the MMF3 matched
filter and the other of objects detected by all three methods (the
intersection catalogue). Both are defined by a signal-to-noise
(denoted q throughout) cut of q > 6. We then apply a mask to
remove regions of high dust emission and point sources, leaving
65% of the sky unmasked. The general catalogues, noise maps
and masks can be downloaded from the Planck Legacy Archive2.

The cosmological samples can be easily constructed from
the PSZ2 union and MMF3 catalogues. The MMF3 cosmology
sample is the subsample of the MMF3 catalogue defined by q >
6 and for which the entry in the union catalogue has COSMO=’T’.
The intersection cosmology sample is defined from the union
catalogue by the criteria COSMO=’T’, PIPEDET=111, and q > 6.

Fig. 1 shows the distribution of these samples in mass and
redshift, together with the 2013 cosmology sample. The mass
here is the Planck mass proxy, MYz, defined in Arnaud et al.
(2015) and taken from the PSZ2 catalogue. It is calculated using
the Planck size-flux posterior contours in conjunction with X-
ray priors to break the size-flux degeneracy inherent to the large
Planck beams (see, e.g. Fig. 16 of Planck Collaboration XXVII
(2015)). The samples span masses in the range [2−10]×1014 M�
and redshifts from z = 0 to 13. The MMF3 (intersection) sample
contains 439 (493) detections. Note that the intersection cata-
logue has more objects than the MMF3 catalogue because of the
different definitions of the signal-to-noise in the various cata-
logues. The signal-to-noise for the intersection catalogue corre-
sponds to the highest signal-to-noise of the three detection algo-
rithms (MMF1, MMF3 or PwS), while for the MMF3 catalogue
we use its corresponding signal-to-noise. As a consequence, the
lowest value for the MMF3 signal-to-noise in the intersection
sample is 4.8. We note that, while being above our detection
limit, the Virgo and the Perseus clusters are not part of our sam-
ples. This is because Virgo is too extended to be blindly detected
by our algorithms and Perseus is close to a masked region.

The 2015 MMF3 cosmology sample contains all but one of
the 189 clusters of the 2013 MMF3 sample. The missing cluster
is PSZ1 980, which falls inside the 2015 point source mask. Six
2 http://pla.esac.esa.int/pla/aio/planckProducts.html
3 We fix h = 0.7 and ΩΛ = 1 −Ωm = 0.7 for the mass calculation.

(14) redshifts are missing from the MMF3 (intersection) sample.
Our analysis accounts for these by renormalizing the observed
counts to redistribute the missing fraction uniformly across red-
shift. The small number of clusters with missing redshifts has no
significant impact on our results.

We use the MMF3 cosmology sample at q > 6 for our base-
line analysis and the intersection sample for consistency checks,
as detailed in the Appendix. In particular, we show that the in-
tersection sample yields equivalent constraints.

3. Modelling cluster counts

From the theoretical perspective, cluster abundance is a function
of halo mass and redshift as specified by the mass function. Ob-
servationally, we detect clusters in Planck through their SZ sig-
nal strength or, equivalently, their signal-to-noise and measure
their redshift with follow-up observations. The observed clus-
ter counts are therefore a function of redshift, z, and signal-to-
noise, q. While we restricted our 2013 cosmology analysis to the
redshift distribution alone (Planck Collaboration XX 2014), the
larger catalogue afforded by the full mission data set offers the
possibility of an analysis in both redshift and signal-to-noise. We
therefore develop the theory in terms of the joint distribution of
clusters in the (z, q)-plane and then relate it to the more specific
analysis of the redshift distribution to compare with our previous
results.

3.1. Counts as a function of redshift and signal-to-noise

The distribution of clusters in redshift and and signal-to-noise
can be written as

dN
dzdq

=

∫
dΩmask

∫
dM500

dN
dzdM500dΩ

P[q|q̄m(M500, z, l, b)],

(1)

with

dN
dzdM500dΩ

=
dN

dVdM500

dV
dzdΩ

, (2)

i.e., the dark matter halo mass function times the volume el-
ement. We adopt the mass function from Tinker et al. (2008)
throughout, apart from the Appendix where we compare to the
Watson et al. (2013) mass function as a test of modelling robust-
ness; there, we show that the Watson et al. (2013) mass function
yields constraints similar to those from the Tinker et al. (2008)
mass function, but shifted by about 1σ towards higher Ωm and
lower σ8 along the main degeneracy line.

The quantity P[q|q̄m(M500, z, l, b)] is the distribution of q
given the mean signal-to-noise value, q̄m(M500, z, l, b), predicted
by the model for a cluster of mass M500 and redshift z lo-
cated at Galactic coordinates (l, b)4. This latter quantity is de-
fined as the ratio of the mean SZ signal expected of a cluster,
Ȳ500(M500, z), as given in Eq. (7), and the detection filter noise,
σf[θ̄500(M500, z), l, b]:

q̄m ≡ Ȳ500(M500, z)/σf[θ̄500(M500, z), l, b]. (3)

The filter noise depends on sky location (l, b) and the cluster
angular size, θ̄500, which introduces additional dependence on

4 Note that this form assumes, as we do throughout, that the distribu-
tion depends on z and M500 only through the mean value q̄m; specifically,
that the intrinsic scatter, σlnY, of Eq. (9) is constant.
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mass and redshift. More detail on σf can be found in Planck
Collaboration XX (2014) (see in particular Fig. 4 therein).

The distribution P[q|q̄m] incorporates noise fluctuations and
intrinsic scatter in the actual cluster Y500 around the mean value,
Ȳ500(M500, z), predicted from the scaling relation. We discuss this
scaling relation and our log-normal model for the intrinsic scatter
below, and Sect. 4 examines the calibration of the overall mass
scale for the scaling relation.

The redshift distribution of clusters detected at q > qcat is the
integral of Eq. (1) over signal-to-noise,

dN
dz

(q > qcat) =

∫ ∞

qcat

dq
dN

dzdq

=

∫
dΩ

∫
dM500 χ̂(M500, z, l, b)

dN
dzdM500dΩ

, (4)

with

χ̂(M500, z, l, b) =

∫ ∞

qcat

dq P[q|q̄m(M500, z, l, b)]. (5)

Equation (4) is equivalent to the expression used in our 2013
analysis if we write it in the form

χ̂ =

∫
d ln Y500

∫
dθ500P(ln Y500, θ500|z,M500) χ(Y500, θ500, l, b),

(6)

where χ(Y500, θ500, l, b) is the survey selection function at
q > qcat in terms of true cluster parameters (Sect. 3.3), and
P(ln Y500, θ500|z,M500) is the distribution of these parameters
given cluster mass and redshift. We specify the relation between
Eq. (5) and Eq. (6) in the next section.

3.2. Observable-mass relations

A crucial element of our modelling is the relation between clus-
ter observables, Y500 and θ500, and halo mass and redshift. Due
to intrinsic variations in cluster properties, this relation is de-
scribed by a distribution function, P(ln Y500, θ500|M500, z), whose
mean values are specified by the scaling relations Ȳ500(M500, z)
and θ̄500(M500, z).

We use the same form for these scaling relations as in our
2013 analysis:

E−β(z)


D2
A(z)Ȳ500

10−4 Mpc2

 = Y∗

[
h

0.7

]−2+α [
(1 − b) M500

6 × 1014 M�

]α
, (7)

and

θ̄500 = θ∗

[
h

0.7

]−2/3 [
(1 − b) M500

3 × 1014M�

]1/3

E−2/3(z)
[

DA(z)
500 Mpc

]−1

, (8)

where θ∗ = 6.997 arcmin, and fiducial ranges for the parameters
Y∗, α, and β are listed in Table 1; these values are identical to
those used in our 2013 analysis. Unless otherwise stated, we use
Gaussian distributions with mean and standard deviation given
by these values as prior constraints; one notable exception will
be when we simultaneously fit for α and cosmological param-
eters. In the above expressions, DA(z) is the angular diameter
distance and E(z) ≡ H(z)/H0.

These scaling relations have been established by X-ray ob-
servations, as detailed in the Appendix of Planck Collaboration
XX (2014), and rely on mass determinations, MX, based on hy-
drostatic equilibrium of the intra-cluster gas. The mass bias pa-
rameter, b, assumed to be constant in both mass and redshift,

Table 1: Summary of SZ-mass scaling law parameters (see
Eq. 7).

Parameter Value

log Y∗ −0.19 ± 0.02
α a 1.79 ± 0.08
β b 0.66 ± 0.50
σ c

ln Y 0.127 ± 0.023

a Except when specified, α is constrained by this prior in our one-
dimensional likelihood over N(z), but left free in our two-dimensional
likelihood over N(z, q).

b We fix β to its central value throughout, except when examining mod-
elling uncertainties in the Appendix.

c The value is the same as in our 2013 analysis, given here in terms of
the natural logarithm and computed from σlog Y = 0.075 ± 0.01.

allows for any difference between the X-ray determined masses
and true cluster halo mass: MX = (1 − b)M500. This is discussed
at length in Sect. 4.

We adopt a log-normal distribution for Y500 around its mean
value Ȳ500, and a delta function for θ500 centred on θ̄500:

P(ln Y500, θ500|M500, z) =
1√

2πσlnY
e− ln2(Y500/Ȳ500)/(2σ2

lnY)

× δ[θ500 − θ̄500], (9)

where Ȳ500(M500, z) and θ̄500(M500, z) are given by Eqs. (7) and
(8)5 The δ-function maintains the empirical definition of R500
that is used in observational determination of the the profile.

We can now specify the relation between Eqs. (5) and (6) by
noting that

P[q|q̄m(M500, z, l, b)] =

∫
d ln qmP[q|qm]P[ln qm|q̄m], (10)

where P[q|qm] is the distribution of observed signal-to-noise, q,
given the model value, qm. The second distribution represents in-
trinsic cluster scatter, which we write in terms of our observable-
mass distribution, Eq. (9), as

P[ln qm|q̄m] =

∫
dθ500P[ln Y500(ln qm, θ500, l, b), θ500|M500, z]

=
1√

2πσlnY
e− ln2(qm/q̄m)/2σ2

lnY . (11)

Performing the integral of Eq. (5), we find

χ̂ =

∫
d ln qmP[ln qm|q̄m]χ(Y500, θ500, l, b), (12)

with the definition of our survey selection function

χ(Y500, θ500, l, b) =

∫ ∞

qcat

dqP[q|qm(Y500, θ500, l, b)]. (13)

We then reproduce Eq. (6) by using the first line of Eq. (11) and
Eq. (3).

5 In this paper, ‘ln’ denotes the natural logarithm and ‘log’ the loga-
rithm to base 10; the expression is written in terms of the natural loga-
rithm.
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3.3. Selection function and survey completeness

The fundamental quantity describing the survey selection is
P[q|qm], introduced in Eq. (10). It gives the observed signal-to-
noise, used to select SZ sources, as a function of model (“true”)
cluster parameters through qm(Y500, θ500, l, b), and it defines the
survey selection function χ(Y500, θ500, l, b) via Eq. (13). We char-
acterize the survey selection in two ways. The first is with an an-
alytical model and the second employs a Monte Carlo extraction
of simulated sources injected into the Planck maps. In addition,
we perform an external validation of our selection function using
known X-ray clusters.

The analytical model assumes pure Gaussian noise, in which
case we simply have P[q|qm] = e−(q−qm)2/2/

√
2π. The survey se-

lection function is then given by the Error Function (ERF),

χ(Y500, θ500, l, b) =
1
2

[
1 − erf

(
qcat − qm(Y500, θ500, l, b)√

2

)]
. (14)

This model can be applied to a catalogue with well-defined noise
properties, i.e., σf , such as our MMF3 catalogue, but not to the
intersection catalogue based on the simultaneous detection with
three different methods. This is our motivation for choosing the
MMF3 catalogue as our baseline.

In the Monte Carlo approach, we inject simulated clusters
directly into the Planck maps and (re)extract them with the com-
plete detection pipeline. Details are given in the accompanying
2015 SZ catalogue paper, Planck Collaboration XXVII (2015).
This method provides a more comprehensive description of the
survey selection by accounting for a variety of effects beyond
noise. In particular, we vary the shape of the SZ profile at fixed
Y500 and θ500 to quantify its effect on catalogue completeness.

We also perform an external check of the survey complete-
ness using known X-ray clusters from the MCXC compilation
(Piffaretti et al. 2011) and also SPT clusters from Bleem et al.
(2014). Details are given in the 2015 SZ catalogue paper, Planck
Collaboration XXVII (2015). For the MCXC compilation, we
rely on the expectation that at redshifts z < 0.2 any Planck-
detected cluster should be found in one of the ROSAT catalogues
(Chamballu et al. 2012), because at low redshift ROSAT probes
to lower masses than Planck6. The MCXC catalogue provides
a truth table, replacing the input cluster list of the simulations,
and we compute completeness as the ratio of objects in the cos-
mology catalogue to the total number of clusters. As discussed
in Planck Collaboration XXVII (2015), the results are consis-
tent with Gaussian noise and bound the possible effect of profile
variations. We arrive at the same conclusion when applying the
technique to the SPT catalogue.

Planck Collaboration XXVII (2015) discusses completeness
checks in greater detail. One possible source of bias is the
presence of correlated IR emission from cluster member galax-
ies. Planck Collaboration XXIII (2015) suggests that IR point
sources may contribute significantly to the cluster SED at the
Planck frequencies, especially at higher redshift. The potential
impact of this effect warrants further study in future work.

This gives us different estimations of the selection function
for MMF3 and the intersection catalogues. We test the sensitiv-
ity of our cosmological constraints to the selection function in
the Appendix by comparing results obtained with the different
methods and catalogues. We find that our results are insensitive
to the choice of completeness model (Fig A.1), and we therefore

6 In fact, this expectation is violated to a small degree. As discussed
in Planck Collaboration XXVII (2015), there appears to be a small pop-
ulation of X-ray under-luminous clusters.

adopt the analytical ERF completeness function for simplicity
throughout the paper.

4. The cluster mass scale

The characteristic mass scale of our cluster sample is the critical
element in our analysis of the counts. It is controlled by the mass
bias factor, 1 − b, accounting for any difference between the X-
ray mass proxies used to establish the scaling relations and the
true (halo) mass: MX = (1−b)M500. Such a difference could arise
from cluster physics, such as a violation of hydrostatic equilib-
rium or temperature structure in the gas, from observational ef-
fects, e.g., instrumental calibration, or from selection effects bi-
asing the X-ray samples relative to SZ- or mass-selected samples
(Angulo et al. 2012).

In our 2013 analysis, we adopted a flat prior on the mass bias
over the range 1 − b = [0.7, 1.0], with a reference model defined
by 1−b = 0.8. This was motivated by a comparison of the Y−MX
relation with published Y − M relations derived from numerical
simulations, as detailed in the Appendix of Planck Collaboration
XX (2014); this estimate was consistent with most predictions
for any violation of hydrostatic equilibrium (although not all)
as well as observational constraints from the available lensing
observations. Effects other than cluster physics can contribute to
the mass bias, as discussed in the paper, and as emphasized by
the survey of cluster multi-band scaling relations by Rozo et al.
(2014a,b,c).

The mass bias was the largest uncertainty in our 2013 anal-
ysis, and it severely hampered understanding of the tension
found between constraints from the primary CMB and the cluster
counts. Here, we incorporate new lensing mass determinations of
Planck clusters to constrain the mass bias. We also apply a novel
method to measure object mass based on lensing of CMB tem-
perature anisotropies behind clusters (Melin & Bartlett 2014).
These constraints are used as prior information in our analysis
of the counts. As we will see, however, uncertainty in the mass
bias remains our largest source of uncertainty, mainly because
these various determinations continue to differ from 10 to 30%.

In general, the mass bias could depend on cluster mass and
redshift, although we will model it by a constant in the follow-
ing. Our motivation is one of practicality: the limited size and
precision of current lensing samples makes it difficult to con-
strain any more than a constant, i.e., the overall mass scale of
our catalogue. Large lensing surveys like Euclid, WFIRST, and
the Large Synoptic Survey Telescope, and CMB lensing will im-
prove this situation in coming years.

4.1. Constraints from gravitational shear

Several cluster samples with high quality gravitational shear
mass measurements have appeared since 2013. Among these,
the Weighing the Giants (WtG, von der Linden et al. 2014a),
CLASH (Postman et al. 2012; Merten et al. 2014; Umetsu et al.
2014), and the Canadian Cluster Comparison Project (CCCP,
Hoekstra et al. 2015) programmes offer constraints on our mass
bias factor, 1−b, through direct comparison of the lensing masses
to the Planck mass proxy, MYz.

The analysis by the WtG programme of 22 clusters from the
2013 Planck cosmology sample yields 1 − b = 0.688 ± 0.072.
Their result lies at the very extreme of the range explored in
Planck Collaboration XX (2014) and would substantially re-
duce the tension found between primary CMB and galaxy clus-
ter constraints. Hoekstra et al. (2015) report a smaller bias of
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Fig. 2: The cluster mass scale determined by CMB lensing. We
show the ratio of cluster lensing mass, Mlens, to the SZ mass
proxy, MYz, as a function of the mass proxy for clusters in the
MMF3 2015 cosmology sample. The cluster mass is measured
through lensing of CMB temperature anisotropies in the Planck
data (Melin & Bartlett 2014). Individual mass measurements
have low signal-to-noise, but we determine a mean ratio for the
sample of Mlens/MYz = 1/(1− b) = 0.99± 0.19. For clarity, only
a fraction of the error bars are plotted (see text).

1−b = 0.78±0.07 (stat) ±0.06 (sys) for a set of 20 common clus-
ters, which is in good agreement with the fiducial value adopted
in our 2013 analysis. In our analysis we add the statistical and
systematic uncertainties in quadrature (see Table 2).

4.2. Constraints from CMB lensing

Measuring cluster mass through CMB lensing has been dis-
cussed in the literature for some time since the study performed
by Zaldarriaga & Seljak (1999) (see also Lewis & Challinor
2006). We apply a new technique for measuring cluster masses
through lensing of CMB temperature anisotropies (Melin &
Bartlett 2014), allowing us to calibrate the scaling relations us-
ing only Planck data. This is a valuable alternative to the galaxy
lensing observations because it is independent and affected by
different possible systematics. Additionally, we can apply it to
the entire cluster sample to obtain a mass calibration represen-
tative of an SZ flux selected sample. Similar approaches using
CMB lensing to measure halo masses were recently applied by
SPT (Baxter et al. 2014) and ACT (Madhavacheril et al. 2014).

Our method first extracts a clean CMB temperature map with
a constrained internal linear combination (ILC) of the Planck
frequency channels in the region around each cluster; the ILC is
constrained to nullify the SZ signal from the clusters themselves
and provide a clean CMB map of 5 arcmin resolution. Using a
quadratic estimator on the CMB map, we reconstruct the lensing
potential in the field and then filter it to obtain an estimate of the
cluster mass. The filter is an NFW profile (Navarro et al. 1997)
with scale radius set by the Planck mass proxy for each clus-
ter, and designed to return an estimate of the ratio Mlens/MYz,
where MYz is the Planck SZ mass proxy. These individual mea-
surements are corrected for any mean-field bias by subtracting
identical filter measurements on blank fields; this accounts for
effects of apodization over the cluster fields and correlated noise.
The technique has been tested on realistic simulations of Planck
frequency maps. More detail can be found in Melin & Bartlett
(2014).

Table 2: Summary of mass scale priors

Prior name Quantity Value & Gaussian errors
Weighing the Giants (WtG) 1 − b 0.688 ± 0.072
Canadian Cluster Comparison
Project (CCCP) 1 − b 0.780 ± 0.092
CMB lensing (LENS) 1/(1 − b) 0.99 ± 0.19
Baseline 2013 1 − b 0.8 [−0.1,+0.2]

Notes. CMB lensing directly measures 1/(1 − b), which we implement
in our analysis; purely for reference, that constraint translates approxi-
mately to 1 − b = 1.01+0.24

−0.16. The last line shows the 2013 baseline — a
reference model defined by 1 − b = 0.8 with a flat prior in the [0.7, 1]
range.

Figure 2 shows Mlens/MYz as a function of MYz for all clus-
ters in the MMF3 cosmology sample. Each point is an individual
cluster7. For clarity, only some of the error bars on the ratio are
shown; the error bars vary from 1.8 at the high mass end to 8.5
at the low mass end with a median of 4.2. There is no indication
of a correlation between the ratio and MYz, and we therefore fit
for a constant ratio of Mlens/MYz by taking the weighted mean
(using the individual measurement uncertainties as provided by
the filter) over the full data set. If the ratio differs from unity, we
apply a correction to account for the fact that our filter aperture
was not perfectly matched to the clusters. The correction is cal-
culated assuming an NFW profile and is the order of a percent.

The final result is 1/(1 − b) = 0.99 ± 0.19, traced by the
blue band in the figure. Note that the method constrains 1/(1 −
b) rather than 1 − b as in the case of the shear measurements.
The calculated uncertainty on the weighted mean is consistent
with a bootstrap analysis where we create new catalogues of the
same size as the original by sampling objects from the original
catalogue with replacement; the uncertainty from the bootstrap
is then taken as the standard deviation of the bootstrap means.

4.3. Summary

The three mass bias priors are summarized in Table 2, and we
will compare cosmological constraints obtained from each. We
will assume Gaussian distributions for 1−b (gravitational shear)
or 1/(1 − b) (CMB lensing) with standard deviations given by
the error column. We favour these three lensing results because
of their direct comparison to the Planck mass proxy.

5. Analysis methodology

5.1. Likelihood

Our 2013 analysis employed a likelihood built on the cluster red-
shift distribution, dN/dz. With the larger 2015 catalogue, our
baseline likelihood is now constructed on counts in the (z, q)-
plane. We divide the catalogue into bins of size ∆z = 0.1 (10
bins) and ∆ log q = 0.25 (5 bins), each with an observed number
N(zi, q j) = Ni j of clusters. Modelling the observed counts, Ni j,
as independent Poisson random variables, our log-likelihood is

ln L =

NzNq∑

i, j

[
Ni j ln N̄i j − N̄i j − ln[Ni j!]

]
, (15)

7 The values can be negative due to noise fluctuations and the low
signal-to-noise of the individual measurements.
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where Nz and Nq are the total number of redshift and signal-to-
noise bins, respectively. The mean number of objects in each bin
is predicted by theory according to Eq. (1):

N̄i j =
dN

dzdq
(zi, q j)∆z∆q, (16)

which depends on the cosmological (and cluster modelling)
parameters. In practice, we use a Monte Carlo Markov chain
(MCMC) to map the likelihood surface around the maximum
and establish confidence limits.

Eq. (15) assumes the bins are uncorrelated, while a more
complete description would include correlations due to large-
scale clustering. In practice, our cluster sample contains mostly
high mass systems for which the impact of these effects is weak
(e.g., Hu & Kravtsov 2003, in particular their Fig. 4 for the im-
pact on constraints in the (Ωm,σ8) plane).

5.2. External data sets

Cluster counts cannot constrain all pertinent cosmological pa-
rameters. They are most sensitive to Ωm and σ8, and when
analysing the counts alone we must apply additional observa-
tional constraints as priors on other parameters. For this pur-
pose, we adopt Big Bang nucleosynthesis (BBN) constraints
from Steigman (2008), Ωbh2 = 0.022 ± 0.002, and constraints
from baryon acoustic oscillations (BAO). The latter combine the
6dF Galaxy Survey (Beutler et al. 2011), the SDSS Main Galaxy
Sample (Padmanabhan et al. 2012; Anderson et al. 2012) and
the BOSS DR11 (Anderson et al. 2014). We refer the reader to
Sect. 5.2 in Planck Collaboration XIII (2015) for details of the
combination. We also include a prior on ns from Planck Collab-
oration XVI (2014), ns = 0.9624 ± 0.014. When explicitly spec-
ified in the text, we add the supernovæ constraint from SNLS-
II and SNLS3: the Joint Light-curve Analysis constraint (JLA,
Betoule et al. 2014). The BAO are particularly sensitive to H0,
while the supernovæ allow precise constraints on the dark energy
equation-of-state parameter, w.

6. Cosmological constraints

We begin by verifying consistency with the results of Planck
Collaboration XX (2014) (Sect. 6.1) based on the one-
dimensional likelihood over the redshift distribution, dN/dz
(Eq. 4). We then examine the effect of changing to the full two-
dimensional likelihood, dN/dzdq (Eq. 1) in Sect. 6.2. For this
purpose we compare constraints on the total matter density, Ωm,
and the linear-theory amplitude of the density perturbations to-
day, σ8, using the cluster counts in combination with external
data and fixing the mass bias.

The two-dimensional likelihood dN/dzdq is then adopted as
the baseline in the rest of the paper. We extract constraints on
Ωm and σ8 from the cluster counts in combination with exter-
nal data, imposing the different cluster mass scale calibrations
as prior distributions on the mass bias. After comparing these
new constraints to those from the CMB anisotropies in the base
ΛCDM model (Sect. 6.3), we move to joint analysis of the clus-
ter counts and CMB anisotropies to study, for example, exten-
sions to the base ΛCDM model, such as non-minimal neutrino
mass (Sect. 6.4). In these studies we vary all six parameters of
the (flat) base ΛCDM model, except when considering model ex-
tensions for which we include the relevant parameters. Figures
display contours delineating marginalized constraints.

6.1. Constraints on Ωm and σ8: comparison to 2013

Figure 3 presents constraints from the MMF3 cluster counts
combined with the BAO and BBN priors of Sect. 5.2; we re-
fer to this data combination as “SZ+BAO+BBN”. To compare
to results from our 2013 analysis (the grey, filled ellipses), we
use a one-dimensional likelihood based on Eq. (4) over the red-
shift distribution and have adopted the reference scaling relation
of 2013, i.e., Eqs. (7) and (8) with 1 − b = 0.8. For the present
comparison, we use the updated BAO constraints discussed in
Sect. 5.2; these are stronger than the BAO constraints used in
the 2013 analysis, and the grey contours shown here are conse-
quently smaller than in Planck Collaboration XX (2014).

Limiting the 2015 catalogue to q > 8.5 produces a sam-
ple with 190 clusters, similar to the 2013 cosmology catalogue
(189 objects). The two sets of constraints demonstrate good con-
sistency, and they remain consistent while becoming tighter as
we decrease the signal-to-noise threshold of the 2015 catalogue.
Under similar assumptions, our 2015 analysis thus confirms the
2013 results reported in Planck Collaboration XX (2014).

The area of the ellipse from q = 8.5 to q = 6 decreases by
a factor of 1.3. This is substantially less than the factor of 2.3
expected from the ratio of the number of objects in the two sam-
ples. This difference may be related to the decreasing goodness-
of-fit of the best model as the signal-to-noise decreases.

Figure 4 overlays the observed cluster redshift distribution
on the predictions from the best-fit model in each case. We see
that the models do not match the counts in the second and third
redshift bins (counting from z = 0), and that the discrepancy,
already marginally present at the high signal-to-noise cut corre-
sponding to the 2013 catalogue, becomes more pronounced to-
wards the lower signal-to-noise thresholds. This dependence on
signal-to-noise may suggest that the data prefer a different slope,
α, of the scaling relation than allowed by the prior of Table 1.
We explore the effect of relaxing the X-ray prior on α in the next
section.

6.2. Constraints on Ωm and σ8: two-dimensional analysis

In Fig. 5 we compare constraints from the one- and two-
dimensional likelihood with α either free or with the prior
of Table 1. For this comparison, we continue with the
“SZ+BAO+BBN” data set, but adopt the CCCP prior for the
mass bias and only consider the full 2015 MMF3 catalogue at
q > 6.

The grey and black contours and lines show results from the
one-dimensional likelihood fit to the redshift distribution using,
respectively, the X-ray prior on α and leaving α free. The redshift
counts do indeed favour a steeper slope, and we find a posterior
of α = 2.28 ± 0.17 in the latter case.

We define a generalized χ2 measure of goodness-of-fit as
χ2 =

∑Nz
i N̄−1

i

(
Ni − N̄i

)2
, determining the probability to exceed

(PT E) the observed value using Monte Carlo simulations of
Poisson statistics for each bin with the best-fit model mean N̄i.
The observed value of the fit drops from 17 (PT E = 0.07) with
the X-ray prior, to 15 (PT E = 0.11) when leaving α free. When
leaving α free, Ωm increases and σ8 decreases, following their
correlation with α shown by the contours, and their uncertainty
increases due to the added parameter.

The two-dimensional likelihood over dN/dzdq better con-
strains the slope when α is free, as shown by the violet curves
and contours. In this case, the preferred value drops back towards
the X-ray prior: α = 1.89 ± 0.12, just over 1σ from the central
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Fig. 3: Contours at 2σ for different signal-to-noise thresholds,
q = 8.5, 7, and 6, applied to the 2015 MMF3 cosmology sam-
ple for the SZ+BAO+BBN data set. The contours are compati-
ble with the 2013 constraints (Planck Collaboration XX 2014),
shown as the filled, light grey ellipses at 1 and 2σ (for the BAO
and BBN priors of Sect 5.2; see text). The 2015 catalogue thresh-
olded at q > 8.5 has a similar number of clusters (190) as the
2013 catalogue (189). This comparison is made using the an-
alytical error-function model for completeness and adopts the
reference observable-mass scaling relation of the 2013 analysis
[1 − b = 0.8, see text]. The redshift distributions of the best-fit
models are shown in Fig. 4. For this figure and Fig. 4, we use the
one-dimensional likelihood over the redshift distribution, dN/dz
(Eq. 4).

X-ray value. Re-imposing the X-ray prior on α with the two-
dimensional likelihood (blue curves) does little to change the
parameter constraints. Although the one-dimensional likelihood
prefers a steeper slope than the X-ray prior, the two-dimensional
analysis does not, and the cosmological constraints remain ro-
bust to varying α.

We define a generalized χ2 statistic as described above, now
over the two-dimensional bins in the (z, q)-plane. This general-
ized χ2 for the fit with the X-ray prior is 43 (PT E = 0.28), com-
pared to χ2 = 45 (PT E = 0.23) when α is a free parameter.

Fig. 6 displays the redshift distribution of the best-fit models
in all four cases. Despite their apparent difficulty in matching the
second and third redshift bins, the PTE values suggest that these
fits are moderately good to acceptable. Note that, as mentioned
briefly in Sect. 5.1, clustering effects will increase the scatter
in each bin slightly over the Poisson value we have assumed,
causing our quoted PTE values to be somewhat smaller than the
true ones.

6.3. Constraints on Ωm and σ8: comparison to primary CMB

Our 2013 analysis brought to light tension between constraints
on Ωm andσ8 from the cluster counts and those from the primary
CMB in the base ΛCDM model. In that analysis, we adopted a
flat prior on the mass bias over the range 1 − b = [0.7, 1.0], with
a reference model defined by 1 − b = 0.8 (see discussion in the
Appendix of Planck Collaboration XX 2014). Given the good
consistency between the 2013 and 2015 cluster results (Fig. 3),
we expect the tension to remain under the same assumptions con-
cerning the mass bias.
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Fig. 4: Comparison of observed counts (points with error bars)
with predictions of the best-fit models (solid lines) from the
one-dimensional likelihood for three different thresholds applied
to the 2015 MMF3 cosmology sample. The mismatch between
observed and predicted counts in the second and third lowest
redshift bins, already noticed in the 2013 analysis, increases at
lower thresholds, q. The best-fit models are defined by the con-
straints shown in Fig. 3. For this figure and Fig. 3, we use our
one-dimensional likelihood over the redshift distribution, dN/dz
(Eq. 4).
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Fig. 5: Comparison of constraints from the one-dimensional
(dN/dz) and two-dimensional (dN/dzdq) likelihoods on cosmo-
logical parameters and the scaling relation mass exponent, α. For
this comparison, we adopt the CCCP prior on the mass bias and
the SZ+BAO+BBN data set. The corresponding best-fit model
redshift distributions are shown in Fig. 6.

Figure 7 compares our 2015 cluster constraints (MMF3
SZ+BAO+BBN) to those for the base ΛCDM model from the
Planck CMB anisotropies. The cluster constraints, given the
three different priors on the mass bias, are shown by the filled
contours at 1 and 2σ, while the dashed black contours give the
Planck TT, TE, EE+lowP constraints (hereafter Planck primary
CMB, Planck Collaboration XIII 2015); the grey shaded regions
add BAO to the CMB. The central value of the WtG mass prior
lies at the extreme end of the range used in 2013 (i.e., 1-b=0.7);
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SZ+BAO+BBN data set.
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Fig. 7: Comparison of constraints from the CMB to those from
the cluster counts in the (Ωm, σ8)-plane. The green, blue and
violet contours give the cluster constraints (two-dimensional
likelihood) at 1 and 2σ for the WtG, CCCP, and CMB lens-
ing mass calibrations, respectively, as listed in Table 2. These
constraints are obtained from the MMF3 catalogue with the
SZ+BAO+BBN data set and α free. Constraints from the Planck
TT, TE, EE+lowP CMB likelihood (hereafter, Planck primary
CMB) are shown as the dashed contours enclosing 1 and 2σ con-
fidence regions (Planck Collaboration XIII 2015), while the grey
shaded region also include BAO. The red contours give results
from a joint analysis of the cluster counts, primary CMB and
the Planck lensing power spectrum (Planck Collaboration XV
2015), leaving the mass bias parameter free and α constrained
by the X-ray prior.

with its uncertainty range extending even lower, the tension with
primary CMB is greatly reduced, as pointed out by von der Lin-
den et al. (2014b). With similar uncertainty but a central value
shifted to 1 − b = 0.78, the CCCP mass prior results in greater
tension with the primary CMB. The lensing mass prior, finally,
implies little bias and hence much greater tension.
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Fig. 8: Comparison of cluster and primary CMB constraints in
the base ΛCDM model expressed in terms of the mass bias,
1 − b. The solid black curve shows the distribution of values re-
quired to reconcile the counts and primary CMB in ΛCDM; it
is found as the posterior on the 1 − b from a joint analysis of
the Planck cluster counts and primary CMB when leaving the
mass bias free. The coloured dashed curves show the three prior
distributions on the mass bias listed in Tab. 2.

6.4. Joint Planck 2014 primary CMB and cluster constraints

We now turn to a joint analysis of the cluster counts and primary
CMB. We begin by finding the mass bias required to remove ten-
sion with the primary CMB, and then consider one-parameter
extensions to the base ΛCDM model, varying the curvature, the
Thomson optical depth to reionization, the dark energy equation-
of-state, and the neutrino mass scale. Unless otherwise stated,
"CMB" in the following means Planck TT, TE, EE+lowP as de-
fined in Planck Collaboration XIII (2015). All intervals are 68%
confidence and all upper/lower limits are 95%.

6.4.1. Mass bias required by CMB

In Fig. 8 we compare the three prior distributions to the mass
bias required by the primary CMB. The latter is obtained as the
posterior on (1 − b) from a joint analysis of the MMF3 cluster
counts and the CMB with the mass bias as a free parameter. The
best-fit value in this case is (1 − b) = 0.58 ± 0.04, more than 1σ
below the central WtG value. Perfect agreement with the primary
CMB would imply that clusters are even more massive than the
WtG calibration. This figure most clearly quantifies the tension
between the Planck cluster counts and primary CMB.

6.4.2. Curvature

By itself the CMB only poorly determines the spatial curvature
(Sect. 6.2.4 of Planck Collaboration XIII 2015), but by including
another astrophysical observation, such as cluster counts, it can
be tightly constrained. Our joint cluster and CMB analysis, with-
out external data, yields Ωk = −0.012 ± 0.008, consistent with
the constraint from Planck CMB and BAO Ωk = 0.000 ± 0.002.

6.4.3. Reionization optical depth

Primary CMB temperature anisotropies also provide a precise
measurement of the parameter combination Ase−2τ, where τ is
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Fig. 9: Constraints on the reionization optical depth, τ. The
dashed black curve is the constraint from Planck CMB (i.e.
TT, TE, EE+lowP), while the three coloured lines are the pos-
terior distribution on τ from a joint analysis of the cluster counts
and Planck TT only for the three different mass bias parameters.

the optical depth from Thomson scatter after reionization and As
is the power spectrum normalization on large scales (Planck Col-
laboration XIII 2015). Low-` polarization anisotropies break the
degeneracy by constraining τ, but this measurement is delicate
given the low signal amplitude and difficult systematic effects; it
is important, however, in the determination of σ8. It is therefore
interesting to compare the Planck primary CMB constraints on
τ to those from a joint analysis of the cluster counts and primary
CMB without the low-` polarization data (lowP). Battye et al.
(2014), for instance, pointed out that a lower value for τ than
suggested by WMAP could reduce the level of tension between
CMB and large scale structure.

The comparison is shown in Fig. 9. We see that the Planck
TT + SZ constraints are in good agreement with the value from
Planck CMB (i.e., TT, TE, EE+lowP), with the preferred value
for WtG slightly higher and CMB lensing pushing towards a
lower value. The ordering CMB lensing/CCCP/WtG from lower
to higher τ posterior values matches the decreasing level of ten-
sion with the primary CMB on σ8. These values remain, how-
ever, larger than what is required to fully remove the tension
in each case. The posterior distributions for the mass bias are
1− b = 0.60± 0.042, 1− b = 0.63± 0.047, 1− b = 0.66± 0.045,
respectively, for WtG, CCCP and CMB lensing, all significantly
shifted from the corresponding priors of Table 2. Allowing τ to
adjust offers only minor improvement in the tension reflected
by Fig. 8. Interestingly, the Planck TT posterior shown in Fig. 8
of Planck Collaboration XIII (2015) peaks at significantly higher
values, while our Planck TT +SZ constraints are consistent with
the constraint from Planck TT + lensing, an independent con-
straint on τ without lowP.

6.4.4. Dark energy

In Fig. 10 we examine constraints on a constant dark energy
equation-of-state parameter, w. Analysis of the primary CMB
alone results in highly degenerate grey contours. The degener-
acy is broken by adding constraints such as BAO (blue contours)
or supernovae distances (light blue contours), both picking val-
ues around w = −1. The SZ counts (two-dimensional likelihood
with CCCP prior) only marginally break the degeneracy when
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Fig. 10: Constraints on a constant dark energy equation-of-state
parameter, w. Analysis of the primary CMB alone yields the grey
contours that are highly degenerate. Adding either BAO or su-
pernovae to the CMB breaks the degeneracy, giving constraints
around w = −1. Adding SZ cluster counts from the MMF3 2015
catalogue instead to the CMB results in the rose-coloured con-
tours. The green contours are constraints from joint analysis of
the SZ counts and BAO; although much less constraining they
agree with the CMB+JLA combinations and are completely in-
dependent.

combined with the CMB, but when combined with BAO they
do yield interesting constraints (green contours) that are con-
sistent with the independent constraints from the primary CMB
combined with supernovae. We obtain Ωm = 0.313 ± 0.025 and
w = −1.00 ± 0.18 for SZ+BAO, and Ωm = 0.306 ± 0.013 and
w = −1.10 ± 0.06 for CMB+BAO.

6.4.5.
∑

mν

An important, well-motivated extension to the base ΛCDM
model that clusters can help constrain is a non-minimal sum
of neutrino masses,

∑
mν > 0.06 eV. Given the primary CMB

anisotropies, the amplitude of the density perturbations today,
characterized by the equivalent linear theory extrapolation, σ8,
is model dependent; it is a derived parameter depending, for ex-
ample, on the composition of the matter content of the universe.
Cluster abundance, on the other hand, provides a direct measure-
ment of σ8 at low redshifts, and comparison to the value derived
from the CMB tests the adopted cosmological model.

By free-streaming, neutrinos damp the growth of matter per-
turbations. Our discussion thus far has assumed the minimum
mass for the three known neutrino species. Increasing their mass,∑

mν > 0.06 eV, lowers σ8 because the neutrinos have larger
gravitational influence on the total matter perturbations. This
goes in the direction of reconciling tension — the strength of
which depends on the mass bias — between the cluster and pri-
mary CMB constraints. Cluster abundance, or any measure of σ8
at low redshift, is therefore an important cosmological constraint
to be combined with those from the primary CMB.

Figure 11 presents a joint analysis of the cluster counts for
the CCCP mass bias prior with primary CMB, the Planck lens-
ing power spectrum and BAO. The results without BAO (green
and red shaded contours) allow relatively large neutrino masses,
up to

∑
mν ∼ 0.5 eV; and when adding the lensing power spec-

trum, a small, broad peak appears in the posterior distribution
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Fig. 11: Parameter constraints on the ΛCDM+non-minimal neutrino mass model. For this study, we adopt the CCCP prior on the
mass bias (see Tab. 2) and leave the scaling exponent, α, free. The green and red shaded regions show, respectively, the 1 and 2σ
confidence regions for joint analyses of the cluster counts using the primary CMB, and the primary CMB plus the lensing power
spectrum. The solid and dashed black contours add to these two cases constraints from BAO.

just above
∑

mν = 0.2 eV. We also notice some interesting cor-
relations: the amplitude, σ8, anti-correlates with neutrino mass,
as does the Hubble parameter, and larger values of α correspond
to larger neutrino mass, lower H0 and lower σ8.

As discussed in detail in Planck Collaboration XIII (2015),
the anti-correlation with the Hubble parameter maintains the ob-
served acoustic peak scale in the primary CMB. Increasing neu-
trino mass to simultaneously accommodate the cluster and pri-
mary CMB constraints by lowering σ8, while allowed in this
joint analysis, would therefore necessarily increase tension with
some direct measurements of H0 (see discussion in Planck Col-
laboration XIII (2015)). Including the BAO data greatly restricts
this possibility, as shown by the solid and dashed black curves.

The solid and dashed, red and black curves in Fig. 12 re-
produce the marginalized posterior distributions on

∑
mν from

Fig. 11. The solid blue curve is the result of a similar analysis
where in addition the artificial parameter AL is allowed to vary.
This parameter characterizes the amount of lensing in the tem-
perature power spectrum relative to the best fit model (Planck
Collaboration XIII 2015). Planck TT + lowP alone constraints

AL = 1.22 ± 0.10

in mild tension with the value predicted for the ΛCDM model,
AL = 1. In the base ΛCDM model, this parameter is fixed to
unity, but it is important to note it is degenerate with

∑
mν. Left

free, it allows less lensing power, which is also in line with the
direct measurement of the lensing power spectrum (labelled as

Lensing PS) from the four-point function (see Planck Collab-
oration XIII 2015). In that light, we see that adding AL as a
free parameter accentuates the peak in the CMB+SZ+Lensing
PS posterior. The small internal tension between CMB+SZ and
CMB+SZ+AL posteriors may point towards a need for an exten-
sion of the minimal six-parameter ΛCDM.

These posteriors lead to the following constraints:
∑

mν <
0.53 eV (95%) for CMB+SZ+Lensing PS and

∑
mν < 0.22 eV

(95%) for CMB+SZ+BAO.
We may compare these with the constraints from the primary

CMB presented in Planck Collaboration XIII (2015). The Planck
primary CMB by itself places an upper limit of

∑
mν < 0.49 eV

(95%), and the addition of BAO tightens this to
∑

mν < 0.17 eV
(95%). Addition of the Planck lensing power spectrum to the
primary CMB weakens the constraint to

∑
mν < 0.59 eV (95%),

as we would expect given the results and discussion above. The
final constraint adopted by Planck Collaboration XIII (2015), for
its robustness to possible remaining low level systematics in the
polarization data, is

∑
mν < 0.23 eV (95%), not too different

from the peak suggested in CMB+SZ+lensing PS posterior.
Adding neutrino mass should lower σ8, letting it move to-

wards values favoured by the cluster counts. We might expect
that the CMB+SZ combination would therefore find clear evi-
dence for non-minimal neutrino mass. In spite of this, the green
curve only places an upper limit on

∑
mν. We may understand

this by looking at the posterior on the mass bias 1 − b. The
allowed values are well separated from the prior distribution,
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Fig. 12: Constraints on
∑

mν from a joint analysis of the clus-
ter counts and primary CMB. The solid and dashed, red and
black lines reproduce the marginalized posterior distributions
from Fig. 11. The solid blue line is the posterior from a similar
analysis, but marginalized over the additional parameter AL (see
text). If applied to the present Planck cluster cosmology sample,
a future mass calibration of 1 − b = 0.80 ± 0.01 would result in
the bold, dotted black posterior curve.

meaning that the primary CMB has sufficient statistical weight
to strongly override the prior. The lensing power spectrum, in
favouring slightly lower σ8, reinforces the cluster trend so that a
peak appears in the posterior for

∑
mν in the red curve; it is not

enough, however, to bring the posterior on the mass bias in line
with the prior. This indicates that the tension between the cluster
and primary CMB constraints is not fully resolved.

One may then ask, how tight must the prior on the mass bias
be to make a difference? To address this question, we performed
an analysis assuming a projected tighter prior constraint on the
mass bias. The informal target precision for cluster mass cali-
bration with future large lensing surveys, such as Euclid and the
Large Synoptic Survey Telescope, is 1%, and we consider the
impact of a prior of 1 − b = 0.80 ± 0.01 on the present Planck
cluster cosmology sample in Figs. 12 and 13.

The latter figure compares the constraints from cluster counts
for this mass bias to the present primary CMB constraints in the
(Ωm, σ8)-plane for the base ΛCDM model. The bold, black dot-
ted curve in Fig. 12 shows the predicted posterior on the neutrino
mass from a joint analysis of the present Planck cluster counts
and primary CMB. The same prior on a much larger catalogue
would demonstrate a corresponding increase in sensitivity to
neutrino mass. This simple projection highlights the importance
and value of the more precise cluster cosmology expected in the
future, and it provides clear motivation for significant effort in
mass calibration. This effort will continue with larger samples
of clusters with gravitational shear measurements, and also with
the new technique of CMB lensing cluster mass measurements.

7. Summary and discussion

Our 2015 analysis incorporates a number of improvements and
new information relative to our first study in Planck Collabora-
tion XX (2014). With more data, we have a larger cluster cos-
mology sample, increased by more than a factor of two, and
we implement a two-dimensional likelihood over the counts in
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Fig. 13: Prediction of cluster constraints with a possible future
mass bias prior of 1 − b = 0.80 ± 0.01. The black shaded re-
gion and dashed contours reproduce the current primary CMB
and primary CMB+BAO constraints from Planck for the base
ΛCDM model. The red shaded contours present the constraints
expected from this mass bias prior applied to the present Planck
cluster cosmology sample with the SZ+BAO+BBN data set.

both redshift and signal-to-noise. We have also performed new
tests of the selection function using MCXC and SPT cluster cat-
alogs as truth tables. The selection function from these exter-
nal checks and internal simulations of the Planck catalogue con-
struction agree with each other and can be reasonably modelled
by a simple analytical expression derived by assuming noise is
the dominant factor (see the Appendix). One possible system-
atic effect that warrants further study is IR emission from cluster
member galaxies. Finally, we have examined the implications of
three recent determinations of the cluster mass bias parameter,
1 − b. The two-dimensional likelihood with the 2015 catalogue
and mass bias priors will be implemented in CosmoMC.

Our analysis confirms the results of the 2013 study. The
counts are consistent with those of 2013, illustrated by the agree-
ment in the constraints on Ωm and σ8 when using the same SZ
observable-mass relations (see Fig. 3). The gain in statistical pre-
cision is less than expected from the larger catalogue, which
is likely related to the fact that the fit to the redshift distribu-
tion with the X-ray prior on α is only marginal. Our new two-
dimensional approach yields consistent, but more robust con-
straints than the one-dimensional likelihood over just the red-
shift distribution; it is less sensitive to the slope of the scaling
relation, α, and it provides a better fit to the counts than in the
one-dimensional case.

Using the two-dimensional likelihood as our baseline, we ex-
tracted new cosmological constraints using three different clus-
ter mass scales represented by the mass bias prior distributions
given in Table 2. The first two come from galaxy shear obser-
vations of samples of Planck clusters. They differ by about 1σ,
with the WtG result favoring larger mass bias. We have also im-
plemented a novel method for measuring cluster masses based
lensing of the CMB temperature anisotropies behind clusters
(Melin & Bartlett 2014). It gives a mass bias averaged over the
entire cluster cosmology sample, although with larger statistical
uncertainty.

As a new method requiring further exploration, we con-
sider CMB lensing less robust at present than galaxy lensing
mass measurements, but highly promising. Similar CMB-based
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mass measurements have recently been published by SPT (Bax-
ter et al. 2014) and ACT (Madhavacheril et al. 2014). The ap-
proach is appealing because it is subject to different systematic
effects than gravitational shear and because it can be applied to
large cluster samples thanks to the extensive sky coverage of the
CMB experiments, with Planck of course covering the entire sky.
Gravitational shear surveys will soon attain large sky coverage in
the near future with the Dark Energy Survey (DES), and in the
more distant future with the Euclid and WFIRST space missions
and the Large Synoptic Survey Telescope.

Our central result from analysis of the 2015 Planck cluster
counts is shown in Fig. 7. Depending on the mass bias prior,
we find varying degrees of tension with the primary CMB, as
in 2013. The mass bias required to bring the cluster counts and
CMB into full agreement is larger than indicated by any of the
three priors and corresponds to 1 − b = 0.58 ± 0.04. Fig. 8 illus-
trates the situation. The WtG prior almost eliminates the tension,
but not quite, while both the CCCP and CMB lensing priors re-
main in noticeable tension. Our largest source of modelling un-
certain is, as in 2013, the mass bias.

Tension between low redshift determinations of σ8 and the
Planck primary CMB are not unique to the Planck cluster counts.
Among SZ cluster surveys, both SPT and ACT are in broad
agreement with our findings, the latter depending on which SZ-
mass scaling relation is used, as detailed in our 2013 analysis
Planck Collaboration XX (2014). And the new SPT cosmolog-
ical analysis (Bocquet et al. 2014) shows a significant shift be-
tween the cluster mass scale determined from the velocity dis-
persion or YX and what is needed to satisfy Planck or WMAP9
CMB constraints (e.g., Fig. 2 Bocquet et al. 2014). In a study
of the REFLEX X-ray luminosity function, Böhringer et al.
(2014) also report general agreement with our cluster findings.
On the other hand, Mantz et al. (2014) find the their X-ray cluster
counts, when using the WtG mass calibration, match the primary
CMB constraints.

The situation is thus not yet satisfactory. It is unclear if these
modest tensions arise from low-level systematics in the astro-
physical studies, or are the first glimpse of something more im-
portant. The most obvious extension to the base ΛCDM model
that could in principle reconcile the differences is a non-minimal
sum of neutrino masses. This, unfortunately, does not provide
such a straightforward solution. While it is true that adding neu-
trino mass does lower σ8 relative to the base ΛCDM prediction
from the primary CMB, it does so at the the cost of increasing
tension in other parameters; for example, it lowers Planck’s al-
ready rather low value for the Hubble parameter.

Figure 14 highlights these points by showing constraints in
the (Ωm, σ8)- and the (H0, σ8)-planes for each of the mass bias
parameters. Adding variable neutrino mass relaxes constraints
from the primary CMB (shaded contours, which are the same in
all three pairs of panels) towards lowerσ8, but by simultaneously
increasing Ωm and decreasing H0. The remaining tension is mild
in the case of the WtG mass prior, but more pronounced for the
other two mass priors regardless of the neutrino mass.

Another possibility is that baryonic physics influences the
late-time evolution of the density perturbations. Strong feedback
from active galactic nuclei (AGN) (Nagai et al. 2007; van Daalen
et al. 2011; Martizzi et al. 2014) can potentially damp growth
and lower σ8 through expulsion of matter from dark matter ha-
los. This same effect could also reduce the mass of cluster halos
and hence the prediction for their abundance, which is based on
dark matter only simulations. It does not appear, however, that
these effects are sufficiently large to explain the tension between
low redshift and primary CMB constraints hinted at by the dif-
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Fig. 14: Effects of neutrino mass. The open magenta contours
(solid, dashed and dotted) reproduce our cluster constraints with
different data combinations for the base ΛCDM (i.e.,

∑
mν =

0.06 eV). The violet shaded contours trace the constraints on the
base ΛCDM model, while the other shaded regions give con-
straints from the primary CMB combined with lensing and BAO
when adding and marginalizing over variable neutrino mass.

ferent observations. In addition, the violent feedback necessary
for important impact might be difficult to reconcile with obser-
vations of the baryon content of dark matter halos (e.g., Planck
Collaboration Int. XI 2013).

As conclusion, we return to the main uncertainty in interpre-
tation of the cluster counts, namely the mass bias. It could be
argued that the current accuracy is at the level of ∼ 10 − 15%,
based on the difference between different analyses and some-
what larger than their quoted statistical uncertainties. Progress
will certainly follow with improvement in these measurements.
We illustrate the potential impact of a 1% determination of the
mass bias in Figs. 12 and 13. Such a result would, depending on
the central value, significantly clarify the extent of any tensions
and possible necessity for extensions to the base ΛCDM model.
This precision is the avowed target of the large lensing surveys,
such as Euclid, WFIRST and LSST. In the shorter term, we may
expect valuable movement in this direction from DES and CMB
lensing cluster mass measurements.

Acknowledgements. The Planck Collaboration acknowledges the support of:
ESA; CNES and CNRS/INSU-IN2P3-INP (France); ASI, CNR, and INAF
(Italy); NASA and DoE (USA); STFC and UKSA (UK); CSIC, MINECO, JA,
and RES (Spain); Tekes, AoF, and CSC (Finland); DLR and MPG (Germany);
CSA (Canada); DTU Space (Denmark); SER/SSO (Switzerland); RCN (Nor-
way); SFI (Ireland); FCT/MCTES (Portugal); ERC and PRACE (EU). A de-
scription of the Planck Collaboration and a list of its members, indicating which

Article number, page 13 of 17



A&A proofs: manuscript no. szcosmo2014

technical or scientific activities they have been involved in, can be found at
http://www.cosmos.esa.int/web/planck/planck-collaboration.

References
Anderson, L., Aubourg, É., Bailey, S., et al. 2014, MNRAS, 441, 24
Anderson, L., Aubourg, E., Bailey, S., et al. 2012, MNRAS, 427, 3435
Angulo, R. E., Springel, V., White, S. D. M., et al. 2012, MNRAS, 426, 2046
Arnaud, M., Pratt, G. W., Piffaretti, R., et al. 2010, A&A, 517, A92
Arnaud et al., i. p. 2015
Battye, R. A., Charnock, T., & Moss, A. 2014, ArXiv e-prints
Baxter, E. J., Keisler, R., Dodelson, S., et al. 2014, ArXiv e-prints
Becker, M. R. & Kravtsov, A. V. 2011, ApJ, 740, 25
Benson, B. A., de Haan, T., Dudley, J. P., et al. 2013, ApJ, 763, 147
Bersanelli, M., Mandolesi, N., Butler, R. C., et al. 2010, A&A, 520, A4
Betoule, M., Kessler, R., Guy, J., et al. 2014, A&A, 568, A22
Beutler, F., Blake, C., Colless, M., et al. 2011, MNRAS, 416, 3017
Bleem, L. E., Stalder, B., de Haan, T., et al. 2014, ArXiv e-prints
Bocquet, S., Saro, A., Mohr, J. J., et al. 2014, ArXiv e-prints
Böhringer, H., Chon, G., & Collins, C. A. 2014, A&A, 570, A31
Carlstrom, J. E., Ade, P. A. R., Aird, K. A., et al. 2011, PASP, 123, 568
Carvalho, P., Rocha, G., & Hobson, M. P. 2009, MNRAS, 393, 681
Chamballu, A., Bartlett, J. G., & Melin, J.-B. 2012, A&A, 544, A40
Hasselfield, M., Hilton, M., Marriage, T. A., et al. 2013, J. Cosmology Astropart.

Phys., 7, 8
Hoekstra et al., i. p. 2015
Hu, W. & Kravtsov, A. V. 2003, ApJ, 584, 702
Lamarre, J., Puget, J., Ade, P. A. R., et al. 2010, A&A, 520, A9
Lewis, A. & Challinor, A. 2006, Phys. Rep., 429, 1
Madhavacheril, M., Sehgal, N., Allison, R., et al. 2014, ArXiv e-prints
Mantz, A. B., von der Linden, A., Allen, S. W., et al. 2014, ArXiv e-prints
Marrone, D. P., Smith, G. P., Okabe, N., et al. 2012, ApJ, 754, 119
Martizzi, D., Mohammed, I., Teyssier, R., & Moore, B. 2014, MNRAS, 440,

2290
Melin, J., Bartlett, J. G., & Delabrouille, J. 2006, A&A, 459, 341
Melin, J.-B. & Bartlett, J. G. 2014
Meneghetti, M., Rasia, E., Merten, J., et al. 2010, A&A, 514, A93
Mennella, A., Butler, R. C., Curto, A., et al. 2011, A&A, 536, A3
Merten, J., Meneghetti, M., Postman, M., et al. 2014, ArXiv e-prints
Nagai, D., Kravtsov, A. V., & Vikhlinin, A. 2007, ApJ, 668, 1
Navarro, J. F., Frenk, C. S., & White, S. D. M. 1997, ApJ, 490, 493
Padmanabhan, N., Xu, X., Eisenstein, D. J., et al. 2012, MNRAS, 427, 2132
Piffaretti, R., Arnaud, M., Pratt, G. W., Pointecouteau, E., & Melin, J.-B. 2011,

A&A, 534, A109
Piffaretti, R. & Valdarnini, R. 2008, A&A, 491, 71
Planck HFI Core Team. 2011, A&A, 536, A4
Planck Collaboration I. 2011, A&A, 536, A1
Planck Collaboration I. 2014, A&A, 571, A1
Planck Collaboration XVI. 2014, A&A, 571, A16
Planck Collaboration XX. 2014, A&A, 571, A20
Planck Collaboration XXIX. 2014, A&A, 571, A29
Planck Collaboration I. 2015, in preparation
Planck Collaboration II. 2015, in preparation
Planck Collaboration III. 2015, in preparation
Planck Collaboration IV. 2015, in preparation
Planck Collaboration V. 2015, in preparation
Planck Collaboration VI. 2015, in preparation
Planck Collaboration VII. 2015, in preparation
Planck Collaboration VIII. 2015, in preparation
Planck Collaboration IX. 2015, in preparation
Planck Collaboration X. 2015, in preparation
Planck Collaboration XI. 2015, in preparation
Planck Collaboration XII. 2015, in preparation
Planck Collaboration XIII. 2015, in preparation
Planck Collaboration XIV. 2015, in preparation
Planck Collaboration XV. 2015, in preparation
Planck Collaboration XVI. 2015, in preparation
Planck Collaboration XVII. 2015, in preparation
Planck Collaboration XVIII. 2015, in preparation
Planck Collaboration XIX. 2015, in preparation
Planck Collaboration XX. 2015, in preparation
Planck Collaboration XXI. 2015, in preparation
Planck Collaboration XXII. 2015, in preparation
Planck Collaboration XXIII. 2015, in preparation
Planck Collaboration XXIV. 2015, in preparation
Planck Collaboration XXV. 2015, in preparation
Planck Collaboration XXVI. 2015, in preparation
Planck Collaboration XXVII. 2015, in preparation

Planck Collaboration XXVIII. 2015, in preparation
Planck Collaboration Int. III. 2013, A&A, 550, A129
Planck Collaboration Int. XI. 2013, A&A, 557, A52
Postman, M., Coe, D., Benítez, N., et al. 2012, ApJS, 199, 25
Reichardt, C. L., Stalder, B., Bleem, L. E., et al. 2013, ApJ, 763, 127
Rozo, E., Bartlett, J. G., Evrard, A. E., & Rykoff, E. S. 2014a, MNRAS, 438, 78
Rozo, E., Evrard, A. E., Rykoff, E. S., & Bartlett, J. G. 2014b, MNRAS, 438, 62
Rozo, E., Rykoff, E. S., Bartlett, J. G., & Evrard, A. 2014c, MNRAS, 438, 49
Steigman, G. 2008, ArXiv e-prints
Swetz, D. S., Ade, P. A. R., Amiri, M., et al. 2011, ApJS, 194, 41
Tauber, J. A., Mandolesi, N., Puget, J., et al. 2010, A&A, 520, A1
Tinker, J., Kravtsov, A. V., Klypin, A., et al. 2008, ApJ, 688, 709
Umetsu, K., Medezinski, E., Nonino, M., et al. 2014, ArXiv e-prints
van Daalen, M. P., Schaye, J., Booth, C. M., & Dalla Vecchia, C. 2011, MNRAS,

415, 3649
von der Linden, A., Allen, M. T., Applegate, D. E., et al. 2014a, MNRAS, 439, 2
von der Linden, A., Mantz, A., Allen, S. W., et al. 2014b, ArXiv e-prints
Watson, W. A., Iliev, I. T., D’Aloisio, A., et al. 2013, MNRAS, 433, 1230
Zaldarriaga, M. & Seljak, U. 1999, Phys. Rev. D, 59, 123507

1 APC, AstroParticule et Cosmologie, Université Paris Diderot,
CNRS/IN2P3, CEA/lrfu, Observatoire de Paris, Sorbonne Paris
Cité, 10, rue Alice Domon et Léonie Duquet, 75205 Paris Cedex
13, France

2 Aalto University Metsähovi Radio Observatory and Dept of Radio
Science and Engineering, P.O. Box 13000, FI-00076 AALTO, Fin-
land

3 African Institute for Mathematical Sciences, 6-8 Melrose Road,
Muizenberg, Cape Town, South Africa

4 Agenzia Spaziale Italiana Science Data Center, Via del Politecnico
snc, 00133, Roma, Italy

5 Aix Marseille Université, CNRS, LAM (Laboratoire
d’Astrophysique de Marseille) UMR 7326, 13388, Marseille,
France

6 Astrophysics Group, Cavendish Laboratory, University of Cam-
bridge, J J Thomson Avenue, Cambridge CB3 0HE, U.K.

7 Astrophysics & Cosmology Research Unit, School of Mathe-
matics, Statistics & Computer Science, University of KwaZulu-
Natal, Westville Campus, Private Bag X54001, Durban 4000, South
Africa

8 Atacama Large Millimeter/submillimeter Array, ALMA Santiago
Central Offices, Alonso de Cordova 3107, Vitacura, Casilla 763
0355, Santiago, Chile

9 CITA, University of Toronto, 60 St. George St., Toronto, ON M5S
3H8, Canada

10 CNRS, IRAP, 9 Av. colonel Roche, BP 44346, F-31028 Toulouse
cedex 4, France

11 CRANN, Trinity College, Dublin, Ireland
12 California Institute of Technology, Pasadena, California, U.S.A.
13 Centre for Theoretical Cosmology, DAMTP, University of Cam-

bridge, Wilberforce Road, Cambridge CB3 0WA, U.K.
14 Centro de Estudios de Física del Cosmos de Aragón (CEFCA),

Plaza San Juan, 1, planta 2, E-44001, Teruel, Spain
15 Computational Cosmology Center, Lawrence Berkeley National

Laboratory, Berkeley, California, U.S.A.
16 Consejo Superior de Investigaciones Científicas (CSIC), Madrid,

Spain
17 DSM/Irfu/SPP, CEA-Saclay, F-91191 Gif-sur-Yvette Cedex,

France
18 DTU Space, National Space Institute, Technical University of Den-

mark, Elektrovej 327, DK-2800 Kgs. Lyngby, Denmark
19 Département de Physique Théorique, Université de Genève, 24,

Quai E. Ansermet,1211 Genève 4, Switzerland
20 Departamento de Física, Universidad de Oviedo, Avda. Calvo

Sotelo s/n, Oviedo, Spain
21 Department of Astronomy and Astrophysics, University of

Toronto, 50 Saint George Street, Toronto, Ontario, Canada
22 Department of Astrophysics/IMAPP, Radboud University Ni-

jmegen, P.O. Box 9010, 6500 GL Nijmegen, The Netherlands
23 Department of Physics & Astronomy, University of British

Columbia, 6224 Agricultural Road, Vancouver, British Columbia,
Canada

Article number, page 14 of 17



Planck Collaboration: Cosmology from SZ cluster counts

24 Department of Physics and Astronomy, Dana and David Dornsife
College of Letter, Arts and Sciences, University of Southern Cali-
fornia, Los Angeles, CA 90089, U.S.A.

25 Department of Physics and Astronomy, University College Lon-
don, London WC1E 6BT, U.K.

26 Department of Physics, Florida State University, Keen Physics
Building, 77 Chieftan Way, Tallahassee, Florida, U.S.A.

27 Department of Physics, Gustaf Hällströmin katu 2a, University of
Helsinki, Helsinki, Finland

28 Department of Physics, Princeton University, Princeton, New Jer-
sey, U.S.A.

29 Department of Physics, University of California, Santa Barbara,
California, U.S.A.

30 Department of Physics, University of Illinois at Urbana-
Champaign, 1110 West Green Street, Urbana, Illinois, U.S.A.

31 Dipartimento di Fisica e Astronomia G. Galilei, Università degli
Studi di Padova, via Marzolo 8, 35131 Padova, Italy

32 Dipartimento di Fisica e Scienze della Terra, Università di Ferrara,
Via Saragat 1, 44122 Ferrara, Italy

33 Dipartimento di Fisica, Università La Sapienza, P. le A. Moro 2,
Roma, Italy

34 Dipartimento di Fisica, Università degli Studi di Milano, Via Celo-
ria, 16, Milano, Italy

35 Dipartimento di Fisica, Università degli Studi di Trieste, via A. Va-
lerio 2, Trieste, Italy

36 Dipartimento di Fisica, Università di Roma Tor Vergata, Via della
Ricerca Scientifica, 1, Roma, Italy

37 Dipartimento di Matematica, Università di Roma Tor Vergata, Via
della Ricerca Scientifica, 1, Roma, Italy

38 Discovery Center, Niels Bohr Institute, Blegdamsvej 17, Copen-
hagen, Denmark

39 Dpto. Astrofísica, Universidad de La Laguna (ULL), E-38206 La
Laguna, Tenerife, Spain

40 European Southern Observatory, ESO Vitacura, Alonso de Cordova
3107, Vitacura, Casilla 19001, Santiago, Chile

41 European Space Agency, ESAC, Planck Science Office, Camino
bajo del Castillo, s/n, Urbanización Villafranca del Castillo, Vil-
lanueva de la Cañada, Madrid, Spain

42 European Space Agency, ESTEC, Keplerlaan 1, 2201 AZ Noord-
wijk, The Netherlands

43 Facoltà di Ingegneria, Università degli Studi e-Campus, Via Isim-
bardi 10, Novedrate (CO), 22060, Italy

44 Gran Sasso Science Institute, INFN, viale F. Crispi 7, 67100
L’Aquila, Italy

45 HGSFP and University of Heidelberg, Theoretical Physics Depart-
ment, Philosophenweg 16, 69120, Heidelberg, Germany

46 Haverford College Astronomy Department, 370 Lancaster Avenue,
Haverford, Pennsylvania, U.S.A.

47 Helsinki Institute of Physics, Gustaf Hällströmin katu 2, University
of Helsinki, Helsinki, Finland

48 INAF - Osservatorio Astrofisico di Catania, Via S. Sofia 78, Cata-
nia, Italy

49 INAF - Osservatorio Astronomico di Padova, Vicolo
dell’Osservatorio 5, Padova, Italy

50 INAF - Osservatorio Astronomico di Roma, via di Frascati 33,
Monte Porzio Catone, Italy

51 INAF - Osservatorio Astronomico di Trieste, Via G.B. Tiepolo 11,
Trieste, Italy

52 INAF/IASF Bologna, Via Gobetti 101, Bologna, Italy
53 INAF/IASF Milano, Via E. Bassini 15, Milano, Italy
54 INFN, Sezione di Bologna, Via Irnerio 46, I-40126, Bologna, Italy
55 INFN, Sezione di Roma 1, Università di Roma Sapienza, Piazzale

Aldo Moro 2, 00185, Roma, Italy
56 INFN, Sezione di Roma 2, Università di Roma Tor Vergata, Via

della Ricerca Scientifica, 1, Roma, Italy
57 INFN/National Institute for Nuclear Physics, Via Valerio 2, I-34127

Trieste, Italy
58 IPAG: Institut de Planétologie et d’Astrophysique de Grenoble,

Université Grenoble Alpes, IPAG, F-38000 Grenoble, France,
CNRS, IPAG, F-38000 Grenoble, France

59 ISDC, Department of Astronomy, University of Geneva, ch.
d’Ecogia 16, 1290 Versoix, Switzerland

60 IUCAA, Post Bag 4, Ganeshkhind, Pune University Campus, Pune
411 007, India

61 Imperial College London, Astrophysics group, Blackett Labora-
tory, Prince Consort Road, London, SW7 2AZ, U.K.

62 Infrared Processing and Analysis Center, California Institute of
Technology, Pasadena, CA 91125, U.S.A.

63 Institut Néel, CNRS, Université Joseph Fourier Grenoble I, 25 rue
des Martyrs, Grenoble, France

64 Institut Universitaire de France, 103, bd Saint-Michel, 75005, Paris,
France

65 Institut d’Astrophysique Spatiale, CNRS (UMR8617) Université
Paris-Sud 11, Bâtiment 121, Orsay, France

66 Institut d’Astrophysique de Paris, CNRS (UMR7095), 98 bis
Boulevard Arago, F-75014, Paris, France

67 Institute for Space Sciences, Bucharest-Magurale, Romania
68 Institute of Astronomy, University of Cambridge, Madingley Road,

Cambridge CB3 0HA, U.K.
69 Institute of Theoretical Astrophysics, University of Oslo, Blindern,

Oslo, Norway
70 Instituto de Astrofísica de Canarias, C/Vía Láctea s/n, La Laguna,

Tenerife, Spain
71 Instituto de Física de Cantabria (CSIC-Universidad de Cantabria),

Avda. de los Castros s/n, Santander, Spain
72 Istituto Nazionale di Fisica Nucleare, Sezione di Padova, via Mar-

zolo 8, I-35131 Padova, Italy
73 Jet Propulsion Laboratory, California Institute of Technology, 4800

Oak Grove Drive, Pasadena, California, U.S.A.
74 Jodrell Bank Centre for Astrophysics, Alan Turing Building,

School of Physics and Astronomy, The University of Manchester,
Oxford Road, Manchester, M13 9PL, U.K.

75 Kavli Institute for Cosmology Cambridge, Madingley Road, Cam-
bridge, CB3 0HA, U.K.

76 LAL, Université Paris-Sud, CNRS/IN2P3, Orsay, France
77 LAPTh, Univ. de Savoie, CNRS, B.P.110, Annecy-le-Vieux F-

74941, France
78 LERMA, CNRS, Observatoire de Paris, 61 Avenue de

l’Observatoire, Paris, France
79 Laboratoire AIM, IRFU/Service d’Astrophysique - CEA/DSM -

CNRS - Université Paris Diderot, Bât. 709, CEA-Saclay, F-91191
Gif-sur-Yvette Cedex, France

80 Laboratoire Traitement et Communication de l’Information, CNRS
(UMR 5141) and Télécom ParisTech, 46 rue Barrault F-75634
Paris Cedex 13, France

81 Laboratoire de Physique Subatomique et Cosmologie, Université
Grenoble-Alpes, CNRS/IN2P3, 53, rue des Martyrs, 38026 Greno-
ble Cedex, France

82 Laboratoire de Physique Théorique, Université Paris-Sud 11 &
CNRS, Bâtiment 210, 91405 Orsay, France

83 Lawrence Berkeley National Laboratory, Berkeley, California,
U.S.A.

84 Lebedev Physical Institute of the Russian Academy of Sciences,
Astro Space Centre, 84/32 Profsoyuznaya st., Moscow, GSP-7,
117997, Russia

85 Max-Planck-Institut für Astrophysik, Karl-Schwarzschild-Str. 1,
85741 Garching, Germany

86 McGill Physics, Ernest Rutherford Physics Building, McGill Uni-
versity, 3600 rue University, Montréal, QC, H3A 2T8, Canada

87 National University of Ireland, Department of Experimental
Physics, Maynooth, Co. Kildare, Ireland

88 Niels Bohr Institute, Blegdamsvej 17, Copenhagen, Denmark
89 Optical Science Laboratory, University College London, Gower

Street, London, U.K.
90 SB-ITP-LPPC, EPFL, CH-1015, Lausanne, Switzerland
91 SISSA, Astrophysics Sector, via Bonomea 265, 34136, Trieste,

Italy
92 School of Physics and Astronomy, Cardiff University, Queens

Buildings, The Parade, Cardiff, CF24 3AA, U.K.

Article number, page 15 of 17



A&A proofs: manuscript no. szcosmo2014

93 School of Physics and Astronomy, University of Nottingham, Not-
tingham NG7 2RD, U.K.

94 Sorbonne Université-UPMC, UMR7095, Institut d’Astrophysique
de Paris, 98 bis Boulevard Arago, F-75014, Paris, France

95 Space Research Institute (IKI), Russian Academy of Sciences,
Profsoyuznaya Str, 84/32, Moscow, 117997, Russia

96 Space Sciences Laboratory, University of California, Berkeley, Cal-
ifornia, U.S.A.

97 Special Astrophysical Observatory, Russian Academy of Sciences,
Nizhnij Arkhyz, Zelenchukskiy region, Karachai-Cherkessian Re-
public, 369167, Russia

98 Stanford University, Dept of Physics, Varian Physics Bldg, 382 Via
Pueblo Mall, Stanford, California, U.S.A.

99 Sub-Department of Astrophysics, University of Oxford, Keble
Road, Oxford OX1 3RH, U.K.

100 Theory Division, PH-TH, CERN, CH-1211, Geneva 23, Switzer-
land

101 UPMC Univ Paris 06, UMR7095, 98 bis Boulevard Arago, F-
75014, Paris, France

102 Université de Toulouse, UPS-OMP, IRAP, F-31028 Toulouse cedex
4, France

103 University Observatory, Ludwig Maximilian University of Munich,
Scheinerstrasse 1, 81679 Munich, Germany

104 University of Granada, Departamento de Física Teórica y del Cos-
mos, Facultad de Ciencias, Granada, Spain

105 University of Granada, Instituto Carlos I de Física Teórica y Com-
putacional, Granada, Spain

106 Warsaw University Observatory, Aleje Ujazdowskie 4, 00-478
Warszawa, Poland

Appendix A: Modelling uncertainties

We examine the robustness of our cosmological constraints to
modelling uncertainties. We first consider sensitivity to the cos-
mological sample and to our modelling of the completeness
function in Sect. A.1, and then look at the effect of using a dif-
ferent mass function in Sec. A.2. In Sec. A.3, we show that our
constraints are robust against redshift evolution of the scaling
relations.

Appendix A.1: Choice of the sample and selection function

For our baseline analysis, we use the MMF3 cosmological sam-
ple and its associated completeness based on the analytical ap-
proximation using the Error Function (Eq. 14). In Fig. A.1
we show how the Monte Carlo determined selection function
changes the cosmological constraints (labelled QA for "Quality
Assessment" in the figure). We also present the constraints ob-
tained from the intersection sample defined in Sec. 2. The figure
is based on the 1D N(z) likelihood, for which the Monte Carlo
completeness can be easily computed, and we use the baseline
SZ+BAO+BBN data set and fix (1 − b) = 0.8. The MMF3 ERF
contour is thus close to the q = 6 contour of Fig. 3, the only
difference being that σln Y is fixed to zero in Fig. A.1. while it is
constrained by the Table 1 prior in Fig. 3. The impact of adopting
the intersection sample and/or the QA completeness function is
small (< 0.5σ) for both Ωm and σ8.

Appendix A.2: Mass function

We use the Tinker et al. mass function for our baseline anal-
ysis. To characterize the influence of this choice, we examine
constraints when adopting the mass function from Watson et al.
(2013) instead. We employ our 2D N(z, q) likelihood (with the
CCCP mass bias prior and α constrained) and combine with
BAO and BBN prior constraints, and show the result in Fig. A.2.
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Fig. A.1: Robustness to the choice of cluster sample and the se-
lection function model. The shaded contours give the cosmolog-
ical constraints from the 2015 MMF3 cluster catalogue using
the analytical (Error Function, ERF) selection function model
(grey), the MMF3 Monte Carlo selection function (red), and
the Monte Carlo selection function for the intersection sample
(blue). Our final constraints are obtained from the MMF3 ERF
model. For this comparison, we adopt the SZ+BAO+BBN data
set and we fix (1 − b) = 0.8.
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Fig. A.2: Robustness to the choice of mass function. The grey
shaded contours give the cosmological constraints when using
the Tinker et al. mass function, corresponding to our final result.
This is compared to constraints obtained when using the Watson
et al. mass function, shown as the red shaded contours. In this
figure we adopt the SZ+BAO+BBN data set and the CCCP mass
bias prior.

The Tinker et al. contour of Fig. A.2 is thus identical to the
N(z, q) contour with α free, as given in Fig. 5. The new mass
function shifts our constraints by about 1σ towards higher Ωm
and lower σ8, along the main degeneracy line, hence increas-
ing the tension with the Planck primary CMB constraints. Note
that we use the general fit from Eq. (12) of Watson et al. (2013)
(independent of redshift). This was not the case for our 2013 pa-
per (Planck Collaboration XX 2014) where we adopted the AHF
fit with parameters varying with redshift in the first ArXiv ver-
sion of the paper, which was subsequently found to be incorrect
(fourth version of the paper on ArXiv).
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Fig. A.3: Robustness to redshift evolution in the SZ-mass scal-
ing relation. The different contours show the constraints when
relaxing the redshift evolution exponent, β, of Eq. (7). The black
contours result from fixing β = 0.66, our fiducial value through-
out, with α constrained by the Gaussian X-ray prior of Tab. 1.
Applying a Gaussian the prior on β instead, from Tab. 1, pro-
duces the blue contours, while the red contours result when we
also leave α free. In this figure we adopt the SZ+BAO+BBN
data set and the CCCP mass bias prior.

Appendix A.3: Redshift evolution of the Y-M relation

Throughout our baseline analysis, we fix the redshift evolution
exponent β = 0.66 (self-similar prediction) in Eq. (7). Here we
examine the impact of allowing this parameter to vary. Con-
straints when leaving β free are shown in Fig. A.3. The "β fixed,
α constrained" case corresponds to the 2D N(z, q) likelihood
(CCCP mass bias prior and α constrained) combined with BAO
and BBN, as in Fig. A.2. This contour is also identical to the
N(z, q) contour with α free, shown in Fig. 5. For the "β con-
strained" cases, β is allowed to vary over the range 0.66 ± 0.50
(Table 1). This increases the size of our constraints along the ma-
jor degeneracy between Ωm and σ8, but does not bring them into
any closer agreement with the primary CMB.
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E.3 Mesure de masse par effet de lentille sur le CMB

L’article suivant est inclus dans cette partie et est décrit dans le chapitre 5.

• Melin, J.-B. & Bartlett, J. G., Measuring cluster masses with CMB lensing: a

statistical approach. 2015, A&A, 578, A21, arXiv:1408.5633 [5 citations]
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ABSTRACT

We present a method for measuring the masses of galaxy clusters using the imprint of their gravitational lensing signal on the cosmic
microwave background (CMB) temperature anisotropies. The method first reconstructs the projected gravitational potential with a
quadratic estimator and then applies a matched filter to extract cluster mass. The approach is well-suited for statistical analyses that bin
clusters according to other mass proxies. We find that current experiments, such as Planck, the South Pole Telescope and the Atacama
Cosmology Telescope, can practically implement such a statistical methodology, and that future experiments will reach sensitivities
sufficient for individual measurements of massive systems. As illustration, we use simulations of Planck observations to demonstrate
that it is possible to constrain the mass scale of a set of 62 massive clusters with prior information from X-ray observations, similar
to the published Planck ESZ-XMM sample. We examine the effect of the thermal (tSZ) and kinetic (kSZ) Sunyaev-Zeldovich (SZ)
signals, finding that the impact of the kSZ remains small in this context. The stronger tSZ signal, however, must be actively removed
from the CMB maps by component separation techniques prior to reconstruction of the gravitational potential. Our study of two
such methods highlights the importance of broad frequency coverage for this purpose. A companion paper presents application to the
Planck data on the ESZ-XMM sample.

Key words. large-scale structure of Universe – galaxies: clusters: general – cosmic background radiation – methods: data analysis –
gravitational lensing: weak – methods: statistical

1. Introduction

The most important property of galaxy clusters for cosmolog-
ical studies is their mass; it is also the most difficult to mea-
sure, because it is not directly observable. Accurate mass mea-
surements are needed, in particular, to calibrate scaling laws
relating mass to observable cluster properties, such as rich-
ness (Yee & Ellingson 2003; Gladders et al. 2007; Rozo et al.
2009), X-ray properties (Arnaud et al. 2005, 2007; Stanek
et al. 2006; Vikhlinin et al. 2006; Pratt et al. 2009; Mantz
et al. 2010; Rozo et al. 2014b) or Sunyaev-Zeldovich (SZ) sig-
nal strength (Marrone et al. 2012; Planck Collaboration Int. III
2013; Bocquet et al. 2015; Rozo et al. 2014a; von der Linden
et al. 2014; Hoekstra et al. 2015). The uncertainty in the
mass calibration of these relations now limits the constrain-
ing power of cluster counts as a cosmological probe (Rozo
et al. 2013; Planck Collaboration XX 2014; Hasselfield et al.
2013; Reichardt et al. 2013; Rozo et al. 2010; Mantz et al.
2010, 2015; Vikhlinin et al. 2009; Böhringer et al. 2014;
Planck Collaboration 2015).

Cluster masses can be determined dynamically, by applica-
tion of the virial theorem to the velocity distribution of mem-
ber galaxies, from X-ray studies of the intra-cluster medium, as-
suming hydrostatic equilibrium for the gas, and via the effects of
gravitational lensing that distort the shapes of background galax-
ies. Each approach presents its own advantages while suffering
from specific systematic biases (Allen et al. 2011).

In this work, we discuss lensing of the cosmic microwave
background (CMB) anisotropies as a promising new technique
for measuring cluster masses, presenting a methodology for
practical application with the specific aim of calibrating clus-
ter scaling relations. We evaluate the potential of current and
future experiments to employ the methodology and show how
to account for astrophysical biases from other cluster signals.
As illustration, we apply the technique to Planck simulations of
massive clusters and demonstrate that it is possible to recover an
unbiased estimate of the mass scale of the Planck XMM-Early
Release SZ catalogue (ESZ-XMM, Planck Collaboration VIII
2011; Planck Collaboration XI 2011). A companion paper
presents results obtained with the Planck dataset for the
ESZ-XMM sample.

Study of CMB lensing (for a review see Lewis & Challinor
2006) is a rapidly growing field driven by the current gener-
ation of sensitive, high resolution CMB experiments. Recent
measurements of lensing in the CMB temperature power spec-
trum have been given by the Atacama Cosmology Telescope
(ACT, Das et al. 2014), the South Pole Telescope (SPT, Story
et al. 2013) and the Planck mission (Planck Collaboration XVI
2014). Direct reconstruction of the matter power spectrum us-
ing higher order statistics, designed to capture lensing’s spe-
cific non-Gaussian mode coupling signature (Hu & Okamoto
2002), have also been reported by ACT (Das et al. 2011) and
SPT (van Engelen et al. 2012), as well as Planck, which in addi-
tion produced an all-sky map of the projected matter distribution
(Planck Collaboration XVII 2014).
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Lensing of the CMB by galaxy clusters was first discussed at
length by Zaldarriaga & Seljak (1999) when developing methods
for reconstruction of the gravitational lensing potential. Seljak
& Zaldarriaga (2000) considered instead the characteristic per-
turbation to the unlensed CMB temperature field, approximated
locally as a pure gradient, induced by cluster lensing, an idea
further studied by Holder & Kosowsky (2004) and Vale et al.
(2004). In an approach analogous to the first authors, Maturi
et al. (2005) built a filter nonlinear in CMB temperature to recon-
struct the lensing convergence field around clusters as a means
of studying their density profiles.

In this paper, we develop a cluster mass extraction method
based on a matched filter for the projected gravitational poten-
tial. Our approach is similar in spirit to the work of Zaldarriaga
& Seljak (1999) and Maturi et al. (2005) in that we first recon-
struct the lensing field around a cluster, rather than working with
the lensing perturbation in the CMB temperature itself. In the
present work, however, we focus on determining total cluster
mass even in relatively low signal-to-noise regimes. Once we
have the map of a cluster potential, obtained using the quadratic
estimator of Hu & Okamoto (2002), we then apply a matched
filter designed to optimally extract the cluster’s mass, assuming
a density profile. This allows us to obtain measurements for indi-
vidual clusters, even when noise dominated, and use them in sta-
tistical analyses; for example, finding the mean mass of clusters
by binning according to SZ signal strength or, in other words,
the mass-SZ scaling relation.

In practice, we must confront a number of possible system-
atic biases. We consider the effects of and ways to mitigate as-
trophysical signals contaminating the CMB map required as in-
put for reconstruction of the gravitational potential. The most
difficult in this context are signals generated by the cluster it-
self, such as the thermal SZ (tSZ, Sunyaev & Zeldovich 1972)
and the kinetic SZ (kSZ, Sunyaev & Zeldovich 1980) effects.
Component separation is therefore a crucial step prior to recon-
struction of the potential, and our study will demonstrate the
importance of multi-frequency observations in this context. The
kSZ effect, having the same spectral signature as the CMB, re-
quires separate treatment; fortunately, we will see that the lens-
ing potential reconstruction significantly reduces its impact by
averaging it with uncorrelated CMB anisotropies.

We organize the paper as follows. We begin in Sect. 2 by
establishing our data model and discussing the reconstruction
of the lensing potential and application of the matched filter;
the presentation focuses at this point on the ideal case where
we have a clean CMB map of known noise properties. This al-
lows a preliminary evaluation of the potential of current and fu-
ture CMB experiments to measure cluster masses. Section 3 fo-
cuses on the tSZ and kSZ signals. We employ two techniques
to remove the tSZ signal and produce clean CMB maps from
a set of individual frequency maps, and we evaluate the im-
pact of the kSZ signal. We simulate Planck observations of a
set of massive clusters in Sect. 4 to illustrate the method, show-
ing that it is possible (Sect. 5) to recover an unbiased estimate
of the cluster mass scale for a sample similar to the Planck
ESZ-XMM catalogue (Planck Collaboration XI 2011). We fin-
ish with a discussion (Sect. 6) and our conclusions (Sect. 7).
Throughout, we adopt a flat ΛCDM cosmological model with
H0 = 70 km s−1 Mpc−1 and ΩM = 1 −ΩΛ = 0.3.

2. Mass estimation

We first define our data model in the general context, and
then present the matched filter mass estimation by focussing

on the ideal case where we have a clean map of lensed
CMB anisotropies with only instrumental noise.

2.1. Cluster signals

Consider a patch of sky centered on a galaxy cluster of
mass M500 at redshift z. We refer to cluster mass inside the ra-
dius R500, interior to which the mean mass density is 500 times
the critical density at the cluster’s redshift, ρc(z); i.e., M500 =
500(4π/3)ρc(z)R3

500. The hot, gaseous intra-cluster medium
(ICM) generates both tSZ and kSZ effects, and the cluster’s (pro-
jected) gravitational potential, φ, lenses the CMB anisotropies by
bending light rays and displacing the apparent line-of-sight.

We model the mass distribution with a NFW (Navarro et al.
1996) profile,

ρ(r) =
ρ0

(r/rs)(1 + r/rs)2 , (1)

described by its central density, ρ0, and physical scale rs. The
latter can be related to R500 using the concentration parameter,
c500, as rs = R500/c500. Unless otherwise stated, we take c500 = 3
in this work; in reality, it is expected to depend weakly on cluster
mass and redshift, i.e., c500(M500, z) (Bullock et al. 2001; Neto
et al. 2007; Muñoz-Cuartas et al. 2011). Integrating along the
line-of-sight yields the projected surface mass density at angular
position x from the center,

Σ(x) = φ0 Σm(x/θm), (2)

where x = |x| and Σm is a template characterized by the angular
scale θm = rs/Dclus, with Dclus the angular diameter distance to
the cluster. The integral along the line-of-sight is performed out
to r = 5R500. The normalization, φ0, is given below.

For the pressure of the ICM, we employ the modified
NFW profile of Nagai et al. (2007) with parameters given by
the X-ray observations of Arnaud et al. (2010), the so-called
universal pressure profile in the non self-similar case (Eq. (12)
of that paper). Integrating the pressure profile along the line-
of-sight gives the tSZ angular template, Tt(x/θt), characterized
by its scale radius, θt, and which is normalized by the cluster’s
central Compton y value, yo, to obtain the complete tSZ profile.
The kSZ signal is proportional to the optical depth through the
cluster with profile Tk(x/θk) characterized by the scale radius
θk. It is normalized by the cluster peculiar velocity, β, to obtain
the kSZ signal. In our numerical calculations below, we use the
same radial profile for the ICM pressure and optical depth, which
is equivalent to approximating the gas as isothermal; this is not
strictly the case, but the approximation has little effect on our
conclusions.

We suppose that the region is observed in several
millimeter/sub-millimeter bands, producing a set of maps at N
different frequencies νi (i = 1, ...,N) that we arrange in a col-
umn vector m(x), a function of angular position x on the sky and
whose ith component is the the map mi(x) at frequency νi. We
assume the maps are in units of thermodynamic temperature, so
the CMB and kSZ signals remain constant across frequencies,
and we denote the beam at frequency νi by bi.

The maps contain the cluster tSZ and kSZ signals, lensed
CMB anisotropies and noise,

m(x) = yo t t(x) + βtk(x) + s(x) + n(x), (3)

where t t(x) is the vector whose ith component is
jν(νi)[bi ∗ Tt](x), the beam-convolved tSZ template modu-
lated by the tSZ frequency spectrum, jν, in temperature units.
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The components of the kSZ vector, tk(x), are [bi ∗ Tk](x), and
those of the CMB vector, s(x), are si(x) = [bi ∗ S ](x), where
we denote the CMB signal on the sky as S (x). As for Σm, the
integration along the line-of-sight for Tt and Tk is performed out
to r = 5R500.

The unlensed (and unobservable) CMB field, S̃ (x), is trans-
formed into the observed sky signal as (e.g., Bartelmann &
Schneider 2001)

S (x) = S̃ (x) + δS (x), (4)
δS (x) = ∇S (x) · ∇φ(x), (5)

to first order in the lensing potential, which is related to the
convergence,

κ(x) = Σ(x)/Σcr, (6)

by

φ(x) =

∫
d2x′ κ(x′) ln(|x − x′|) (7)

= φ0

∫
d2x′

Σm(x′/θm)
Σcr

ln
∣∣∣x − x′

∣∣∣ (8)

≡ φ0Φ(x/θm). (9)

All integrals are restricted to x′ < 5θ500. The critical surface
mass density, Σcr = c2

4πG
DCMB

DclusDclus−CMB
, is defined in terms of the

angular diameter distances DCMB, Dclus and Dclus−CMB between
the observer and the CMB, the observer and the cluster, and the
cluster and the CMB, respectively. The third equality in Eq. (9)
defines our (dimensionless) model template for the lensing po-
tential, Φθm , parameterized by the angular scale θm. It is normal-
ized by φ0 (see Eq. (2)), defined such that Φθm (0) = 1.

The noise term in Eq. (3), n(x), includes instrumental noise
and astrophysical signals that are not related to the cluster.
Examples of the latter are Galactic foreground emission, extra-
galactic point sources and lensing by matter randomly projected
along the line-of-sight (large-scale structure, or LSS, noise). The
effects of LSS correlated with cluster position can only be evalu-
ated with numerical simulations and remain beyond the scope of
the present work. Similarly, the background extragalactic point
source population is modified near the cluster by lensing, creat-
ing a second order cluster-related signal that we do not consider
in this work.

2.2. Reconstruction of the Lensing Potential Map

Given a map of CMB temperature anisotropy, Ŝ – obtained from
a prior component separation step, as describe below – centered
on a cluster, we apply the flat-sky quadratic estimator from Hu
& Okamoto (2002) to find the Fourier modes of the projected
gravitational potential:

φ̂(K) = A(K)
∑

k

Ŝ ∗(k)Ŝ (k′)F(k, k′), (10)

with K = k − k′[mod n], where n is the number of pixels along
the x (or y) axis, and

A(K) =


∑

k

f (k, k′)F(k, k′)

−1

. (11)

The weights F(k, k′) are defined so that φ̂ is the minimum vari-
ance estimator:

F(k, k′) =
f ∗(k, k′)

2PŜ (k)PŜ (k′)
, (12)

in which PŜ (k) = |b(k)|2Ck + Pnoise(k) is the observed power
spectrum with a contribution from the effective noise, Pnoise, of
the cleaned CMB map; b(k) represents the effective instrumental
beam1; Ck is the power spectrum of the (true) lensed CMB sig-
nal, S (x); and f (k, k) is given by

f (k, k′) = b∗(k)b(k′)
[
C̃k k · K − C̃k′ k′ · K

]
, (13)

where C̃k is the power spectrum of the unlensed CMB sky, S̃ (x).
Equation (10) gives us an unbiased estimate of φ(K) for a

cluster of given properties in the sense that if averaged over
all realizations of the (unlensed) CMB and instrumental noise,
〈φ̂(K)〉 = φ(K). The variance of the estimate about the mean is
given by A(K), and the reconstruction is optimal in that it mini-
mizes this variance for each mode K.

2.3. Matched filter

Adopting the model potential template of Eq. (9), our matched
filter operates on the lensing potential map to extract the normal-
ization, φ0, for a given scale θm. Each mode K of the estimated
potential, φ̂, is an independently measured variable with standard
deviation A1/2(K). We therefore construct the matched filter for
the potential amplitude as

φ̂0 =


∑

K

|Φ(K)|2
A(K)


−1 ∑

K

Φ∗(K)
A(K)

φ̂(K), (14)

where Φ(K) is the Fourier transform of the model template
(Eq. (9)). This yields an unbiased estimate of φ0 with minimal
variance given by

Var(φ̂0) =


∑

K

|Φ(K)|2
A(K)


−1

· (15)

Once normalized by our measurement, φ̂0, the cluster mass
model is completely specified. We could quote our filter mea-
surements directly as φ̂0, but choose instead to express them in
terms of the integrated convergence calculated using the model:

K5θ500 ≡ 2π
∫ 5θ500

0
dx xκ(x) =

1
D2

clus(z)Σcr(z)
M5R500. (16)

Note that θ500 = R500/Dclus(z) = c500θm. The first equality de-
fines our preferred observable, and the second relates it to cluster
mass calculated within the radius 5R500; this is easily translated
into M500 given the concentration parameter, c500. Our estimator
for this observable is

K̂5θ500 ≡ 2πφ̂0

∫ 5θ500

0
dx x

Σm(x/θm)
Σcr(z)

(17)

=
1

D2
clus(z)Σcr(z)

M̂5R500· (18)

Hereafter, we consider K̂5θ500 as the output of the filter; it is di-
mensionless and expressed in arcmin2. The second line defines
our cluster mass estimator, whose units are set by the prefactor.

These estimators are unbiased over the CMB and noise en-
sembles: 〈K̂5θ500〉 = K5θ500 and 〈M̂5R500〉 = M5R500. They are also
optimal in that they minimize their respective variances over the
same ensemble. Explicitly, we have

Var(M̂5R500) =
[
D2

clus(z)Σcr(z)
]2
σ2

K5θ500
, (19)

1 Taken, for simplicity, to be axially symmetric.
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Fig. 1. Contours of cluster mass in 1015 M� units (red curves) and red-
shift (blue curves) projected onto the observational plane defined by the
filter output K5θ500 and angular scale θ500 = c500θm. A cluster of fixed
mass M500 follows a red contour according to Eq. (16) as it moves out in
redshift. Each mass contour follows the same pattern, simply displaced
in amplitude. This figure shows how each point in the observational
plane maps to a point in the cluster plane of (M500, z).

for the variance of the mass estimator, where σ2
K5θ500

is the vari-
ance of our filter output, calculated using Eqs. (15) and (17). This
is the uncertainty on the mass measurement of a single cluster,
with contributions from instrumental noise and the CMB fluctu-
ations themselves. We will see below that the kSZ adds an ad-
ditional source of noise, as well as a bias term; fortunately, they
are small in practice.

Figure 1 illustrates the relation between the observation
plane (K5θ500, θ500) and physical cluster quantities. Each point
in this plane maps directly to a point in the cluster (M500, z)
plane, as shown by the contours of iso-mass (in red) and iso-
redshift (blue). At fixed mass, Eq. (16) specifies the evolution
of K5θ500 as a function of redshift, which when coupled with
θ500 ∝ M1/3

500/Dclus(z) describes an iso-mass curve. As the clus-
ter moves out in redshift, its angular size decreases; at the same
time, the prefactor in Eq. (16) determines the decrease and final
upturn in the integrated convergence. The rapid decrease from
low redshift outwards may seem surprising, but is due to the
fact that we integrate over angular extent. Integrated over physi-
cal extent, the convergence increases at first with redshift as the
lensing kernel becomes more efficient, but the angular extent de-
creases and drives down the value of K5θ500. Each mass follows
the same general curve, simply displaced in absolute scale.

A given experiment will trace a sensitivity curve in the
observation plane. In Fig. 2 we show predictions for the fil-
ter sensitivity, expressed by the standard deviation of the fil-
ter variance, as a function of filter angular scale for a num-
ber of different experiments. The top three curves (traced
in red) all refer to space-based experiments, while the three
lower curves (in blue) represent ground-based experiments
similar to the three generations of SPT (Story et al. 2013;
Austermann et al. 2012; Benson & Benson 2013), ACT (Das
et al. 2014) and ACT-Pol (Niemack et al. 2010). The space mis-
sions are Planck (Planck Collaboration I 2014) and two mis-
sions proposed to the European Space Agency, COrE (The COrE
Collaboration et al. 2011) and PRISM (PRISM Collaboration
et al. 2014). The former has similar resolution to Planck,
but more detectors and lower noise, while the latter envisions
a larger telescope with both lower noise and higher angular
resolution.

Fig. 2. Standard deviation, or filter noise, of the matched filter output
(Eq. (16)) versus filter scale θ500 = c500θm for the different experimen-
tal setups, as labeled. The red curves give results for the Planck satel-
lite and two future missions proposed to ESA, COrE and PRISM. The
first has similar angular resolution to Planck (∼5 arcmin FWHM), but
lower noise, while PRISM has both lower noise and higher resolution
at ∼2.6 arcmin. The blue curves show the noise levels for SPT/ACT,
SPT-Pol and SPT-3G/ACT-Pol. All curves assume the filter is perfectly
matched to the clusters. The experimental characteristics are summa-
rized in Table 1.

We summarize the adopted characteristics of each experi-
ment in Table 1 in terms of angular resolution and white noise in
the reconstructed CMB map2. We emphasize, however, that the
experiments have very different frequency coverage. Although
not accounted for in this present discussion, we show later that
extensive frequency coverage is crucial for proper CMB recon-
struction and, especially, removal of the tSZ signal.

All sensitivity curves start on small angular scales with a
flat response and then break to a rise toward larger filter scales.
The break occurs on smaller scales for the higher resolution
ground-based experiments. COrE and Planck have the same res-
olution and break on the same scale, but with its lower noise
level, COrE’s plateau lies below that of Planck. PRISM has a
noise level comparable to SPT-3G, but slightly lower angular
resolution. We see that it breaks at an intermediate filter scale
and on a higher plateau than SPT-3G. This demonstrates the in-
terplay of angular resolution and noise: At a given noise level
in µK-arcmin, an experiment with higher angular resolution ac-
cesses more modes k to reconstruct a given potential mode K
(Eq. (10)), thereby reducing the filter noise.

In Fig. 3 we give the standard deviation of the mass measure-
ment, M500(z) = σ(z) (square root of Eq. (19)), as a function of
redshift for each experimental setup. The results provide a use-
ful metric for each experiment’s ability to measure cluster mass:
The uncertainty on the mean mass for a sample of N clusters at
redshift z will be M500(z)/N1/2. Note, however, that a cluster of
nM500(z) will have a significance smaller than nσ. This is be-
cause as the mass increases from the limiting value, the cluster’s
angular size also increases, driving the filter noise higher (unless
we are on the small-scale plateau of the curves in Fig. 2).

We see that COrE and SPT/ACT can only be expected to
measure mass for the most massive systems in the universe,
while Planck cannot be expected to measure any individual
cluster mass. The sensitivity of these experiments, however, is

2 In each case, the reconstructed CMB map was assigned the charac-
teristics of the experimental band closest to 143 GHz.
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Table 1. Characteristics of representative surveys: Planck (Planck Collaboration I 2014), COrE (The COrE Collaboration et al. 2011), PRISM
(PRISM Collaboration et al. 2014), ACT (Das et al. 2014), ACT-Pol (Niemack et al. 2010), SPT (Story et al. 2013), SPT-Pol (Austermann et al.
2012), SPT-3G (Benson & Benson 2013).

Name Location Map resolution (FWHM) Map noise
[arcmin] [µK-arcmin]

Planck . . . . . . . . . . . . . . . . . . . . . . . . . Space 5.0 45.0
COrE . . . . . . . . . . . . . . . . . . . . . . . . . . Space 5.0 2.6
PRISM . . . . . . . . . . . . . . . . . . . . . . . . . Space 2.5 2.6
Generation: SPT/ACT . . . . . . . . . . . Ground 1.0 18.0
Generation: SPT-Pol . . . . . . . . . . . . . Ground 1.0 5.0
Generation: SPT-3G/ACT-Pol deep Ground 1.0 2.0

Fig. 3. Standard deviation of mass measurements, M500(z), with the
matched filter (square root of Eq. (19)) as a function of cluster red-
shift for the same experimental setups plotted in Fig. 2. This compari-
son does not take into account the ability of each experiment to elimi-
nate contaminating signals, such as the tSZ, which depends on spectral
coverage. In this context, the space-based missions benefit from wider
spectral coverage (see text).

sufficient to obtain mean mass as a function of other cluster ob-
servables by binning measurements; in other words, to establish
mean observable-mass scaling relations. Herein lies the value of
our matched filter approach, by providing a means of combin-
ing many low signal-to-noise measurements to statistically de-
termine cluster mass. The sensitivity of SPT-Pol, SPT-3G/ACT-
Pol and the PRISM mission, on the other hand, is sufficient to
enable individual cluster mass measurements as well as statisti-
cal studies.

3. Astrophysical contaminants
The above discussion supposes that we have a clean map of
CMB anisotropies from which to extract the lensing signal. To
produce this map, we must first separate the CMB component
from other astrophysical emission. In this work, we focus on
the potentially most troublesome signals, those produced by the
cluster itself at CMB-dominant frequencies, namely the tSZ and
kSZ effects.

Generally, we employ the Internal Linear Combination (ILC)
methodology to separate the CMB from other signals. Because
we will find that the standard ILC does not sufficiently remove
the tSZ signal, causing an important bias in our mass estima-
tion, we present two techniques based on the ILC that seek in
addition to actively remove the tSZ signal: template fitting and
subtraction of the tSZ, and an ILC constrained to cancel the tSZ.
Both prove satisfactory.

The kSZ cannot be eliminated in this fashion, however, hav-
ing the same spectral signature as the CMB. It could be removed
by template fitting for experiments with sufficient resolution, but
as will be seen, it does not produce any significant bias in our
mass estimations. Keeping this in mind, we restrict ourselves to
an examination of the nature of the kSZ contamination on the re-
constructed lensing potential. This will guide our interpretation
of the simulation results.

We test our methodology using the simulations described in
Sect. 4, presenting the results in Sect. 5. We will see the impor-
tance of actively removing the tSZ, and that any effect from the
kSZ remains manageable. Our simulations do not include diffuse
Galactic or extragalactic emission not related to the clusters. At
this point of our study, having employed an ILC at the heart of
our component separation techniques, we assume that these are
adequately controlled; the issue will be studied in more detail in
future work.

3.1. The thermal SZ signal
We develop two approaches to removing the tSZ signal: mul-
tifrequency matched filters (MMF) to estimate the amplitude of
the tSZ effect and then remove it from the survey frequency maps
prior to a standard ILC, and an ILC constrained to eliminate the
tSZ signal while extracting the CMB map. We compare the per-
formance of the two approaches in Sect. 5. The goal is to produce
the CMB map, Ŝ , used as input in the lensing reconstruction of
Eq. (10).

3.1.1. Multifrequency matched filters (MMF)
With this approach we apply the MMF of Melin et al. (2006)
using the pressure profile Tt(x/θt) to obtain an estimate of the
central Compton y parameter:

ŷo =

∫
d2x Ψθt

t(x) · m(x), (20)

where

Ψθt (k) = σ2
θt

P−1(k) · t t(k), (21)

with

σθt ≡
[∫

d2k t t
t(k) · P−1 · t t(k)

]−1/2

, (22)

P(k) being the interband power spectrum matrix with contribu-
tions from (non-tSZ) sky signal and instrumental noise. It is the
effective noise matrix for the MMF and can be estimated directly
on the data, since the tSZ is small compared to other astrophysi-
cal signals in the sky patch centered on the cluster.
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We assume that the tSZ is accurately described by our model
and seek only to normalize the tSZ template to each cluster. This
is the case for our simulations, because we are using the same
profile for the simulated tSZ and the filter template. In reality,
possible mismatch between the true cluster profile and the filter
template would be a source of uncertainty.

Once we have normalized the template, we remove the
tSZ signal from each of the N individual frequency maps,

m̂(x) = m(x) − ŷo t t(x), (23)

and apply a standard ILC to reconstruct the clean CMB map:

Ŝ (k) =
[
btP−1b

]−1
btP−1m̂(k), (24)

where b is the beam vector of dimension N. Finally, we convolve
the resulting map with a fiducial beam, bfid (5 arcmin in the case
of Planck), to obtain the Ŝ (k) used in Eq. (10). The power spec-
trum associated with this map is

PŜ = |bfid|2
[
btP−1b

]−1
. (25)

3.1.2. Constrained Internal Linear Combination (CILC)
In the second approach, we directly construct the clean
CMB map with a constrained ILC designed to nullify the tSZ ef-
fect, making use of its well-defined spectral signature, jν. The
formalism is described in detail by Remazeilles et al. (2011).
The reconstructed clean CMB map can be written

Ŝ (k) = ∆−1
[(

jνtP−1 jν
)

btP−1 −
(
btP−1 jν

)
jνtP−1

]
m(k), (26)

∆ =
(
btP−1b

) (
jνtP−1 jν

)
−

(
btP−1 jν

)2
, (27)

with ( jν)i ≡ jν(νi)bi. The noise matrix, P, is constructed as
before.

We again convolve the resulting map with the fiducial beam,
bfid, to obtain the CMB map, Ŝ (k), used in Eq. (10). The power
spectrum for this fiducial map is

PŜ =
|bfid|2
∆2

[(
jνtP−1 jν

)2 (
btP−1b

)
−

(
jνtP−1 jν

) (
btP−1 jν

)2
]
.

(28)

The strength of the CILC removal, compared to the MMF ap-
proach, is its insensitivity to cluster modeling uncertainties (e.g.,
SZ profile). On the other hand, the variance of the noise in the
reconstructed CMB map is higher, slightly increasing the error
on the final mass estimate, as we show in Sect. 5. We also present
the impact of tSZ modeling uncertainties on the MMF approach
in the same section.

3.2. The kinetic SZ signal

After the tSZ, the kSZ is the dominant cluster signal at CMB fre-
quencies. It has the same spectrum as the primary CMB and can-
not be removed by spectral separation methods.

We can appreciate the effect of the kSZ by returning to
the lensing potential reconstruction of Eq. (10). Even in the
best possible case, the reconstructed CMB map, Ŝ , contains
kSZ in addition to the lensed CMB and noise: Ŝ (x) = S (x) +
βTk(x/θk) + n(x). The lensing map reconstruction therefore has

four contributions:

φ̂′(K) = φ̂(K) + 2R
βA(K)

∑

k

S (k)T ∗k (k′θk)F(k, k′)
 (29)

+2R
βA(K)

∑

k

n(k)T ∗k (k′θk)F(k, k′)
 (30)

+β2A(K)
∑

k

Tk(kθk)T ∗k (k′θk)F(k, k′) (31)

≡ φ̂(K) + β
[
φ̂ks(K) + φ̂kn(K)

]
+ β2φ̂kk(K) (32)

where φ̂ contains just the CMB and noise terms, as considered
in Sect. 2. The kSZ adds cross terms of the kSZ with both CMB,
φ̂ks, and noise, φ̂kn, and a term quadratic in the kSZ signal, φ̂kk.

Averaged over the CMB and noise ensembles, the two mid-
dle terms vanish, independent of the value of β, because 〈s(k)〉 =
〈n(k)〉 = 0. They act as an additional noise contribution to the
potential reconstruction for a given cluster. This behaviour dif-
fers from that of the kSZ when directly using the temperature
anisotropy induced by cluster lensing, rather than reconstruction
of the lensing potential as done here. For a given β, the kSZ is
guaranteed to contribute to the temperature anisotropy at a level
comparable to the lensing signal (Seljak & Zaldarriaga 2000;
Lewis & Challinor 2006); in our case, however, the contribution
could be small, depending only on the chance alignment of CMB
and kSZ modes. In either case, additional averaging over a set of
clusters will further reduce the effect of these terms linear in β
because the objects will have random peculiar velocities.

The last term, quadratic in β, is a bias. Its presence is in-
dependent of the CMB and noise ensembles, and it cannot be
beaten down by averaging over a cluster ensemble. With proper
modeling of the kSZ signal, the bias could be eliminated, if
needed, through subtraction, cluster by cluster, to leave a zero-
mean residual as a noise contribution. This will not prove neces-
sary in our subsequent study, where we will find that the bias is
unimportant for realistic cluster velocities.

4. Simulations

We illustrate our mass estimation technique through recov-
ery of the mass scale for a sample of clusters with simu-
lated Planck-like observations. We proceed by first simulating
a sample of identical clusters, and then consider a mock of
the ESZ-XMM, a subsample of 62 clusters from the Planck
Early Sunyaev-Zeldovich list (ESZ, Planck Collaboration VIII
2011) with good X-ray observations, including X-ray deter-
mined masses, MX

500, spanning the range [2−20] × 1014 M�
(ESZ-XMM, Planck Collaboration XI 2011). In a companion
paper, we report an estimation of the mass scale of the actual
ESZ-XMM sample using the Planck dataset.

Our first simulation consists of 62 observations of a mock of
A2163, assigning mass and tSZ profiles following our adopted
templates. With an X-ray deduced mass of MX

500 = 1.9×1015 M�
(z = 0.203), this system is one of the most massive clusters
known, falling near the 1σ curve for Planck shown in Fig. 3,
and the most massive member of the ESZ-XMM.

We generate 62 independent realizations of primary
CMB anisotropies and of white noise in tangential map projec-
tions of 10 × 10 deg2 across the six highest frequency chan-
nels (100−857 GHz) of Planck. The mock of A2163 is cen-
tered in each channel map, the lensing is applied to the primary
CMB anisotropies and the tSZ signal added. We then smooth
each channel map by its corresponding beam and add the white
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Fig. 4. Recovered mass for the 62 Planck simulations of A2163, ex-
pressed as the ratio of the CMB-measured mass to the input mass from
the X-ray model, M̂500/MX

500. The tSZ was removed in this example us-
ing the CILC. Each diamond is the result of a single analysis chain
(simulation, CILC, lensing extraction and matched filtering) accompa-
nied by its 1σ uncertainty of 1.06. The solid blue line shows the sample
average (1.01) and its 1σ range (±1.06/

√
62 = ±0.13).

noise, taking the noise and beam characteristics as published in
Planck Collaboration I (2014). A simulated cluster observation
thus comprises six channel maps, and there are 62 such simu-
lated observations.

For each of these mock observations, we first remove the
tSZ signal and produce a clean CMB map as described above.
We then reconstruct the lensing potential map and apply the
matched filter to extract our mass estimate, M̂500. Note that the
filter is perfectly matched to the cluster in that the filter tem-
plate and actual cluster projected potential are identical. We re-
fer to the complete processing of a single cluster observation as
an analysis chain.

For each chain, we compare the mass measurement to the
input (X-ray deduced) mass of A2163 by forming the ra-
tio M̂500/MX

500, and then take the sample mean, 〈M̂500/MX
500〉,

over the 62 observations. An unbiased recovery of the sample
mass scale corresponds to 〈M̂500/MX

500〉 = 1.
We run two sets of 62 chains without kSZ to compare the

results from the two different component separation methods
presented in Sect. 3. We also ran additional simulation chains
adding the kSZ effect with constant (systematic) peculiar veloc-
ities of 300 km s−1 and 900 km s−1 to each of the 62 clusters.

5. Results

Figure 4 shows the recovered mass ratio M̂500/MX
500 for the

62 simulated cluster observations without kSZ when using the
constrained ILC to remove the tSZ. The individual measure-
ment uncertainty on this quantity is large at 1.06 (the same
for all chains, because the cluster and the statistical CMB and
noise properties are the same for the 62 realizations). The points
clearly disperse preferentially above zero, and taking the sample
average we find 〈M̂500/MX

500〉 = 1.01 ± 0.13.
We have an unbiased recovery of the sample mass scale with

13% uncertainty. The result is identical when using the MMF
component separation procedure3. The basic result of this study,

3 The individual measurement uncertainty is slightly lower in this case
(1.04 against 1.06), but the sample mean and its uncertainty are the same
to the given precision.

therefore, is that we detect the mass scale of the sample at greater
than 7σ.

If we model the SZ emission with the cool-core profile given
in Table C.2. of Arnaud et al. (2010) but extract it with the MMF
based on the universal profile, the sample average increases from
1.01 ± 0.13 to 1.19 ± 0.13. Adopting instead the morpholog-
ically disturbed profile, the value shifts to 1.09 ± 0.13. The
mis-modeling of the SZ profile in the MMF component sepa-
ration procedure may thus introduce a bias of order ∼1σ on the
average.

We have also tested the sensitivity of our conclusions to the
extension of the mass profile by truncating the integration at Rvir
instead of 5R500. The individual measurement uncertainty in-
creases to 1.23, which in turn slightly increases the uncertainty
on the sample average to 0.16. This results in a modest decrease
in the global significance of the detection from 7σ to between 6
and 7σ.

Accurate removal of the tSZ signal is essential, something
which can be gauged from the results when applying a standard
ILC to extract the CMB without any constraint to nullify the tSZ.
In this case, we find a sample mean of 〈M̂500/MX

500〉 = 1.93 ±
0.13, highly biased by the residual tSZ signal.

The standard ILC is incapable of removing the tSZ signal to
a sufficiently high level. We expect that this is in large part due
to the fact that the tSZ is only a weak component in the map and
hence not accounted for by the standard ILC weights. Our com-
ponent separation techniques manage to adequately remove the
tSZ by direct subtraction (MMF) or cancelation (CILC), both re-
lying on the known spectral dependence of the signal. It is clear
that multi-band CMB observations for accurate removal of the
tSZ are an important consideration in designing experimental
campaigns.

Turning to the kSZ effect, we find a sample mean of
〈M̂500/MX

500〉 = 1.00 ± 0.13 for the case of 300 km s−1 constant
peculiar velocity, and 〈M̂500/MX

500〉 = 0.86 ± 0.13 for the case
of 900 km s−1. This is for the CILC, but the results are essen-
tially the same for the MMF. Note that the uncertainties on the
sample means are unchanged, because they are calculated from
the sample size and the individual measurement error, the latter
determined by the unchanged CMB and noise properties.

There is no evidence of bias in the sample mean at the
lower peculiar velocity of 300 km s−1, while a bias of 14%
appears at the higher value of 900 km s−1. In the standard
ΛCDM model, we expect individual cluster peculiar velocities
to follow a Gaussian distribution of zero mean and variance
〈β2〉 ≈

(
300 km s−1

)2
. Our result for the mean of a set of clus-

ters with this constant velocity is therefore representative of the
bias expected of the quadratic term in β. The bias term is clearly
present, but only important at atypically large peculiar velocities.

The linear term is also present, causing an increase in the ob-
served dispersion of the individual measurements. By comparing
the dispersion before and after addition of the kSZ effect, we de-
duce that it contributes 0.14 and 0.31, respectively, for the lower
and higher peculiar velocities. The former value is the more real-
istic and should be compared to the CMB and noise contribution
to the dispersion (individual uncertainties) of 1.06.

The overall conclusion is the same for the simulated ESZ-
XMM, as shown in Fig. 5. We obtain an unbiased estimate of
the sample mass scale: 〈M̂500/MX

500〉 = 0.99 ± 0.28. The sig-
nificance is lower than before because the ESZ-XMM contains a
range of cluster masses, all of them smaller than A2163, its most
massive member. Nevertheless, we find that the mass scale can
be recovered at the 3σ level. In this case, truncating the profile
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Fig. 5. Recovered mass for the Planck ESZ-XMM simulation, ex-
pressed as in Fig. 4 by the ratio of the CMB-measured mass to the input
mass from the X-ray model, M̂500/MX

500. The tSZ was removed using
the CILC, and the blue solid and dashed lines show the sample mean
and its 1σ range: 〈M̂500/MX

500〉 = 0.99 ± 0.28. This simulation includes
a random kSZ effect with Gaussian standard deviation of 300 km s−1.
The CMB and noise realizations are the same as in Fig. 4, resulting in a
similar pattern in the distribution of points, but individual uncertainties
are larger (note the change in scale).

at Rvir increases the uncertainty from 0.28 to 0.33, leaving the
conclusion unchanged. This simulation also included a kSZ ef-
fect from random peculiar velocities with a Gaussian standard
deviation of 300 km s−1. We see no evidence for its impact on
the recovered sample mean.

6. Discussion

Our results show that the proposed method can be a practical
tool for estimating cluster masses, even with current CMB tem-
perature data. It offers a new way to constrain cluster scaling
relations between total mass and observables such as X-ray lu-
minosity, SZ signal strength or richness. These relations are cen-
tral to cosmological and large-scale structure analyses of cluster
catalogues.

The method complements others for measuring cluster mass.
Like gravitational shear, it directly probes total mass without as-
sumptions about the state of any particular cluster component;
this is strictly true for the CILC method, although we note that
there does remain some modeling uncertainty when applying the
MMF component separation, as discussed above. The method’s
particular strengths are that it can be used to much higher red-
shifts, using the CMB as a source plane, and that it is sensi-
tive to the convergence field, rather than its gradient like the
shear. Noting this latter difference, several authors have recently
pointed out the value of combined CMB and shear analyses in
the more general context (Hand et al. 2013; Das et al. 2013).

A critical capability of the proposed procedure is to pro-
vide accurate measurements and their uncertainties in the low
signal-to-noise regime. This enables statistical analyses that per-
mit practical application to existing CMB temperature datasets.

We achieve it through the lensing reconstruction that fur-
nishes well-defined noise properties for use by the filter. The
noise arises not just from the instrument, but also from the CMB
itself, because the lensing signature is a correlation between
CMB anisotropy modes behind the cluster, modes that we do
not a priori know. Instead, we rely on the power spectrum of
the primary CMB (and its Gaussianity) to tell us what they are

on average and the dispersion about that average. In many ways,
this is simpler than trying to determine the CMB gradient around
each individual cluster, as needed when working directly with
the secondary temperature anisotropy generated by lensing.

Figure 3 summarizes the ideal statistical power of various
experiments to measure cluster mass, showing the standard de-
viation of filter mass determinations as a function of cluster red-
shift. It is ideal because it only accounts for noise from the CMB
and the instrument. The curves are extremely flat in redshift, a
reflection of the broad lensing kernel to the source plane of the
CMB.

Comparing the space experiments (the red curves), we see
that Planck is dominated by instrumental noise, since it has the
same angular resolution as COrE, which performs much better
with its lower noise level, while PRISM gains further by incor-
porating more modes in reaching to smaller scales. Even at their
higher angular resolution, the ground-based experiments are not
dominated by the CMB, as can be seen from the fact that the
mass filter noise continues to decrease with decreasing instru-
mental noise.

We examined the impact of the tSZ and kSZ signals us-
ing simulations of Planck-like observations of massive clusters.
Our main result is that the tSZ must be accurately removed to
avoid biasing the mass estimations. A standard ILC is not suffi-
cient. We applied two methods, both of which proved satisfac-
tory. Based on the ILC, their key additional characteristic is that
they actively subtract or nullify the tSZ. The success of the CILC
is encouraging, because it does not rely on any adopted profile
for the tSZ. Our result emphasizes the importance of broad fre-
quency coverage in experimental design to enable adequate com-
ponent separation.

The kSZ cannot be removed through such spectral separation
methods and it remains in the CMB maps used to reconstruct the
lensing potential. It impacts the final result by adding a source of
measurement noise (term linear in β) and a bias (term in β2). In
our simulations, we found evidence for both terms. Fortunately,
their influence is small for the expected distribution of cluster
peculiar velocity.

These latter conclusions only apply in the context of our sim-
ulations of Planck-like CMB observations of massive clusters.
Understanding these details in other experimental setups, e.g.,
ground-based instruments, would require dedicated simulations.
The same applies to study of Planck-like observations of large
cluster samples including lower mass systems.

Additional limitations of the simulations presented here in-
clude lack of other foreground sources, such as diffuse Galactic
emission and extragalactic sources. Since we are using compo-
nent separation techniques based on the ILC, we assume for
this preliminary study that they adequately remove these fore-
grounds. Our clusters are also simulated in isolation and mod-
eled by the same spherically symmetric profiles used in our fil-
ters (tSZ and mass filters)4. More realistic simulations would
employ variations in model profiles and numerical simulations
of clusters in their cosmological context to evaluate the effects
of local structure around the clusters, as well as that of uncorre-
lated large-scale structure along the line-of-sight that contribute
to the noise term.

Despite these limitations, our simulations are sufficient to
demonstrate the potential of the Planck 2013 dataset to detect
the mass scale of the ESZ-XMM. Our simulation of this obser-
vation of 62 clusters is summarized in Fig. 5. The conclusion is

4 Recall the above statement that the CILC does not, however, rely on
an adopted template.
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that we should be able to detect the mass scale of this catalog to
slightly more than 3σ. A separate paper presents our analysis on
the real Planck dataset.

7. Conclusion

We propose a method to measure galaxy cluster masses using
CMB lensing and demonstrate that it can be practically applied
to existing datasets (e.g., ACT, Planck, SPT) in statistical analy-
ses of cluster samples. The strength of the approach draws from
its ability to provide viable mass estimates and uncertainties
even in low signal-to-noise regimes, thereby enabling straight-
forward statistical analyses of systems well below individual
detection.

Accurate removal of the tSZ is important and achievable, as
we demonstrate by application of component separation meth-
ods that actively subtract or nullify it. The implication is that
experimental design must allow for sufficient spectral coverage
to enable effective separation methods.

Using a simulation of the Planck ESZ-XMM sample, we
conclude that it would be possible to determine the mass scale of
this set of 62 clusters to 3σ significance (CMB and instrumental
noise only). In a companion paper, we present a first application
of our method to the Planck data on the actual ESZ-XMM.

The method presented here uses only temperature data in the
lensing reconstruction. Future work will extend it to CMB polar-
ization data. Our preliminary study here opens the way to numer-
ous research avenues targeting additional issues related to fore-
grounds and large-scale structure, and calls for detailed studies
dedicated to specific experimental campaigns.

Lensing of the CMB opens a new and independent avenue
for studying cluster masses, an important complement to other
techniques, such as weak gravitational lensing of background
galaxies. In fact, CMB lensing offers the possibility of calibrat-
ing large cluster samples now while we await large area galaxy
lensing surveys, such as the Dark Energy Survey, the Large
Synoptic Survey Telescope, and the Euclid and WFIRST space
missions. And it will remain the more efficient way to measure
cluster masses at high redshifts, where the source galaxy popu-
lation rapidly declines in imaging surveys.
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ABSTRACT

We use multifrequency matched filters to estimate, in the WMAP 5-year data, the Sunyaev-Zel’dovich (SZ) fluxes of 893 ROSAT
NORAS/REFLEX clusters spanning the luminosity range LX,[0.1−2.4] keV = 2×1041−3.5×1045 erg s−1. The filters are spatially optimised
by using the universal pressure profile recently obtained from combining XMM-Newton observations of the REXCESSsample and
numerical simulations. Although the clusters are individually only marginally detected, we are able to firmly measure the SZ signal
(>10σ) when averaging the data in luminosity/mass bins. The comparison between the bin-averaged SZ signal versus luminosity and
X-ray model predictions shows excellent agreement, implying that there is no deficit in SZ signal strength relative to expectations
from the X-ray properties of clusters. Using the individual cluster SZ flux measurements, we directly constrain the Y500−LX and
Y500−M500 relations, where Y500 is the Compton y-parameter integrated over a sphere of radius r500. The Y500−M500 relation, derived
for the first time in such a wide mass range, has a normalisation Y∗500 = [1.60 ± 0.19] × 10−3 arcmin2 at M500 = 3 × 1014 h−1 M�, in
excellent agreement with the X-ray prediction of 1.54 × 10−3 arcmin2, and a mass exponent of α = 1.79 ± 0.17, consistent with the
self-similar expectation of 5/3. Constraints on the redshift exponent are weak due to the limited redshift range of the sample, although
they are compatible with self-similar evolution.

Key words. cosmology: observations – galaxies: clusters: general – galaxies: clusters: intracluster medium –
cosmic background radiation – X-rays: galaxies: clusters

1. Introduction

Capability to observe the Sunyaev-Zel’dovich (SZ) effect has
improved immensely in recent years. Dedicated instruments
now produce high resolution images of single objects (e.g.
Kitayama et al. 2004; Halverson et al. 2009; Nord et al. 2009)
and moderately large samples of high-quality SZ measurements
of previously-known clusters (e.g., Mroczkowski et al. 2009;
Plagge et al. 2010). In addition, large-scale surveys for clus-
ters using the SZ effect are underway, both from space with
the Planck mission (Valenziano et al. 2007; Lamarre et al.
2003) and from the ground with several dedicated telescopes,
such as the South Pole Telescope (Carlstrom et al. 2009) leading
to the first discoveries of clusters solely through their SZ sig-
nal (Staniszewski et al. 2009). These results open the way for a
better understanding of the SZ-Mass relation and, ultimately, for
cosmological studies with large SZ cluster catalogues.

The SZ effect probes the hot gas in the intracluster medium
(ICM). Inverse Compton scattering of cosmic microwave back-
ground (CMB) photons by free electrons in the ICM creates a
unique spectral distortion (Sunyaev & Zeldovich 1970, 1972)
seen as a frequency-dependent change in the CMB surface
brightness in the direction of galaxy clusters that can be written
as Δiν(n̂) = y(n̂) jν(x), where jν is a universal function of the di-
mensionless frequency x = hν/kTcmb. The Compton y-parameter

is given by the integral of the electron pressure along the line-of-
sight in the direction n̂,

y =

∫

n̂

kTe

mec2
neσTdl, (1)

where σT is the Thomson cross section.
Most notably, the integrated SZ flux from a cluster directly

measures the total thermal energy of the gas. Expressing this flux
in terms of the integrated Compton y-parameter YSZ – defined
by

∫
dΩΔ iν(n̂) = YSZ jν(x) – we see that YSZ ∝

∫
dΩ dlneTe ∝∫

neTedV . For this reason, we expect YSZ to closely correlate
with total cluster mass, M, and to provide a low-scatter mass
proxy.

This expectation, borne out by both numerical simulations
(e.g., da Silva et al. 2004; Motl et al. 2005; Kravtsov et al. 2006)
and indirectly from X-ray observations using YX, the product of
the gas mass and mean temperature (Nagai et al. 2007; Arnaud
et al. 2007; Vikhlinin et al. 2009), strongly motivates the use
of SZ cluster surveys as cosmological probes. Theory predicts
the cluster abundance and its evolution – the mass function – in
terms of M and the cosmological parameters. With a good mass
proxy, we can measure the mass function and its evolution and
hence constrain the cosmological model, including the proper-
ties of dark energy. In this context the relationship between the
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integrated SZ flux and total mass, YSZ−M, is fundamental as the
required link between theory and observation. Unfortunately, de-
spite its importance, we are only beginning to observationally
constrain the relation (Bonamente et al. 2008; Marrone et al.
2009).

Several authors have extracted the cluster SZ signal from
WMAP data (Bennett et al. 2003; Hinshaw et al. 2007, 2009).
However, the latter are not ideal for SZ observations: the
instrument having been designed to measure primary CMB
anisotropies on scales larger than galaxy clusters, the spatial
resolution and sensitivity of the sky maps render cluster detec-
tion difficult. Nevertheless, these authors extracted the cluster
SZ signal by either cross-correlating with the general galaxy
distribution (Fosalba et al. 2003; Myers et al. 2004; Hernández-
Monteagudo et al. 2004, 2006) or “stacking” existing cluster cat-
alogues in the optical or X-ray (Lieu et al. 2006; Afshordi et al.
2007; Atrio-Barandela et al. 2008; Bielby & Shanks 2007; Diego
& Partridge 2009). These analyses indicate that an isothermal
β-model is not a good description of the SZ profile, and some
suggest that the SZ signal strength is lower than expected from
the X-ray properties of the clusters (Lieu et al. 2006; Bielby &
Shanks 2007).

Recent in-depth X-ray studies of the ICM pressure profile
demonstrate regularity in shape and simple scaling with clus-
ter mass. Combining these observations with numerical simu-
lations leads to a universal pressure profile (Nagai et al. 2007;
Arnaud et al. 2010) that is best fit by a modified NFW profile.
The isothermal β-model, on the other hand, does not provide an
adequate fit. From this newly determined X-ray pressure profile,
we can infer the expected SZ profile, y(r), and the YSZ−M rela-
tion at low redshift (Arnaud et al. 2010).

It is in light of this recent progress from X-ray observations
that we present a new analysis of the SZ effect in WMAP with
the aim of constraining the SZ scaling laws. We build a mul-
tifrequency matched filter (Herranz et al. 2002; Melin et al.
2006) based on the known spectral shape of the thermal SZ effect
and the shape of the universal pressure profile of Arnaud et al.
(2010). This profile was derived from REXCESS (Böhringer
et al. 2007), a sample expressly designed to measure the struc-
tural and scaling properties of the local X-ray cluster population
by means of an unbiased, representative sampling in luminos-
ity. Using the multifrequency matched filter, we search for the
SZ effect in WMAP from a catalogue of 893 clusters detected
by ROSAT, maximising the signal-to-noise by adapting the filter
scale to the expected characteristic size of each cluster. The size
is estimated through the luminosity-mass relation derived from
the REXCESS sample by Pratt et al. (2009).

We then use our SZ measurements to directly determine the
YSZ−LX and YSZ−M relations and compare to expectations based
on the universal X-ray pressure profile. As compared to the pre-
vious analyses of Bonamente et al. (2008) and Marrone et al.
(2009), the large number of systems in our WMAP/ROSAT sam-
ple allows us to constrain both the normalisation and slope of the
YSZ−LX and YSZ−M relations over a wider mass range and in
the larger aperture of r500. In addition, the analysis is based on a
more realistic pressure profile than in these analyses, which were
based on an isothermal β-model. Besides providing a direct con-
straint on these relations, the good agreement with X-ray predic-
tions implies that there is in fact no deficit in SZ signal strength
relative to expectations from the X-ray properties of these clus-
ters.

The discussion proceeds as follows. We first present the
WMAP 5-year data and the ROSAT cluster sample used, a

combination of the REFLEX and NORAS catalogues. We then
present the SZ model based on the X-ray-measured pressure pro-
file (Sect. 3). In Sect. 4, we discuss our SZ measurements, after
first describing how we extract the signal using the matched fil-
ter. Section 5 details the error budget. We compare our measured
scaling laws to the X-ray predictions in Sects. 6 and 7 and then
conclude in Sect. 8. Finally, we collect useful SZ definitions and
unit conversions in the Appendices.

Throughout this paper, we use the WMAP5-only cosmolog-
ical parameters set as our “fiducial cosmology”, i.e. h = 0.719,
ΩM = 0.26, ΩΛ = 0.74, where h is the Hubble parameter at red-
shift z = 0 in units of 100 km s−1/Mpc. We note h70 = h/0.7
and E(z) is the Hubble parameter at redshift z normalised to
its present value. M500 is defined as the mass within the ra-
dius r500 at which the mean mass density is 500 times the
critical density, ρcrit(z), of the universe at the cluster redshift:
M500 =

4
3π ρcrit(z) 500 r3

500.

2. The WMAP-5yr data and the NORAS/REFLEX
cluster sample

2.1. The WMAP-5 yr data

We work with the WMAP full resolution coadded five year
sky temperature maps at each frequency channel (downloaded
from the LAMBDA archive1). There are five full sky maps cor-
responding to frequencies 23, 33, 41, 61, 94 GHz (bands K,
Ka,Q,V,W respectively). The corresponding beam full widths
at half maximum are approximately 52.8, 39.6, 30.6 21.0 and
13.2 arcmins. The maps are originally at HEALPix2 resolu-
tion nside = 512 (pixel = 6.87 arcmin). Although this is rea-
sonably adequate to sample WMAP data, it is not adapted to
the multifrequency matched filter algorithm we use to extract
the cluster fluxes. We oversample the original data, to obtain
nside = 2048 maps, by zero-padding in harmonic space. In de-
tail, this is performed by computing the harmonic transform of
the original maps, and then performing the back transform to-
wards a map with nside = 2048, with a maximum value of � of
�max = 750, 850, 1100, 1500, 2000 for the K,Ka,Q,V,W bands
respectively. The upgraded maps are smooth and do not show
pixel edges as we would have obtained using the HEALPix up-
grading software, based on the tree structure of the HEALPix
pixelisation scheme. This smooth upgrading scheme is impor-
tant as the high spatial frequency content induced by pixel edges
would have been amplified through the multifrequency matched
filters implemented in harmonic space.

In practice, the multifrequency matched filters are imple-
mented locally on small, flat patches (gnomonic projection on
tangential maps), which permits adaptation of the filter to the
local conditions of noise and foreground contamination. We di-
vide the sphere into 504 square tangential overlapping patches
(100 deg2 each, pixel = 1.72 arcmin). All of the following anal-
ysis is done on these sky patches.

The implementation of the matched filter requires knowl-
edge of the WMAP beams. In this work, we assume symmet-
ric beams, for which the transfer function b� is computed, in
each frequency channel, from the noise-weighted average of the
transfer functions of individual differential assemblies (a similar
approach was used in Delabrouille et al. 2009).

1 http://lambda.gsfc.nasa.gov/
2 http://healpix.jpl.nasa.gov
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Table 1. Values for the parameters of the LX − M relation derived from
REXCESS data (Pratt et al. 2009; Arnaud et al. 2010).

Corrected for MB log
(

CM

1044 h−2
70 [ergs−1]

)
αM σlog L−log M

no 0.295 1.50 0.183
yes 0.215 1.61 0.199

2.2. The NORAS/REFLEX cluster sample and derived X-ray
properties

We construct our cluster sample from the largest published
X-ray catalogues: NORAS (Böhringer et al. 2000) and REFLEX
(Böhringer et al. 2004), both constructed from the ROSAT All-
Sky Survey. We merge the cluster lists given in Tables 1, 6 and
8 from Böhringer et al. (2000) and Table 6 from Böhringer
et al. (2004) and since the luminosities of the NORAS clus-
ters are given in a standard cold dark matter (SCDM) cosmology
(h = 0.5, ΩM = 1), we converted them to the WMAP5 cosmol-
ogy. We also convert the luminosities of REFLEX clusters from
the basic ΛCDM cosmology (h = 0.7, ΩM = 0.3, ΩΛ = 0.7)
to the more precise WMAP5 cosmology. Removing clusters ap-
pearing in both catalogues leaves 921 objects, of which 893 have
measured redshifts. We use these 893 clusters in the analysis de-
tailed in the next section.

The NORAS/REFLEX luminosities LX, measured in the soft
[0.1–2.4] keV energy band, are given within various apertures
depending on the cluster. We convert the luminosities LX to
L500, the luminosities within r500, using an iterative scheme.
This scheme is based on the mean electron density profile of
the REXCESS cluster sample (Croston et al. 2008), which al-
lows conversion of the luminosity between various apertures,
and the REXCESS L500−M500 relation (Pratt et al. 2009), which
implicitly relates r500 and L500. The procedure thus simultane-
ously yields an estimate of the cluster mass, M500, and the corre-
sponding angular extent θ500 = r500/Dang(z), where Dang(z) is the
angular distance at redshift z. In the following we consider val-
ues derived from relations both corrected and uncorrected for
Malmquist bias. The relations are described by the following
power law models3:

E(z)−7/3 L500 = CM

⎛⎜⎜⎜⎜⎝
M500

3 × 1014 h−1
70 M�

⎞⎟⎟⎟⎟⎠
αM

(2)

where the normalisation CM, the exponent αM and the dispersion
(nearly constant with mass) are given in Table 1. The L500−M500
relation was derived in the mass range [1014−1015] M�. These
limits are shown in Fig. 1. Note that we assume the relation is
valid for lower masses.

The final catalogue of 893 objects contains the position of
the clusters (longitude and latitude), the measured redshift z, the
derived X-ray luminosity L500, the mass M500 and the angular
extent θ500. The clusters uniformly cover the celestial sphere at
Galactic latitudes above |b| > 20 deg. Their luminosities L500
range from 0.002 to 35.0 × 1044 erg/s, and their redshifts from
0.003 to 0.460. Figure 1 shows the masses M500 as a function of
redshift z for the cluster sample (red crosses). The correspond-
ing corrected luminosities L500 can be read on the right axis.
The typical luminosity correction from measured LX to L500 is

3 Since we consider a standard self-similar model, we used the power
law relations given in Appendix B of Arnaud et al. (2010). They are
derived as in Pratt et al. (2009) with the same luminosity data but for
masses derived from a standard slope M500−YX relation.

Fig. 1. Inferred masses for the 893 NORAS/REFLEX clusters as a func-
tion of redshift. The cluster sample is flux limited. The right vertical
axis gives the corresponding X-ray luminosities scaled by E(z)−7/3. The
dashed blue lines delineate the mass range over which the L500−M500

relation from Pratt et al. (2009) was derived.

about 10%. The progressive mass cut-off with redshift (only the
most massive clusters are present at high z) reflects the flux lim-
ited nature of the sample.

3. The cluster SZ model

In this section we describe the cluster SZ model, based on X-ray
observations of the REXCESS sample combined with numeri-
cal simulations, as presented in Arnaud et al. (2010). We use
the standard self-similar model presented in their Appendix B.
Given a cluster mass M500 and redshift z, the model predicts the
electronic pressure profile. This gives both the SZ profile shape
and Y500, the SZ flux integrated in a sphere of radius r500.

3.1. Cluster shape

The dimensionless universal pressure profile is taken from
Eqs. (B1) and (B2) of Arnaud et al. (2010):

P(r)
P500

=
P0

xγ(1 + xα)(β−γ)/α (3)

where x = r/rs with rs = r500/c500 and c500 = 1.156,α = 1.0620,
β = 5.4807, γ = 0.3292 and with P500 defined in Eq. (4) below.

This profile shape is used to optimise the SZ signal detec-
tion. As described below in Sect. 4, we extract the YSZ flux from
WMAP data for each ROSAT system fixing c500, α, β, γ to the
above values, but leaving the normalisation free.

3.2. Normalisation

The model allows us to compute the physical pressure profile
as a function of mass and z, thus the YSZ−M500 relation by in-
tegration of P(r) to r500. For the shape parameters given above,
the normalisation parameter P0 = 8.130 h3/2

70 = 7.810 and the
self-similar definition of P500 (Arnaud et al. 2010, Eq. (5) and
Eq. (B2)),

P500 = 1.65×10−3E(z)8/3

⎛⎜⎜⎜⎜⎝
M500

3 × 1014 h−1
70 M�

⎞⎟⎟⎟⎟⎠
2/3

h2
70 keV cm−3, (4)
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one obtains:

Y500 [arcmin2] = Y∗500

(
M500

3 × 1014 h−1 M�

)5/3

× E(z)2/3

(
Dang(z)

500 Mpc

)−2

, (5)

where Y∗500 = 1.54 × 10−3
(

h
0.719

)−5/2
arcmin2. Equivalently, one

can write:

Y500 [Mpc2] = Y∗500

(
M500

3 × 1014 h−1 M�

)5/3

E(z)2/3 (6)

where Y∗500 = 3.27 × 10−5
(

h
0.719

)−5/2
Mpc2. Details of unit con-

versions are given in Appendix B. The mass dependence (M5/3
500)

and the redshift dependence (E(z)2/3) of the relation are self-
similar by construction. This model is used to predict the Y500
value for each cluster. These predictions are compared to the
WMAP-measured values in Figs. 3–6.

4. Extraction of the SZ flux

4.1. Multifrequency matched filters

We use multifrequency matched filters to estimate cluster fluxes
from the WMAP frequency maps. By incorporating prior knowl-
edge of the cluster signal, i.e., its spatial and spectral characteris-
tics, the method maximally enhances the signal-to-noise of a SZ
cluster source by optimally filtering the data. The universal pro-
file shape described in Sect. 3 is assumed, and we evaluate the
effects of uncertainty in this profile as outlined in Sect. 5 where
we discuss our overall error budget. We fix the position and the
characteristic radius θs of each cluster and estimate only its flux.
The position is taken from the NORAS/REFLEX catalogue and
θs = θ500/c500 with θ500 derived from X-ray data as described
in Sect. 2.2. Below, we recall the main features of the multifre-
quency matched filters. More details can be found in Herranz
et al. (2002) or Melin et al. (2006).

Consider a cluster with known radius θs and unknown central
y-value yo positioned at a known point xo on the sky. The region
is covered by the five WMAP maps Mi(x) at frequencies νi = 23,
33, 41, 61, 94 GHz (i = 1, ..., 5). We arrange the survey maps
into a column vector M(x) whose ith component is the map at
frequency νi. The maps contain the cluster SZ signal plus noise:

M(x) = yo jνTθs (x − xo) + N(x) (7)

where N is the noise vector (whose components are noise maps
at the different observation frequencies) and jν is a vector with
components given by the SZ spectral function jν evaluated at
each frequency. Noise in this context refers to both instrumental
noise as well as all signals other than the cluster thermal SZ ef-
fect; it thus also comprises astrophysical foregrounds, for exam-
ple, the primary CMB anisotropy, diffuse Galactic emission and
extragalactic point sources. Tθs (x − xo) is the SZ template, tak-
ing into account the WMAP beam, at projected distance (x− xo)
from the cluster centre, normalised to a central value of unity
before convolution. It is computed by integrating along the line-
of-sight and normalising the universal pressure profile (Eq. (3)).
The profile is truncated at 5 × r500 (i.e. beyond the virial radius)
so that what is actually measured is the flux within a cylinder of
aperture radius 5 × r500.

X-ray observations are typically well-constrained out to r500.
Our decision to integrate out to 5 × r500 is motivated by the fact

that for the majority of clusters the radius r500 is of order the
Healpix pixel size (nside= 512, pixel= 6.87 arcmin). Integrating
only out to r500 would have required taking into account that
only a fraction of the flux of some pixels contributes to the true
SZ flux in a cylinder of aperture radius r500. We thus obtain the
total SZ flux of each cluster by integrating out to 5 × r500, and
then convert this to the value in a sphere of radius r500 for direct
comparison with the X-ray prediction.

The multifrequency matched filters Ψθs (x) return a mini-
mum variance unbiased estimate, ŷo, of yo when centered on the
cluster:

ŷo =

∫
d2x Ψθs

t(x − xo) · M(x) (8)

where superscript t indicates a transpose (with complex conju-
gation when necessary). This is just a linear combination of the
maps, each convolved with its frequency-specific filter (Ψθs )i.
The result expressed in Fourier space is:

Ψθs (k) = σ2
θs

P−1(k) · Fθs (k) (9)

where

Fθs (k) ≡ jνTθs (k) (10)

σθs ≡
[∫

d2k Fθs
t(k) · P−1 · Fθs (k)

]−1/2

(11)

with P(k) being the noise power spectrum, a matrix in fre-
quency space with components Pi j defined by 〈Ni(k)N∗j (k

′)〉N =
Pi j(k)δ(k − k′). The quantity σθs gives the total noise variance
through the filter, corresponding to the statistical errors quoted
in this paper. The other uncertainties are estimated separately as
described in Sect. 5.1. The noise power spectrum P(k) is directly
estimated from the maps: since the SZ signal is subdominant at
each frequency, we assume N(x) ≈ M(x) to do this calculation.
We undertake the Fourier transform of the maps and average
their cross-spectra in annuli with width Δl = 180.

4.2. Measurements of the SZ flux

The derived total WMAP flux from a cylinder of aperture radius
5×r500 (Ycyl

5r500) for the 893 individual NORAS/REFLEX clusters
is shown as a function of the measured X-ray luminosity L500 in
the left-hand panel of Fig. 2. The clusters are barely detected
individually. The average signal-to-noise ratio (S/N) of the total
population is 0.26 and only 29 clusters are detected at S/N > 2,
the highest detection being at 4.2. However, one can distinguish
the deviation towards positive flux at the very high luminosity
end.

In the right-hand panel of Fig. 2, we average the 893 mea-
surements in four logarithmically-spaced luminosity bins (red
diamonds plotted at bin center). The number of clusters are 7,
150, 657, 79 from the lowest to the highest luminosity bin. Here
and in the following, the bin average is defined as the weighted
mean of the SZ flux in the bin (weight of 1/σ2

θs
). The thick er-

ror bars correspond to the statistical uncertainties on the WMAP
data only, while the thin bar gives the total errors as discussed in
Sect. 5.1. The SZ signal is clearly detected in the two highest lu-
minosity bins (at 6.0 and 5.4σ, respectively). As a demonstrative
check, we have undertaken the analysis a second time using ran-
dom cluster positions. The result is shown by the green triangles
in Fig. 2 and is consistent with no SZ signal, as expected.

In the following sections, we study both the relation between
the SZ signal and the X-ray luminosity and that with the mass
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Fig. 2. Left: estimated SZ flux from a cylinder of aperture radius 5 × r500 (Ycyl
5r500) as a function of the X-ray luminosity in an aperture of r500 (L500),

for the 893 NORAS/REFLEX clusters. The individual clusters are barely detected. The bars give the total 1σ error. Right: Red diamonds are the
weighted average signal in 4 logarithmically-spaced luminosity bins. The two high luminosity bins exhibit significant SZ cluster flux. Note that
we have divided the vertical scale by 30 between Fig. left and right. The thick and thin bars give the 1σ statistical and total errors, respectively.
Green triangles (shifted up by 20% with respect to diamonds for clarity) show the result of the same analysis when the fluxes of the clusters are
estimated at random positions instead of true cluster positions.

M500. We consider Y500, the SZ flux from a sphere of radius
r500, converting the measured Ycyl

5r500 into Y500 as described in
Appendix A. This allows a more direct comparison with the
model derived from X-ray observations (Sect. 3). Before pre-
senting the results, we first discuss the overall error budget.

5. Overall error budget

5.1. Error due to dispersion in X-ray properties

The error σθs on Y500 given by the multifrequency matched fil-
ter only includes the statistical SZ measurement error, due to the
instrument (beam, noise) and to the astrophysical contaminants
(primary CMB, Galaxy, point sources). However, we must also
take into account: 1) uncertainties on the cluster mass estimation
from the X-ray luminosities via the L500 − M500 relation, 2) un-
certainties on the cluster profile parameters. These are sources of
error on individual Y500 estimates (actual parameters for each in-
dividual cluster may deviate somewhat from the average cluster
model). These deviations from the mean, however, induce addi-
tional random uncertainties on statistical quantities derived from
Y500, i.e. bin averaged Y500 values and the Y500−L500 scaling rela-
tion parameters. Their impact on the Y500−M500 relation, which
depends directly on the M500 estimates, is also an additional ran-
dom uncertainty.

The uncertainty on M500 is dominated by the intrinsic dis-
persion in the L500−M500 relation. Its effect is estimated by a
Monte Carlo (MC) analysis of 100 realisations. We use the dis-
persion at z = 0 as estimated by Pratt et al. (2009), given in
Table 1. For each realisation, we draw a random mass log M500
for each cluster from a Gaussian distribution with mean given by
the L500−M500 relation and standard deviation σlog L−log M/αM.
We then redo the full analysis (up to the fitting of the YSZ scaling
relations) with the new values of M500 (thus θs).

The second uncertainty is due to the observed dispersion
in the cluster profile shape, which depends on radius as shown
in Arnaud et al. (2010, σlog P ∼ 0.10 beyond the core). Using
new 100 MC realisations, we estimate this error by drawing a
cluster profile in the log-log plane from a Gaussian distribution

with mean given by Eq. (3) and standard deviation depending on
the cluster radius as shown in the lower panel of Fig. 2 in Arnaud
et al. (2010).

The total error on Y500 and on the scaling law parameters
is calculated from the quadratic sum of the standard deviation
of both the above MC realisations and the error due to the SZ
measurement uncertainty.

5.2. The Malmquist bias

The NORAS/REFLEX sample is flux limited and is thus subject
to the Malmquist bias (MB). This is a source of systematic er-
ror. Ideally we should use a L500−M500 relation which takes into
account the specific bias of the sample, i.e. computed from the
true L500−M500 relation, with dispersion and bias according to
each survey selection function. We have an estimate of the true,
ie MB corrected, L500−M500 relation, from the published anal-
ysis of REXCESS data (Table 1). However, while the REFLEX
selection function is known and available, this is not the case
for the NORAS sample. This means that we cannot perform a
fully consistent analysis. In order to estimate the impact of the
Malmquist Bias we thus present, in the following, results for two
cases.

In the first case, we use the published L500−M500 relation de-
rived directly from the REXCESS data, i.e. not corrected for the
REXCESS MB (hereafter the REXCESS L500−M500 relation).
Note that the REXCESS is a sub-sample of REFLEX. Using
this relation should result in correct masses if the Malmquist
bias for the NORAS/REFLEX sample is the same as that for the
REXCESS. The Y500−M500 relation derived in this case would
also be correct and could be consistently compared with the X-
ray predicted relation. We recall that this relation was derived
from pressure and mass measurements that are not sensitive to
the Malmquist bias. However L500 would remain uncorrected so
that the Y500−L500 relation derived in this case should be viewed
as a relation uncorrected for the Malmquist bias. In the second
case, we use the MB corrected L500−M500 relation (hereafter the
intrinsic L500−M500 relation). This reduces to assuming that the
Malmquist bias is negligible for the NORAS/REFLEX sample.
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Fig. 3. Left: bin averaged SZ flux from a sphere of radius r500 (Y500) as a function of X-ray luminosity in a aperture of r500 (L500). The WMAP
data (red diamonds and crosses), the SZ cluster signal expected from the X-ray based model (blue stars) and the combination of the Y500−M500

and L500−M500 relations (dash and dotted dashed lines) are given for two analyses, using respectively the intrinsic L500−M500 and the REXCESS

L500−M500 relations. As expected, the data points do not change significantly from one case to the other showing that the Y500-L500 relation is rather
insensitive to the finer details of the underlying L500−M500 relation. Right: ratio of data points to model for the two analysis. The points for the
analysis undertaken with the intrinsic L500−M500 are shifted to lower luminosities by 20% for clarity.

The comparison of the two analyses provides an estimate of the
direction and amplitude of the effect of the Malmquist bias on
our results. The REXCESS L500−M500 relation is expected to be
closer to the L500−M500 relation for the NORAS/REFLEX sam-
ple than the intrinsic relation. The discussions and figures cor-
respond to the results obtained when using the former, unless
explicitly specified.

The choice of the L500−M500 relation has an effect both on
the estimated L500, M500 and Y500 values and on the expectation
for the SZ signal from the NORAS/REFLEX clusters. However,
for a cluster of given luminosity measured a given aperture, L500
depends weakly on the exact value of r500 due to the steep drop
of X-ray emission with radius. As a result, and although L500
and M500 (or equivalently r500) are determined jointly in the iter-
ative procedure described in Sect. 2.2, changing the underlying
L500−M500 relation mostly impacts the M500 estimate: L500 is es-
sentially unchanged (median difference of ∼0.8%) and the differ-
ence in M500 simply reflects the difference between the relations
at fixed luminosity. This has an impact on the measured Y500 via
the value of r500 (the profile shape being fixed) but the effect is
also small (<1%). This is due to the rapidly converging nature
of the YSZ flux (see Fig. 11 of Arnaud et al. 2010). On the other
hand, all results that depend directly on M500, namely the de-
rived Y500−M500 relation or the model value for each cluster, that
varies as M5/3

500 (Eq. (5)), depend sensitively on the L500−M500 re-
lation. M500 derived from the intrinsic relation is higher, an ef-
fect increasing with decreasing cluster luminosity (see Fig. B2
of Pratt et al. 2009).

5.3. Other possible sources of uncertainty

The analysis presented in this paper has been performed on
the entire NORAS/REFLEX cluster sample without removal of
clusters hosting radio point sources. To investigate the impact
of the point sources on our result, we have cross-correlated the
NVSS (Condon et al. 1998) and SUMMS (Mauch et al. 2003)
catalogues with our cluster catalogue. We conservatively re-
moved from the analysis all the clusters hosting a total radio
flux greater than 1 Jy within 5 × r500. This leaves 328 clusters

in the catalogue, removing the measurements with large uncer-
tainties visible in Fig. 2 left. We then performed the full analysis
on these 328 objects up to the fitting of the scaling laws, find-
ing that the impact on the fitted values is marginal. For example,
for the REXCESS case, the normalisation of the Y500−M500 rela-
tion decreases from 1.60 to 1.37 (1.6 statistical σ) and the slope
changes from 1.79 to 1.64 (1 statistical σ). The statistical errors
on these parameters decrease respectively from 0.14 to 0.30 and
from 0.15 to 0.40 due to the smaller number of remaining clus-
ters in the sample.

The detection method does not take into account superposi-
tion effects along the line of sight, a drawback that is inherent
to any SZ observation. Thus we cannot fully rule out that our
flux estimates are not partially contaminated by low mass sys-
tems surrounding the clusters of our sample. Numerical simu-
lations give a possible estimate of the contamination: Hallman
et al. (2007) suggest that low-mass systems and unbound gas
may contribute up to 16.3%+7%

−6.4% of the SZ signal. This would
lower our estimated cluster fluxes by ∼1.5σ.

6. The YSZ–L500 relation

6.1. WMAP SZ measurements vs. X-ray model

We first consider bin averaged data, focusing on the luminosity
range L500 ∼> 1043 ergs/s where the SZ signal is significantly de-
tected (Fig. 2 right). The left panel of Fig. 3 shows Y500 from
a sphere of radius r500 as a function of L500, averaging the data
in six equally-spaced logarithmic bins in X-ray luminosity. Both
quantities are scaled according to their expected redshift depen-
dence. The results are presented for the analyses based on the
REXCESS (red diamonds) and intrinsic (red crosses) L500−M500
relations. For the reasons discussed in Sect. 5.2, the derived data
points do not differ significantly between the two analyses (Fig. 3
left), confirming that the measured Y500−L500 relation is insensi-
tive to the finer details of the underlying L500−M500 relation.

We also apply the same averaging procedure to the model
Y500 values derived for each cluster in Sect. 3. The expected
values for the same luminosity bins are plotted as stars in the
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Table 2. Fitted parameters for the observed YSZ–L500 relation.

L500−M500 Y∗L500 [10−3 (h/0.719)−2 arcmin2] αL
Y βL

Y
REXCESS 0.92 ± 0.08 stat [±0.10 tot] 1.11 (fixed) 2/3 (fixed)

0.88 ± 0.10 stat [±0.12 tot] 1.19 ± 0.10 stat [±0.10 tot] 2/3 (fixed)
0.90 ± 0.13 stat [±0.16 tot] 1.11 (fixed) 1.05 ± 2.18 stat [±2.25 tot]

Intrinsic 0.95 ± 0.09 stat [±0.11 tot] 1.04 (fixed) 2/3 (fixed)
0.89 ± 0.10 stat [±0.12 tot] 1.19 ± 0.10 stat [±0.10 tot] 2/3 (fixed)
0.89 ± 0.13 stat [±0.16 tot] 1.04 (fixed) 2.06 ± 2.14 stat [±2.21 tot]

Notes. The X-ray based model gives Y∗L500 = 0.89|1.07× 10−3 (h/0.719)−5/2 arcmin2, αL
Y = 1.11|1.04 and βL

Y = 2/3 for the REXCESS and intrinsic
L500−M500 relation, respectively.

left-hand hand panel of Fig. 3. The Y500−L500 relation expected
from the combination of the Y500−M500 (Eq. (5)) and L500−M500
(Eq. (2)) relations is superimposed to guide the eye. The right-
hand panel of Fig. 3 shows the ratio between the measured
data points and those expected from the model. As discussed
in Sect. 5.2, the model values depend on the assumed L500−M500
relation. The difference is maximum in the lowest luminosity bin
where the intrinsic relation yields ∼40% higher value than the
REXCESS relation (Fig. 3 left panel). The SZ model prediction
and the data are in good agreement, but the agreement is better
when the REXCESS L500−M500 is used in the analysis (Fig. 3
right panel). This is expected if indeed the agreement is real and
the effective Malmquist bias for the NORAS/REFLEX sample
is not negligible and is similar to that of the REXCESS.

6.2. Y500–L500 relation fit

Working now with the individual flux measurements, Y500, and
L500 values, we fit an Y500−L500 relation of the form:

Y500 = Y∗L500

(
E(z)−7/3L500

1044h−2erg/s

)αL
Y

E(z)β
L
Y

(
Dang(z)

500 Mpc

)−2

(12)

using the statistical error on Y500 given by the multifrequency
matched filter. The total error is estimated by Monte Carlo (see
Sect. 5.1) but is dominated by the statistical error. The results
are presented in Table 2. As already stated in Sect. 6.1, the fitted
values depend only weakly on the choice of L500−M500 relation.

7. The YSZ–M500 relation and its evolution

In this section, we study the mass and redshift dependence
of the SZ signal and check it against the X-ray based model.
Furthermore, we fit the Y500−M500 relation and compare it with
the X-ray predictions.

7.1. Mass dependence and redshift evolution

Figure 4 shows the bin averaged SZ flux measurement as a func-
tion of mass compared to the X-ray based model prediction. As
expected, the SZ cluster flux increases as a function of mass and
is compatible with the model. In order to study the behaviour of
the SZ flux with redshift, we subdivide each of the four mass bins
into three redshift bins corresponding to the following ranges:
z < 0.08, 0.08 < z < 0.18, z > 0.18. The result is shown in the
left panel of Fig. 5. In a given mass bin the SZ flux decreases
with redshift, tracing the Dang(z)−2 dependence of the flux. In
particular, in the highest mass bin (1015 M�), the SZ flux de-
creases from 0.007 to 0.001 arcmin2 while the redshift varies

Fig. 4. Estimated SZ flux Y500 (in a sphere of radius r500) as a function of
the mass M500 averaged in 4 mass bins. Red diamonds are the WMAP
data. Blue stars correspond to the X-ray based model predictions and
are shifted to higher masses by 20% for clarity. The model is in very
good agreement with the data.

from z < 0.08 to z > 0.18. The mass and the redshift depen-
dence are in good agreement with the model (stars) described in
Sect. 3.

Since the Dang(z)−2 dependence is the dominant effect in the
redshift evolution, we multiply Y500 by Dang(z)2 and divide it
by the self-similar mass dependence M5/3

500. The expected self-

similar behaviour of the new quantity Y500Dang(z)2/M5/3
500 as a

function of redshift is E(z)2/3 (see Eq. (5)). The right panel of
Fig. 5 shows Y500Dang(z)2/M5/3

500 as a function of redshift for the
three redshift bins z < 0.08, 0.08 < z < 0.18, z > 0.18. The
points have been centered at the average value of the cluster red-
shifts in each bin. The model is displayed as blue stars. Since
the model has a self-similar redshift dependence and E(z)2/3 in-
creases only by a factor of 5% over the studied redshift range,
the model stays nearly constant. The blue dotted line is plotted
through the model and varies as E(z)2/3. The data points are in
good agreement with the model, but clearly, the redshift lever-
age of the sample is insufficient to put strong constraints on the
evolution of the scaling laws.

We now focus on the mass dependence of the relation. We
scale the SZ flux with the expected redshift dependence and plot
it as a function of mass. The result is shown in Fig. 6 for the high
mass end. The figure shows a very good agreement between the
data points and the model, which is confirmed by fitting the re-
lation to the individual SZ flux measurements (see next section).
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Fig. 5. Evolution of the Y500-M500 relation. Left: the WMAP data from Fig. 4 are divided into three redshift bins: z < 0.08 (blue diamonds),
0.08 < z < 0.18 (green crosses), z > 0.18 (red triangles). We observe the expected trend: at fixed mass, Y500 decreases with redshift. This
redshift dependence is mainly due to the angular distance (Y500 ∝ Dang(z)−2). The stars give the prediction of the model. Right: we divide Y500 by
M5/3

500Dang(z)−2 and plot it as a function of z to search for evidence of evolution in the Y500−M500 relation. The thick bars give the 1σ statistical
errors from WMAP data. The thin bars give the total 1 sigma errors.

Fig. 6. Left: zoom on the >5× 1013 M� mass range of the Y500−M500 relation shown in Fig. 4. The data points and model stars are now scaled with
the expected redshift dependence and are placed at the mean mass of the clusters in each bin. Right: ratio between data and model.

7.2. Y500−M500 relation fit

Using the individual Y500 measurements and M500 estimated
from the X-ray luminosity, we fit a relation of the form:

Y500 = Y∗500

(
M500

3 × 1014h−1M�

)αY

E(z)βY

(
Dang(z)

500 Mpc

)−2

. (13)

The results are presented in Table 3 for the analysis undertaken
using the REXCESS and that using the intrinsic L500−M500 rela-
tion. The pivot mass 3×1014h−1 M�, close to that used by Arnaud
et al. (2010), is slightly larger than the average mass of the sam-
ple (2.8|2.5× 1014 M� for the REXCESS|intrinsic L500−M500 re-
lation, respectively). We use a non-linear least-squares fit built
on a gradient-expansion algorithm (IDL curvefit function). In the
fitting procedure, only the statistical errors given by the matched
multifilter (σY500 ) are taken into account. The total errors on the
final fitted parameters, taking into account uncertainties in X-ray
properties, are estimated by Monte Carlo as described in Sect. 5.

We first discuss the results obtained using the REXCESS

L500−M500 relation, which is expected to be close to the opti-
mal case (see discussion in Sect. 5.2). First, we keep the mass
and redshift dependence fixed to the self-similar expectation
(αY = 5/3, βY = 2/3) and we fit only the normalisation. We ob-
tain Y∗500 = 1.60 × 10−3 (h/0.719)−2 arcmin2, in agreement with
the X-ray prediction Y∗500 = 1.54 × 10−3 (h/0.719)−5/2 arcmin2

(at 0.4σ). Then, we relax the constraint on αY and fit the nor-
malisation and mass dependence at the same time. We obtain a
value for αY = 1.79, slightly greater than the self-similar ex-
pectation (5/3) by 0.8σ. To study the redshift dependence of the
effect, we fix the mass dependence to αY = 5/3 and fit Y∗500 and
βY at the same time. We obtain a somewhat stronger evolution
βY = 1.05 than the self-similar expectation (2/3). The difference,
however, is not significant (0.2σ). As already mentioned above
(see also Fig. 5 right), the redshift leverage is too small to get
interesting constraints on βY.

As cluster mass estimates depend on the assumption of the
underlying L500−M500 relation, so does the derived Y500−M500
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Table 3. Fitted parameters for the observed YSZ–M500 relation.

L500−M500 relation Y∗500 [10−3 (h/0.719)−2 arcmin2] αY βY

REXCESS 1.60 ± 0.14 stat [±0.19 tot] 5/3 (fixed) 2/3 (fixed)
1.60 ± 0.15 stat [±0.19 tot] 1.79 ± 0.15 stat [±0.17 tot] 2/3 (fixed)
1.57 ± 0.23 stat [±0.29 tot] 5/3 (fixed) 1.05 ± 2.18 stat [±2.52 tot]

intrinsic 1.37 ± 0.12 stat [±0.17 tot] 5/3 (fixed) 2/3 (fixed)
1.36 ± 0.13 stat [±0.17 tot] 1.91 ± 0.16 stat [±0.18 tot] 2/3 (fixed)
1.28 ± 0.19 stat [±0.24 tot] 5/3 (fixed) 2.06 ± 2.14 stat [±2.48 tot]

Notes. The X-ray based model gives Y∗500 = 1.54 × 10−3 (h/0.719)−5/2 arcmin2, αY = 5/3 and βY = 2/3.

relation as well. However, the effect is small. The normalisa-
tion is shifted from (1.60 ± 0.14 stat [±0.19 tot]) 10−3 arcmin2 to
(1.37 ± 0.12 stat [±0.17 tot]) 10−3 arcmin2 when using the in-
trinsic L500−M500 relation. The difference is less than two sta-
tistical sigmas, and for the mass exponent, it is less than one.

8. Discussion and conclusions

In this paper we have investigated the SZ effect and its scal-
ing with mass and X-ray luminosity using WMAP 5-year data
of the largest published X-ray-selected cluster catalogue to
date, derived from the combined NORAS and REFLEX sam-
ples. Cluster SZ flux estimates were made using an optimised
multifrequency matched filter. Filter optimisation was achieved
through priors on the pressure distribution (i.e., cluster shape)
and the integration aperture (i.e., cluster size). The pressure dis-
tribution is assumed to follow the universal pressure profile of
Arnaud et al. (2010), derived from X-ray observations of the
representative local REXCESS sample. This profile is the most
realistic available for the general population at this time, and has
been shown to be in good agreement with recent high-quality SZ
observations from SPT (Plagge et al. 2010). Furthermore, our
analysis takes into account the dispersion in the pressure distri-
bution. The integration aperture is estimated from the L500−M500
relation of the same REXCESS sample. We emphasise that these
two priors determine only the input spatial distribution of the
SZ flux for use by the multifrequency matched filters; the priors
give no information on the amplitude of the measurement. As
the analysis uses minimal X-ray data input, the measured and
X-ray predicted SZ fluxes are essentially independent.

We studied the YSZ−LX relation using both bin averaged
analyses and individual flux measurements. The fits using in-
dividual flux measurements give quantitative results for calibrat-
ing the scaling laws. The bin averaged analyses allow a direct
quantitative check of SZ flux measurements versus X-ray model
predictions based on the universal pressure profile derived by
Arnaud et al. (2010) from REXCESS. An excellent agreement is
found.

Using WMAP 3-year data, both Lieu et al. (2006) and
Bielby & Shanks (2007) found that the SZ signal strength is
lower than predicted given expectations from the X-ray proper-
ties of their clusters, concluding that that there is some missing
hot gas in the intra-cluster medium. The excellent agreement be-
tween the SZ and X-ray properties of the clusters in our sample
shows that there is in fact no deficit in SZ signal strength rel-
ative to expectations from X-ray observations. Due to the large
size and homogeneous nature of our sample, and the internal
consistency of our baseline cluster model, we believe our results
to be robust in this respect. We note that there is some confu-
sion in the literature regarding the phrase “missing baryons”.

The “missing baryons” mentioned by Afshordi et al. (2007) in
the WMAP 3-year data are missing with respect to the univer-
sal baryon fraction, but not with respect to the expectations from
X-ray measurements. Afshordi et al. (2007) actually found good
agreement between the strength of the SZ signal and the X-ray
properties of their cluster sample, a conclusion that agrees with
our results. This good convergence between SZ direct measure-
ments and X-ray data is an encouraging step forward for the pre-
diction and interpretation of SZ surveys.

Using L500 as a mass proxy, we also calibrated the Y500−M500
relation, finding a normalisation in excellent agreement with
X-ray predictions based on the universal pressure profile, and
a slope consistent with self-similar expectations. However, there
is some indication that the slope may be steeper, as also indicated
from the REXCESS analysis when using the best fitting empiri-
cal M500-YX relation (Arnaud et al. 2010). M500 depends on the
assumed L500−M500 relation, making the derived Y500−M500 re-
lation sensitive to Malmquist bias which we cannot fully account
for in our analysis. However, we have shown that the effect of
Malmquist bias on the present results is less than 2σ (statisti-
cal).

Regarding evolution, we have shown observationally that the
SZ flux is indeed sensitive to the angular size of the cluster
through the diameter distance effect. For a given mass, a low
redshift cluster has a bigger integrated SZ flux than a similar
system at high redshift, and the redshift dependence of the in-
tegrated SZ flux is dominated by the angular diameter distance
(∝ D2

ang(z) ). However, the redshift leverage of the present clus-
ter sample is too small to put strong contraints on the evolution
of the Y500−L500 and Y500−M500 relations. We have nevertheless
checked that the observed evolution is indeed compatible with
the self-similar prediction.

In this analysis, we have compensated for the poor sensitivity
and resolution of the WMAP experiment (regarding SZ science)
with the large number of known ROSAT clusters, leading to self-
consistent and robust results. We expect further progress using
upcoming Planck all-sky data. While Planck will offer the possi-
bility of detecting the clusters used in this analysis to higher pre-
cision, thus significantly reducing the uncertainty on individual
measurements, the question of evolution will not be answered
with the present RASS sample due to its limited redshift range.
A complementary approach will thus be to obtain new high sen-
sitivity SZ observations of a smaller sample. The sample must
be representative, cover a wide mass range, and extend to higher
z (e.g., XMM-Newton follow-up of samples drawn from Planck
and ground based SZ surveys). This would deliver efficient con-
straints not only on the normalisation and slope of the YSZ−LX
and YSZ−M relations, but also their evolution, opening the way
for the use of SZ surveys for precision cosmology.
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Appendix A: SZ flux definitions

In this Appendix, we give the definitions of SZ fluxes we used.
Table A.1 gives the equivalence between them. In this paper, we
mainly use Y500 as the definition of the SZ flux. This flux is the
integrated SZ flux from a sphere of radius r500. It can be related
to Ynr500, the flux from a sphere of radius n × r500 by integrating
over the cluster profile:

Ynr500 = Y500

∫ nr500

0
drP(r)4πr2

∫ r500

0
drP(r)4πr2

(A.1)

where P(r) is given by Eq. (3). The ratio Ynr500/Y500 is given in
Table A.1 for n = 1, 2 , 3 , 5 , 10.

In practice, an experiment does not directly measure Y500 but
the SZ signal of a cluster integrated along the line of sight and
within an angular aperture. This corresponds to the Compton pa-
rameter integrated over a cylindrical volume. In Sect. 4, we esti-
mate Ycyl

5r500, the flux from a cylinder of aperture radius 5 × r500
using the matched multifilter. Given the cluster profile, we can
derive Ynr500 from Ycyl

nr500:

Ycyl
nr500 = Ynr500

∫ ∞
0

dr
∫

r sin θ<nr500
dθ P(r)2πr2

∫ nr500

0
drP(r)4πr2

· (A.2)

The ratio Ynr500/Y
cyl
nr500 is given in Table A.1 for n =

1, 2 , 3 , 5 , 10. In the paper, we calculate Y500 from Y500 =

0.986/1.814× Ycyl
5r500.

Table A.1. Equivalence of SZ flux definitions

n 1 2 3 5 10
Ynr500/Y500 1 1.505 1.690 1.814 1.873

Ynr500/Y
cyl
nr500 0.827 0.930 0.963 0.986 0.997

Appendix B: SZ units conversion

In this Appendix, we provide the numerical factor needed for
the SZ flux units conversion and derive the relation between the
recently introduced YX parameter and the SZ flux YSZ. The latter
will allow readers to easily convert between SZ fluxes given in
this paper and those reported in other publications.

Given the definition of SZ flux:

Ycyl
nr500 =

∫

Ωnr500

dΩ y (B.1)

where Ωnr500 is the solid angle covered by n × r500, and the fact
that the Compton parameter y is unitless, the observational units

for the SZ flux are those of a solid angle and usually given in
arcmin2.

The SZ flux can be also computed in units of Mpc2 and the
conversion is given by

YSZ[Mpc2] = 60−2
(
π

180

)2
YSZ[arcmin2]

(
Dang(z)

1 Mpc

)2

= 8.46 × 10−8 YSZ[arcmin2]

(
Dang(z)

1 Mpc

)2

(B.2)

where Dang(z) is the angular distance to the cluster.

The X-ray analogue of the integrated SZ Comptonisation pa-
rameter is YX = Mgas,500TX whose natural units are M� keV,
where Mgas,500 is the gas mass in r500 and TX is the spectroscopic
temperature excluding the central 0.15 r500 region (Kravtsov
et al. 2006). To convert between YSZ and YX, we first have

YSZ[Mpc2] =
∫ r500

0
drσT

Te(r)
mec2

ne(r)4πr2 (B.3)

where σT is the Thomson cross section (in Mpc2), mec2 the elec-
tron mass (in keV), Te(r) the electronic temperature (in keV) and
ne(r) the electronic density. By assuming that the gas tempera-
ture Tg(r) is equal to the electronic temperature Te(r) and writ-
ing the gas density as ρg(r) = μempne(r), where mp is the proton
mass and μe = 1.14 the mean molecular weight per free electron,
one obtains:

YSZ[Mpc2] =
σT

mec2

1
μemp

∫ r500

0
dr ρg(r) Tg(r)4πr2

= CXSZ Mgas,500 TMW = A CXSZ YX (B.4)

where, as in Arnaud et al. (2010), we defined

CXSZ =
σT

mec2

1
μemp

= 1.416 × 10−19 Mpc2

M� keV
· (B.5)

The mass weighted temperature is defined as:

TMW =

∫ r500

0
dr ρg(r) Tg(r)4πr2

∫ r500

0
dr ρg(r)4πr2

(B.6)

and the factor A = TMW/TX takes into account for the difference
between mass weighted and spectroscopic average temperatures.
Arnaud et al. (2010) find A ∼ 0.924.
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ABSTRACT

All-sky data from the Planck survey and the Meta-Catalogue of X-ray detected Clusters of galaxies (MCXC) are combined to investigate the
relationship between the thermal Sunyaev-Zeldovich (SZ) signal and X-ray luminosity. The sample comprises ∼1600 X-ray clusters with redshifts
up to ∼1 and spans a wide range in X-ray luminosity. The SZ signal is extracted for each object individually, and the statistical significance of the
measurement is maximised by averaging the SZ signal in bins of X-ray luminosity, total mass, or redshift. The SZ signal is detected at very high
significance over more than two decades in X-ray luminosity (1043 erg s−1 � L500E(z)−7/3 � 2 × 1045 erg s−1). The relation between intrinsic SZ
signal and X-ray luminosity is investigated and the measured SZ signal is compared to values predicted from X-ray data. Planck measurements and
X-ray based predictions are found to be in excellent agreement over the whole explored luminosity range. No significant deviation from standard
evolution of the scaling relations is detected. For the first time the intrinsic scatter in the scaling relation between SZ signal and X-ray luminosity
is measured and found to be consistent with the one in the luminosity – mass relation from X-ray studies. There is no evidence of any deficit in
SZ signal strength in Planck data relative to expectations from the X-ray properties of clusters, underlining the robustness and consistency of our
overall view of intra-cluster medium properties.

Key words. galaxies: clusters: intracluster medium – X-rays: galaxies: clusters – cosmology: observations

1. Introduction

Clusters of galaxies are filled with a hot, ionised, intra-cluster
medium (ICM) visible both in the X-ray band via thermal
bremsstrahlung and from its distortion of the cosmic microwave
background (CMB) from inverse Compton scattering, i.e., the
Sunyaev-Zeldovich effect (Sunyaev & Zeldovich 1970, 1972,

� Corresponding author: R. Piffaretti,
e-mail: rocco.piffaretti@cea.fr

SZ, hereafter). The SZ signal can be divided into a kinetic SZ
and a thermal SZ effect, originating from bulk and thermal mo-
tions of ICM electrons, respectively. Since the kinetic SZ is
a second-order effect, we only consider the thermal SZ effect.
Because of the different scaling of SZ and X-ray fluxes with
electron density and temperature, SZ and X-ray observations
are highly complementary. The combination of information from
these two types of observations is a powerful one for cosmologi-
cal studies, as well as for improving our understanding of cluster
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physics (see Birkinshaw 1999, for a review). In this framework,
it is paramount to investigate to what degree the ICM properties
inferred from SZ and X-ray data agree.

Unfortunately, there is currently no consensus on whether
predictions for the SZ signal based on ICM properties derived
from X-ray observation agree with direct SZ observations, ham-
pering our understanding of the involved physics. Lieu et al.
(2006) find evidence of a weaker SZ signal in the 3-year WMAP
data than expected from ROSAT observations for 31 X-ray clus-
ters. Bielby & Shanks (2007) reach similar conclusions using
the same WMAP data and ROSAT sample and the additional
Chandra data for 38 clusters. Conversely, Afshordi et al. (2007)
find good agreement between the strength of the SZ signal in
WMAP 3-year data and the X-ray properties of their sample
of 193 massive galaxy clusters. The last findings are supported
further by the results of Atrio-Barandela et al. (2008), whose
analysis is based on the same SZ data and a larger sample of
661 clusters. Diego & Partridge (2010) argue that a large con-
tamination from point sources is needed to reconcile the SZ sig-
nal seen in the WMAP 5-year data with what is inferred from
a large sample of ROSAT clusters. However, using the same SZ
data and a slightly larger but similar sample of ROSAT clus-
ters, Melin et al. (2011) find good agreement between SZ signal
and expectations. The latter finding is confirmed by the work by
Andersson et al. (2011), where high quality Chandra data for
15 South Pole Telescope clusters are used. Finally, the WMAP
7-year data analysis by Komatsu et al. (2011) argues for a deficit
of SZ signal compared to expectations, especially at low masses.

Improved understanding of this issue is clearly desired, since
it would provide invaluable knowledge about clusters of galax-
ies and aid in the interpretation and exploitation of SZ surveys
such as the South Pole Telescope (SPT, Carlstrom et al. 2011)
survey, the Atacama Cosmology Telescope (ACT, Fowler et al.
2007), and Planck1 (Tauber et al. 2010). Since August 2009 the
Planck satellite has been surveying the whole sky in nine fre-
quency bands with high sensitivity and a relatively high spa-
tial resolution. Planck data thus offer the unique opportunity to
fully explore this heavily debated issue. As part of a series of
papers on Planck early results on clusters of galaxies (Planck
Collaboration 2011d,e,f,g,h), we present a study of the relation-
ship between X-ray luminosity and SZ signal in the direction
of ∼1600 objects from the MCXC X-ray clusters compilation
(Piffaretti et al. 2011) and demonstrate that there is excellent
agreement between SZ signal and expectations from the X-ray
properties of clusters.

The paper is organised as follows. In Sect. 2 we briefly
describe the Planck data used in the analysis and present the
adopted X-ray sample. In Sect. 3 we present the baseline model
used in the paper. The model description is rather comprehen-
sive because the model is also adopted in the companion pa-
pers on Planck early results on clusters of galaxies (Planck
Collaboration 2011d,e,f,h). Section 4 describes how the SZ sig-
nal is extracted from Planck frequency maps at the position of
each MCXC cluster and how these are averaged in X-ray lu-
minosity bins. Our results are presented in Sect. 5 and robust-
ness tests are detailed in Sect. 6. Our findings are discussed and
summarised in 7.

1 Planck (http://www.esa.int/Planck) is a project of the
European Space Agency (ESA) with instruments provided by two sci-
entific consortia funded by ESA member states (in particular the lead
countries France and Italy), with contributions from NASA (USA) and
telescope reflectors provided by a collaboration between ESA and a sci-
entific consortium led and funded by Denmark.

When necessary we adopt a ΛCDM cosmology with H0 =
70 km s−1/Mpc, ΩM = 0.3 and ΩΛ = 0.7 throughout the paper.
The quantity E(z) is the ratio of the Hubble constant at redshift z
to its present value, H0, i.e., E(z)2 = Ωm(1 + z)3 + ΩΛ.

The total cluster mass M500 is defined as the mass within the
radius R500 within which the mean mass density is 500 times the
critical density of the universe, ρcrit(z), at the cluster redshift:
M500 =

4
3π ρcrit(z) 500 R3

500. We adopt an overdensity of 500
since R500 encloses a substantial fraction of the total virialised
mass of the system while being the largest radius probed in cur-
rent X-ray observations of large samples of galaxy clusters.

The SZ signal is characterised by Y500 defined as
D2

A(z) Y500 = (σT/mec2)
∫

PdV , where DA(z) is the angular dis-
tance to a system at redshift z, σT is the Thomson cross-section,
c the speed of light, me the electron rest mass, P = nekTe the
pressure, defined as the product of the electron number density
and temperature and the integration is performed over the sphere
of radius R500. The quantity Y500 is proportional to the apparent
magnitude of the SZ signal and D2

A Y500 is the spherically in-
tegrated Compton parameter, which, for simplicity, will be re-
ferred to as SZ signal or intrinsic SZ signal in the remainder of
the paper. All quoted X-ray luminosities are cluster rest frame
luminosities, converted to the [0.1–2.4] keV band.

2. Data

In the following subsections we present the Planck data and the
X-ray cluster sample used in our analysis. In order to avoid con-
tamination from galactic sources in the Planck data we exclude
the galactic plane: |b|≤ 14 deg from the maps. In addition, we ex-
clude clusters located less than 1.5× beam full width half maxi-
mum (FWHM) from point sources detected at more than 10σ in
any of the single frequency Planck maps, because such sources
can strongly affect SZ measurements.

2.1. SZ data set

Planck (Tauber et al. 2010; Planck Collaboration 2011a) is the
third generation space mission to measure the anisotropy of the
CMB. It observes the sky in nine frequency bands covering
30–857 GHz with high sensitivity and angular resolution from
31′ to 5′. The Low Frequency Instrument LFI; (Mandolesi et al.
2010; Bersanelli et al. 2010; Mennella et al. 2011) covers the
30, 44, and 70 GHz bands with amplifiers cooled to 20 K. The
High Frequency Instrument (HFI; Lamarre et al. 2010; Planck
HFI Core Team 2011a) covers the 100, 143, 217, 353, 545, and
857 GHz bands with bolometers cooled to 0.1 K. Polarisation is
measured in all but the highest two bands (Leahy et al. 2010;
Rosset et al. 2010). A combination of radiative cooling and three
mechanical coolers produces the temperatures needed for the
detectors and optics (Planck Collaboration 2011b). Two Data
Processing Centers (DPCs) check and calibrate the data and
make maps of the sky (Planck HFI Core Team 2011b; Zacchei
et al. 2011). Planck’s sensitivity, angular resolution, and fre-
quency coverage make it a powerful instrument for galactic and
extragalactic astrophysics as well as cosmology. Early astro-
physics results are given in Planck Collaboration (2011e–x).

In this paper, we use only the six temperature channel maps
of HFI (100, 143, 217, 353, 545 and 857 GHz), corresponding
to (slightly more than) the first sky survey of Planck. Details of
how these maps are produced can be found in Planck HFI Core
Team (2011b); Planck Collaboration (2011d). At this early stage
of the Planck SZ analysis adding the LFI channel maps does
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Table 1. Values of the beam full width half maximum assumed for each
of the six channel maps of HFI.

Frequency [GHz] 100 143 217 353 545 857
FWHM [′] 9.53 7.08 4.71 4.50 4.72 4.42
FWHM error [′] 0.10 0.12 0.17 0.14 0.21 0.28

not bring significant improvements to our results. We use the
full resolution maps at HEALPix2 nside= 2048 (pixel size 1.72′)
and we assume that beams are adequately described by symmet-
ric Gaussians with FWHM as given in Table 1. Uncertainties in
our results due to beam corrections, map calibrations and uncer-
tainties in bandpasses are small, as shown in Sect. 6 below.

2.2. X-ray data set

The cluster sample adopted in our analysis, the MCXC
(Meta-Catalogue of X-ray detected Clusters of galaxies), is pre-
sented in detail in Piffaretti et al. (2011). The information pro-
vided by all publicly available ROSAT All Sky Survey-based
(NORAS: Böhringer et al. 2000, REFLEX: Böhringer et al.
2004, BCS: Ebeling et al. 1998, 2000, SGP: Cruddace et al.
2002, NEP: Henry et al. 2006, MACS: Ebeling et al. 2007,
2010, and CIZA: Ebeling et al. 2002; Kocevski et al. 2007) and
serendipitous (160SD: Mullis et al. 2003, 400SD: Burenin et al.
2007, SHARC: Romer et al. 2000; Burke et al. 2003, WARPS:
Perlman et al. 2002; Horner et al. 2008, and EMSS: Gioia &
Luppino 1994; Henry 2004) cluster catalogues was systemati-
cally homogenised and duplicate entries were carefully handled,
yielding a large catalogue of approximately 1800 clusters. For
each cluster the MCXC provides, among other quantities, coor-
dinates, redshifts, and luminosities. The latter are central to the
MCXC and to our analysis because luminosity is the only avail-
able mass proxy for such a large number of X-ray clusters. For
this reason we will focus here on how the cluster rest frame lumi-
nosities provided by the MCXC are computed. Other quantities
such as total mass and cluster size will be discussed in Sect. 3
below, because they are more model dependent.

In addition to being converted to the cosmology adopted in
this paper and to the [0.1–2.4] keV band (the typical X-ray sur-
vey energy band), luminosities are converted to that for an over-
density of 500 (see below). This allows us to minimise the scatter
originating from the fact that publicly available catalogues pro-
vide luminosity measurements within different apertures.

Because cluster catalogues generally provide luminosities
measured within some aperture or luminosities extrapolated up
to large radii (total luminosities), the luminosities L500 provided
by the MCXC were computed by converting the total luminosi-
ties to L500 using a constant factor or, when aperture luminosities
are available, by performing an iterative computation based on
the REXCESS mean gas density profile and L500 – M500 relation.
The REXCESS L500 – M500 calibration is discussed in Sect. 3 be-
low. While the comparison presented in Sect. 5.3 of Piffaretti
et al. (2011) indicates that the differences between these two
methods do not introduce any systematic bias, it is clear that
the iteratively computed L500 are the most accurate. The itera-
tive computation was possible for the NORAS/REFLEX, BCS,
SHARC, and NEP catalogues. As shown in Piffaretti et al.
(2011) the luminosities L500 depend very weakly on the assumed
L500–M500 relation. Nevertheless, when exploring the different

2 http://healpix.jpl.nasa.gov

L500–M500 relations detailed below, we consistently recompute
L500 using the relevant L500–M500 relation.

In addition, we supplement the MCXC sample with z ≥
0.6 cluster data in order to enlarge the redshift leverage. These
additional high redshift clusters are collected from the literature
by utilizing the X-Rays Clusters Database BAX3 and perform-
ing a thorough search in the literature. For these objects we col-
lect coordinates, redshift, and X-ray luminosity. The luminosity
values given in the literature are converted to the [0.1–2.4] keV
band and adopted cosmology as done in Piffaretti et al. (2011).
Because the available luminosities are derived under fairly dif-
ferent assumptions (e.g., aperture radius, extrapolation methods,
etc.) we do not attempt to homogenise them to the fiducial lu-
minosity L500 as done in Piffaretti et al. (2011). In almost all the
cases the adopted luminosity is however either the total luminos-
ity (i.e. extrapolated to large radii) or the directly the luminosity
L500. Given the fact that the difference between these is close
to 10% and that uncertainties affecting luminosity measurement
of high redshift clusters are much larger, we treat all luminosities
as fiducial luminosity L500.

The MCXC and z ≥ 0.6 supplementary clusters located
around the galactic plane (|b|≤ 14 deg) or near bright point
sources (>10σ, distance < 1.5 × FWHM) are excluded from
the analysis. The resulting sample comprises 1603 clusters, with
845 clusters being members of the NORAS/REFLEX sample.
There is a total of 33 supplementary z ≥ 0.6 clusters located in
the sky region selected in our analysis.

In Fig. 1 we show luminosity and mass as a function of red-
shift for the whole sample with the NORAS/REFLEX and sup-
plementary z ≥ 0.6 clusters displayed with different colours.
The figure shows the different clustering in the L − z plane of
RASS (mostly NORAS/REFLEX) and serendipitously discov-
ered clusters. The NORAS/REFLEX clusters are central to our
study for many reasons. First, being the most luminous and nu-
merous, they are expected to yield the bulk of the SZ signal
from known clusters. Second, their distribution in the sky is uni-
form: NORAS and REFLEX cover the northern and southern
sky, respectively, with the galactic plane excluded (|b| ≤ 20 deg).
Finally, the NORAS/REFLEX sample was also used in Melin
et al. (2011) in an analysis equivalent to the one presented in this
work but based on WMAP-5 yr data. For these reasons we use
NORAS/REFLEX clusters as control sample in our analysis.

For simplicity, in the remainder of the paper the whole
compilation of MCXC plus supplementary z ≥ 0.6 clusters
will be referred to as MCXC. The [0.1–2.4] keV luminosi-
ties of the clusters in our sample range from 1.53 × 1040

to 2.91 × 1045 erg s−1, with a median luminosity of 0.95 ×
1044 erg s−1, and redshifts range from 0.0031 to 1.45. Notice that
while the adopted sample essentially comprises all known X-ray
clusters in the sky region of interest, its selection function is un-
known. The latter issue and how we evaluate its impact on our
results is discussed in Sect. 3.1 below.

3. The cluster model

Our cluster model is based on the REXCESS, a sample expressly
designed to measure the structural and scaling properties of the
local X-ray cluster population by means of an unbiased, repre-
sentative sampling in luminosity (Böhringer et al. 2007). The
calibration of scaling relations and the average structural param-
eters of such an X-ray selected sample is ideal because is not
morphologically biased. Furthermore, the gas properties of the

3 http://bax.ast.obs-mip.fr/
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Fig. 1. Observed [0.1–2.4] keV band luminosities (right vertical axis)
and inferred masses (left vertical axis) as a function of redshift. Shown
are the MCXC (the NORAS/REFLEX control subsample in shown in
red) and the supplementary clusters (blue dots).

REXCESS clusters can be traced by XMM-Newton up to large
cluster-centric distances, allowing robust measurements at an
overdensity of 500.

Since X-ray luminosity is the only available mass proxy for
our large cluster sample, the most fundamental ingredient of the
cluster model is the scaling relation between [0.1–2.4] keV band
luminosity and total cluster mass, which is detailed in Sect. 3.1.
Given a cluster redshift z, mass M500 and hence cluster size R500,
the universal pressure profile of Arnaud et al. (2010) is then used
to predict the electronic pressure profile. This allows us to pre-
dict D2

A Y500, the SZ signal integrated in a sphere of radius R500
as summarised in Sect. 3.2. It is important to notice that the es-
timated cluster size R500 and the universal pressure profile are
also assumed when extracting the SZ signal from Planck data as
detailed in Sect. 4 below.

In the following we describe the assumptions at the basis
of our fiducial model and provide the adopted scaling laws. In
addition, we also discuss how these assumptions are varied in
order to investigate the robustness of our results.

3.1. L500 – M500 relation

For a given [0.1–2.4] keV band luminosity L500 the total mass
M500 is estimated adopting the REXCESS L500 – M500 relation
(Pratt et al. 2009):

E(z)−7/3

(
L500

1044 erg s−1

)
= CLM

(
M500

3 × 1014 M�

)αLM

· (1)

Because this relation has been calibrated using the low scatter
X-ray mass proxy YX (Kravtsov et al. 2006), the parameters
CLM and αLM depend on whether the slope of the underlying
M500 − YX relation is assumed to be equal to the standard (self-
similar) value of αMYX = 3/5 or it is allowed to be a free pa-
rameter, yielding αMYX = 0.561 (see Eqs. (2) and (3) in Arnaud
et al. 2010). In the reminder of the paper these two cases will
be referred to as standard and empirical, respectively. Our fidu-
cial model adopts the empirical case, which reflects the observed
mass dependence of the gas mass fraction in galaxy clusters. It
is thus fully observationally motivated.

In addition to these two variations of the L500 – M500 relation,
we also consider the impact of Malmquist bias on our analysis.

Table 2. Values for the parameters of the adopted LX − M relation.

αMYX L − M log CLM αLM σlog L−log M

0.561 REXCESS 0.274 1.64 0.183
0.561 Intrinsic 0.193 1.76 0.199
3/5 REXCESS 0.295 1.50 0.183
3/5 Intrinsic 0.215 1.61 0.199

To this end we perform our analysis using the L − M calibra-
tions derived from REXCESS luminosity data corrected or un-
corrected for the Malmquist bias. In the reminder of the paper
these two cases will be referred to as the intrinsic and REXCESS

L500 – M500 relations, respectively. Notice that the difference be-
tween the intrinsic and REXCESS L500 – M500 relations is very
small at high luminosity (Pratt et al. 2009). Ideally, one should
use the intrinsic L500 – M500 relation and compute, for each
sample used to construct the MCXC compilation, the observed
L500 – M500 relation according to each survey selection function.
Unfortunately this would be possible only for a small fraction
of MCXC clusters because the individual selection functions of
the samples used to construct it are extremely complex and, in
most of the cases, not known or not available. Therefore we sim-
ply consider the intrinsic L500 – M500 relation as an extreme and
illustrative case, since it is equivalent to assuming that selec-
tion effects of our X-ray sample are totally negligible. On the
other hand, in particular for the NORAS/REFLEX control sam-
ple and at high luminosities, the REXCESS L500 – M500 relation
is expected to be quite close to the one that would be observed
in our sample. For these reasons, our fiducial model adopts the
REXCESS L500 – M500 relation and the intrinsic case is used to
test the robustness of our results.

These different choices result in four different calibrations
of the L500 – M500 relation. The corresponding best fitting pa-
rameters are summarised in Table 2 (see also Arnaud et al.
2010). Values are given for the fiducial case where the observed
REXCESS LX − YX and M − YX are assumed as well as for
the cases where these two assumptions are varied: i.e. intrinsic
(Malmquist bias corrected) LX − YX relation and standard slope
of the M−YX relation αMYX . The table also lists the intrinsic dis-
persion in each relation, which we use to investigate the effect of
scatter in the assumed mass-observable relation in our analysis.

For a given L500 – M500 relation we estimate, for each clus-
ter in our sample, the total mass M500 from its luminosity L500.
When the latter is computed iteratively (see Sect. 2.2), the same
L500 – M500 relation is adopted for consistency. Finally, the clus-
ter size or characteristic radius R500 is computed from its defini-
tion: M500 =

4
3π ρcrit(z) 500 R3

500.

3.2. The SZ signal

As shown in Arnaud et al. (2010), if standard evolution is as-
sumed, the average physical pressure profile of clusters can be
described by

P(r) = P500

(
M500

3 × 1014 M�

)αP P0

(c500x)γ(1 + (c500x)α)
β−γ
α

, (2)

with x = r/R500 and αP = 1/αMYX −5/3. In the standard case we
have αP = 0, while in the empirical case αP = 0.12. Notice that
the most precise empirical description also takes into account a
weak radial dependence of the exponent αP of the form αP =
0.12+α′P(x). Here we neglect the radially dependent term since,
as shown by Arnaud et al. (2010), it introduces a fully negligible
correction.
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Table 3. Parameters describing the shape of the pressure profile.

αMYX P0 c500 γ α β
All 0.561 8.403 1.177 0.3081 1.0510 5.4905
CC 0.561 3.249 1.128 0.7736 1.2223 5.4905
MD 0.561 3.202 1.083 0.3798 1.4063 5.4905
All 3/5 8.130 1.156 0.3292 1.0620 5.4807

The characteristic pressure P500 is defined as

P500 = 1.65 × 10−3E(z)8/3

(
M500

3 × 1014 M�

)2/3

keV cm−3. (3)

The set of parameters [P0, c500, γ, α, β] in Eq. (2) are constrained
by fitting the REXCESS data and depend on the assumed slope
of the M − YX relation. In Table 3 we list the adopted best fit-
ting values, which, as detailed in Sect. 4 below, are also used to
optimise the SZ signal detection. Values are first given for the
fiducial case where the observed M − YX relation (with slope
αMYX = 0.561) and the average profile of all REXCESS clusters
are adopted. The values for the average cool-core (CC) and mor-
phologically disturbed (MD) REXCESS profiles, that we use to
estimate the uncertainties originating from deviations from the
average profile (see Sect. 6), and the average profile derived as-
suming a standard slope of the M − YX relation (αMYX = 3/5),
are also listed in the table.

Because of the large number of free parameters, there is a
strong parameter degeneracy and therefore a comparison of in-
dividual parameters in Table 3 is meaningless. The parameters
for the standard case are also listed in the table.

The model allows us to compute the physical pressure profile
as a function of mass M500 and z and thus to obtain the D2

A Y500
– M500 relation by integration of P(r) in Eq. (2) within a sphere
of radius R500. The relation can be written as

D2
A(z) Y500 = 2.925 × 10−5I(1)

×
(

M500

3 × 1014 M�

) 1
αMYX

E(z)2/3 Mpc2 (4)

or, equivalently,

Y500 = 1.383 × 10−3I(1)

×
(

M500

3 × 1014 M�

) 1
αMYX

E(z)2/3

(
DA(z)

500 Mpc

)−2

arcmin2, (5)

where I(1) = 0.6145 and I(1) = 0.6552 are numerical factors
arising from volume integrals of the pressure profile in the em-
pirical and standard slope case, respectively (see Arnaud et al.
2010, for details). Combining Eqs. (1) and (4) gives

D2
A(z) Y500 = 2.925 × 10−5I(1)

×
[
E(z)−7/3

CLM

(
L500

1044 erg s−1

)] 1
αLY

E(z)2/3 Mpc2, (6)

where αLY = αLM×αMYX . In the fiducial case αLY = 0.92, imply-
ing that Y500 D2

A ∝ L1.09
500 for our model predictions. The cluster

model allows us to predict the volume integrated Compton pa-
rameter D2

A Y500 for each individual cluster in our large X-ray
cluster sample from its [0.1–2.4] keV band luminosity L500.
These X-ray based prediction can be computed for different as-
sumptions about the underlying X-ray scaling relations (stan-
dard/empirical and intrinsic/REXCESS cases) and compared

with the observed SZ signal, whose measurement is detailed in
the next section.

To reiterate, our fiducial case assumes: empirical slope of
M−YX relation and REXCESS L500 – M500 relation. If not other-
wise stated, in the remainder of the paper results for the fiducial
case are presented and results obtained by varying the assump-
tions are going to be compared to it in Sect. 6.

For simplicity the cluster size and SZ signal for the
MCXC clusters in Planck Collaboration (2011d) are provided
in the standard M500 − YX slope case. As we show in Planck
Collaboration (2011d) the effects of this on X-ray size and both
predicted and observed SZ quantities for clusters in the Early
Sunyaev-Zeldovich (ESZ) catalog are fully negligible with re-
spect to the overall uncertainties.

4. Extraction of the SZ signal

4.1. Individual measurements

The SZ signal is extracted for each cluster individually by cut-
ting from each of the six HFI frequency maps 10◦ × 10◦ patches
(pixel= 1.72 arcmin) centred at the cluster position. The result-
ing set of six HFI frequency patches is then used to extract the
cluster signal by means of multifrequency matched filters (MMF,
hereafter). The main features of the multifrequency matched fil-
ters are summarised in Melin et al. (2011) and more details can
be found in Herranz et al. (2002) and Melin et al. (2006).

The MMF algorithm optimally filters and combines the
patches to estimate the SZ signal. It relies on an estimate of the
noise auto- and cross-power-spectra from the patches. Working
with sky patches centred at cluster positions allows us to get
the best estimates of the local noise properties. The MMF also
makes assumptions about the spatial and spectral characteristics
of the cluster signal and the instrument. Our cluster model is de-
scribed below, for the instrumental response we assumed sym-
metric Gaussian beams with FWHM given in Table 1.

We determine a single quantity for each cluster from the
Planck data, the normalisation of an assumed profile. All the
parameters determining the profile location, shape and size are
fixed using X-ray data. We use the profile shape described in
Sect. 3 with c500, α, β and γ fixed to the values given in Table 3
and integrate along the line-of-sight to obtain a template for the
cluster SZ signal. The integral is performed by considering a
cylindrical volume and a cluster extent of 5 × R500 along the
line-of-sight. The exact choice of the latter is not relevant. The
normalisation of the profile is fitted using data within a circular
aperture of radius 5 × R500 for each system in our X-ray clus-
ter catalogue, centring the filter on the X-ray position and fix-
ing the cluster size to θ500 = R500/DA(z). Notice that the depen-
dence of cluster size on X-ray luminosity is weak (R500 ∝ L0.2

500
from Eq. (1)), implying that MMF measurements are expected
to be relatively insensitive to the details of the underlying L500 –
M500 relation.

The MMF method yields statistical SZ measurement er-
rors σi on individual meaurements. The statistical error in-
cludes uncertainties due to the instrument (beam, noise) and
to the astrophysical contaminants (primary CMB, Galaxy, point
sources). Obviously, it does not take into account the uncertain-
ties on our X-ray priors and instrumental properties which will
be studied in Sect. 6

The same extraction method is used in Planck Collaboration
(2011h) where the optical-SZ scaling relation with MaxBCG
clusters (Koester et al. 2007) are investigated. There are
only two differences. First, in this paper we use the X-ray
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Fig. 2. Left: intrinsic SZ signal from a sphere of radius R500 as a function of the X-ray luminosity for all the clusters in the sample individually. Error
bars indicate the pure measurement uncertainties based on MMF noise estimates (statistical uncertainties). Red diamonds show the bin averaged
values with thick and thin error bars indicating the statistical (not visible) and bootstrap uncertainties, respectively. Right: zoom onto the scale
indicated by the horizontal dotted lines in the left-hand panel. Red symbols and error bars as in left-hand panel. Green triangles (shifted towards
lower X-ray luminosity values by 20% with respect to diamonds for clarity) show the result of the same analysis when the signal is estimated at
random positions instead of true cluster positions. The associated thick error bars indicate the statistical uncertainties.

scaling L500 – M500 to adapt our filters to the sizes of our clus-
ters while we use the optical N200 – M500 relation of Johnston
et al. (2007) and Rozo et al. (2009) in the other paper. Second,
the MaxBCG catalogue includes ∼14 000 clusters so we do not
build a set of patches for each cluster individually. Instead, we
divide the sphere into 504 overlapping patches (10◦×10◦, pixel=
1.72 arcmin) as in Melin et al. (2011). We also extract SZ sig-
nal for each cluster individually but the clusters are no longer
located at the centre of the patch.

Under the assumption that the shape of the adopted pro-
file template corresponds to the true SZ signal, our extraction
method allows us to convert the signal in a cylinder of aperture
radius 5 × R500 to Y500, the SZ signal in a sphere of radius R500.
By definition the conversion factor is a constant factor for every
cluster but depends on the assumed profile. The effect of the un-
certainties on the assumed profile are discussed in Sect. 6 below.

The intrinsic SZ signal is computed by taking into ac-
count the angular distance dependence of the observed sig-
nal and is expressed as (DA(z)/500 Mpc)2 Y500. This signal has
units of arcmin2 as for the observed quantity, but its value dif-
fers from the intrinsic signal in units of Mpc2 by a constant,
redshift-independent factor. Making such a conversion allows us
to directly compare our measurements with the predictions de-
rived from the model detailed in Sect. 3 (see in particular Eqs. (4)
and (5)). When a specific scaling relation is investigated, the SZ
signal is appropriately scaled according to the adopted scaling
relations presented in Sect. 3 (e.g., see the left-hand panel of
Fig. 2).

The SZ signal for all the clusters in our sample is shown as a
function of the [0.1–2.4] keV band X-ray luminosity in the left-
hand panel of Fig. 2. Assuming standard evolution the intrinsic
quantities (DA(z)/500 Mpc)2 Y500 E(z)−2/3 are plotted as a func-
tion of L500E(z)−7/3. The figure shows that Planck detects the SZ
signal at high significance for a large fraction of the clusters.

4.2. Binned SZ signal

As shown in the left-hand panel of Fig. 2 the SZ signal is
not measured at high significance for all of the clusters. In

particular, low luminosity objects are barely detected individ-
ually. We therefore take advantage of the large size of our sam-
ple and average SZ measurements in X-ray luminosity, mass, or
redshift bins. The bin average of the intrinsic SZ signal is de-
fined as the weighted mean of the signal in the bin (with inverse
variance weight, σ−2

i , scaled to the appropriate redshift or mass
dependence depending on the studied scaling relation) and the
associated statistical errors are computed accordingly. The bin-
ning depends on the adopted relation and will be detailed in each
case.

In the left-hand panel of Fig. 2 the binned signal is overlaid
on the individual measurements. In this case the SZ signal is
averaged in logarithmically spaced luminosity bins. We merged
the lowest four luminosity bins into a single bin to obtain a sig-
nificant result. The statistical uncertainties, which are depicted
by the thick error bars, are not visible in the figure and clearly
underestimate the uncertainty on the binned values.

A better estimate of the uncertainties in the binned values
comes from an ensemble of 10 000 bootstrap realisations of the
entire X-ray cluster catalogue. Each realisation is constructed
from the original data set by random sampling with replacement,
where all quantities of a given cluster are replaced by those of
another cluster. Each realisation is analysed in the same way as
the original catalogue and the standard deviation of the average
signal in each bin is adopted as total error. Bootstrap uncertain-
ties, which take into account both sampling and statistical uncer-
tainties, are shown by the thin error bars in the left-hand panel of
Fig. 2. A visual inspection of the figure indicates that the SZ sig-
nal is detected at high significance over a wide luminosity range.
The lack of clear detection at L500E(z)−7/3 � 0.05 × 1044 erg s−1

is due to the combined effect of low signal and small number of
objects. In the companion paper Planck Collaboration (2011h)
we explore this low luminosity (mass) range in more depth. The
results of these two complementary analysis are summarised and
discussed in Sect. 7 (see Fig. 10 and related discussion).

The difference between statistical and bootstrap errors are
rendered in more detail in Fig. 3, where relative bootstrap
uncertainties (dot-dashed line) are compared to in-bin rela-
tive statistical errors (solid line). The figure shows that for
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Fig. 3. Bin averaged relative statistical errors (solid line) and relative
bootstrap errors (dot-dashed line) are shown as a function of X-ray lu-
minosity. The numbers given in the legend indicate the number of ob-
jects in each luminosity bin. For comparison, the scaled unweighted
standard deviation (dashed line) is also shown.

L500E(z)−7/3 � 1044 erg s−1 statistical uncertainties are domi-
nant. This implies that intrinsic scatter, which is discussed in
more detail in Sect. 5.3, can only be measured at higher lumi-
nosity.

Figure 3 also shows the quantity (1/
√

N)× (σraw/Y) (dashed
line), which is computed from the unweighted raw scatter σraw,
the bin average Y, and the number of clusters in the bin N. The
difference between the latter and the relative bootstrap uncer-
tainties in the low luminosity bins is due to the range of relative
errors on individual measurements in a given bin.

As a robustness check, we have undertaken the analysis a
second time using random cluster positions but keeping all the
properties of our sample (sizes, profile shape). The result is
shown by the green triangles in the right-hand panel of Fig. 2
and, as expected, is consistent with no detection of the SZ sig-
nal. This demonstrative null test clearly shows the efficiency of
the MMF to pull out the SZ signal from our cluster sample.
Additional robustness test are discussed in Sect. 6 below.

5. Results

5.1. The D2
A Y500 – L500 and D2

A Y500 – M500 relations

The main results of our analysis are summarised in Fig. 4. In the
left-hand panel of the figure the individual and luminosity binned
Planck SZ signal measured at the location of MCXC clusters are
shown as a function of luminosity together with the luminosity
averaged model predictions. The latter are computed by averag-
ing the model prediction for individual clusters (see Sect. 3) with
the same weights as for the measured signal. Notice that SZ sig-
nal and X-ray luminosity are intrinsic quantities and are scaled
assuming standard evolution. The figure shows the high signif-
icance of the SZ signal detection and the excellent agreement
between measurements and model predictions. The agreement
between Planck measurements and X-ray based predictions is
rendered in more detail in the right-hand panel of Fig. 4 where
the Planck-to-model ratio is plotted. Taking into account the to-
tal errors given by the bootstrap uncertainties (thin bars in the
figure), the agreement is excellent over a wide luminosity range.
We model the observed D2

A Y500 – L500 relation shown in the

left-hand panel of Fig. 4 by adopting a power law of the form

Y500 = Ŷ500,L

(
E(z)−7/3L500

1044 erg s−1

)α̂L

E(z)β̂L

(
DA(z)

500 Mpc

)−2

(7)

and directly fitting the individual points shown in the figure
rather than the binned data points. We use a non-linear least-
squares fit built on a gradient-expansion algorithm (the IDL
curvefit function). In the fitting procedure, only the statistical
errors given by the MMF are taken into account. The derived
uncertainties on the best fitting parameters are quoted in Table 4
as statistical errors. In addition, uncertainties on the best fitting
parameters are estimated through the bootstrap procedure de-
scribed in Sect. 4. Each bootstrap catalogue fit leads to a set of
parameters whose standard deviation is quoted as the uncertainty
on the best fitting parameters. Values are given for three differ-
ent choices of priors as given in Table 4, where the best fitting
parameters are listed. The table also provides the prediction of
our X-ray based model for comparison.

Fixing the slope and the redshift dependence of the D2
A Y500 –

L500 relation, the best fitting amplitude is 0.451 × 10−3 arcmin2,
in agreement with the model prediction 0.428 × 10−3 arcmin2

at 1.8σ. When keeping the redshift dependence of the relation
fixed but leaving the slope of the relation free, we find agree-
ment between best fitting and predicted slopes at better than 1σ,
while the amplitudes remain in agreement at 1.3σ. For maxi-
mum usefulness and in particular to facilitate precise compar-
isons with our findings, we provide, in Table 5, the data points
shown in the left-hand panel of Fig. 4. Values are given for
the quantities L̃500 = L500E(z)−7/3 in units of 1044 erg s−1 and
Ỹ500 = Y500E(z)−2/3 (

DA(z)/500 Mpc
)2 in units of 10−3 arcmin2.

Both total (i.e., bootstrap) and statistical errors on Ỹ500 are also
listed.

For completeness, we also investigate the D2
A Y500 – M500

relation, where the masses M500 are computed from the L500 –
M500 relation given in Eq. (1). Following the same procedure as
for the D2

A Y500 – L500 relation, we fit individual points of the
D2

A Y500 – M500 plane with

Y500 = Ŷ500,M

(
M500

3 × 1014 M�

)α̂M

E(z)β̂M

(
DA(z)

500 Mpc

)−2

· (8)

The same cases as for the D2
A Y500 – L500 relation are considered

and the best fitting parameters are provided in Table 6 along
with the model prediction. Concerning the agreement between
best fitting parameters and model predictions, the conclusions
drawn for the D2

A Y500 – L500 relation obviously apply also for
the D2

A Y500 – M500.

5.2. Redshift evolution

We also considered the case where the redshift evolution of the
scaling relations is allowed to differ from the standard expecta-
tion. Using the simplest model (Eq. (7) or equivalently Eq. (8))
we attempt to constrain the power law index β̂L (or equiva-
lently β̂M). We find that the measured SZ signal is consistent
with standard evolution (see Table 4) and our constraints on
any evolution are weak. Figure 5 shows the measured and pre-
dicted, redshift binned, SZ signal, the expected standard red-
shift evolution, and the best fitting model. The figure shows
that, although measurements and predictions agree quite well,
the best fitting model is constrained primarily by the low red-
shift measurements. Possible future improvements are discussed
below in Sect. 7.
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Fig. 4. Left: scaling relation between Planck SZ measurements and X-ray luminosity for ∼1600 MCXC clusters. Individual measurements are
shown by the black dots and the corresponding bin averaged values by the red diamonds. Thick bars give the statistical errors, while the thin bars
are bootstrap uncertainties. The bin-averaged SZ cluster signal expected from the X-ray based model is shown by the blue stars. The combination
of the adopted D2

A Y500 – M500 and L500 – M500 relations (Eq. (6)) is shown by the dashed blue line while the red dot-dashed line shows the best
fitting power-law to the data (Eq. (7) and Table 4). Right: ratio between data and model bin averaged values shown in the left panel. Error bars are
as in the left panel.

Table 4. Best fitting parameters for the observed D2
A Y500 – L500 relation given in Eq. (7).

Ŷ500,L [10−3 arcmin2] α̂L β̂L

0.451 ± 0.003 stat [±0.013 tot] 1.087 (fixed) 2/3 (fixed)
Planck +MCXC 0.447 ± 0.006 stat [±0.015 tot] 1.095 ± 0.008 stat [±0.025 tot] 2/3 (fixed)

0.476 ± 0.006 stat [±0.025 tot] 1.087 (fixed) −0.007 ± 0.154 stat [±0.518 tot]
X-ray prediction 0.428 1.09 2/3

Notes. Values are given for three different choices of priors and as predicted from X-rays for comparison. Both total errors from bootstrap
resampling and statistical errors are quoted.

Table 5. Bin averages of the D2
A Y500 – L500 relation shown in the left

panel of Fig. 4.

L̃500 Nr. L̃500 Ỹ500 ΔỸ500 ΔỸ500

range Obj. statistical total
0.100–0.222 152 0.162 0.037 0.006 0.009
0.222–0.331 130 0.272 0.093 0.009 0.012
0.331–0.493 144 0.419 0.169 0.010 0.012
0.493–0.734 175 0.615 0.254 0.012 0.021
0.734–1.094 190 0.894 0.401 0.013 0.020
1.094–1.630 177 1.319 0.616 0.016 0.041
1.630–2.429 149 1.931 0.879 0.022 0.057
2.429–3.620 121 2.997 1.521 0.026 0.130
3.620–5.393 100 4.138 2.356 0.038 0.142
5.393–8.036 51 6.572 3.456 0.076 0.171

8.036–11.973 26 9.196 5.342 0.126 0.359
11.973–17.840 9 14.345 7.369 0.236 1.758

5.3. Scatter in the D2
A Y500 – L500 relation

As discussed in Sect. 4.2, we find a clear indication of intrin-
sic scatter in our measurements of the D2

A Y500 – L500 relation.
In this section we quantify this scatter and discuss how our
measurement compares with expectations based on the represen-
tative REXCESS sample (Arnaud et al. 2010) and the findings
reported in the companion paper discussing high quality obser-
vations of local clusters (Planck Collaboration 2011g).

The intrinsic scatter σintr is computed in luminosity bins
as the quadratic difference between the raw scatter σraw (see

Sect. 4.2) and the statistical scatter expected from the statis-
tical uncertainties, i.e. σ2

intr = σ
2
raw − σ2

stat. The latter is esti-
mated by averaging the statistical uncertainties in a given bin,
i.e. σ2

stat = N−1 ∑
σ2

i , where N is the number of clusters in the
bin. For a given luminosity bin, the uncertaintyΔσintr on the esti-
mated intrinsic scatter are evaluated by (Δσintr)2 = σ2

intr(2 N (N−
1))−1 ∑

(1 + (σ2
i /σ

2
intr))

2.

We find that intrinsic scatter can be measured only for
L500E(z)−7/3 � 1044 erg s−1, because the statistical uncertainties
at lower luminosities are close to the value of the raw scatter (see
also Sect. 4.2). In a given bin with average signal Y, the resulting
fractional intrinsic scatter σintr/Y is shown in Fig. 6 along with
the fractional raw and statistical scatters. The estimated intrinsic
scatter is close to 40−50% and in agreement with the expecta-
tions given in Arnaud et al. (2010) (σlogY500 = 0.184 ± 0.024,
the range of these values is indicated by the coarse–hatched re-
gion in the figure). Notice that the intrinsic scatter reported in
Arnaud et al. (2010) is computed for the REXCESS sample and
evaluated adopting XMM-Newton luminosities and a predicted
SZ signal for individual objects based on the same model as-
sumed here but relying on the mass proxy YX. Therefore, the
intrinsic scatter quoted in Arnaud et al. (2010) reflects the in-
trinsic scatter in the underlying L500 – M500 relation. In Planck
Collaboration (2011g), where a sample of clusters detected at
high signal to noise in the Planck survey (the ESZ sample, see
Planck Collaboration 2011d) and with high quality X-ray data
from XMM-Newton is used, the intrinsic scatter in the D2

A Y500 –
L500 relation is found to be σlog Y500 = 0.143 ± 0.016. These
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Table 6. Best fitting parameters for the observed D2
A Y500 – M500 relation given in Eq. (8).

Ŷ500,M [10−3 arcmin2] α̂M β̂M

0.896 ± 0.007 stat [±0.027 tot] 1.783 (fixed) 2/3 (fixed)
Planck +MCXC 0.892 ± 0.008 stat [±0.025 tot] 1.796 ± 0.014 stat [±0.042 tot] 2/3 (fixed)

0.945 ± 0.012 stat [±0.049 tot] 1.783 (fixed) −0.007 ± 0.154 stat [±0.518 tot]
X-ray prediction 0.850 1.783 2/3

Notes. Values are given for three different choices of priors and as predicted from X-rays for comparison. Both total errors from bootstrap
resampling and statistical errors are quoted.

Fig. 5. Bin averaged SZ signal from a sphere of radius R500 (Y500) scaled
by the expected mass and angular distance dependence as a function of
redshift. The Planck data (red diamonds) and the SZ cluster signal ex-
pected from the X-ray based model (blue stars) are shown together with
the expected standard redshift evolution (dahed line). The best fitting
model is shown by the dot-dashed line and the 1σ confidence region is
limited by the dotted lines. Here M500 is given in units of 3 × 1014 M�.

values are shown in Fig. 6 by the fine–hatched region. In Planck
Collaboration (2011g) it is found that cool core clusters are re-
sponsible for the vast majority of the scatter around the relation.
Because the sample used in this study is X-ray selected, we ex-
pect it to contain a higher fraction of cool core systems than
in the ESZ subsample studied in Planck Collaboration (2011g).
This implies that the scatter in the D2

A Y500 – L500 relation mea-
sured in our sample is expected to be higher than the one found
in Planck Collaboration (2011g), as observed. Given the seg-
regation of cool core systems in the D2

A Y500 – L500 reported in
Planck Collaboration (2011g), we investigate the link between
the intrinsic scatter in the relation and cluster dynamical state
using our large X-ray sample. To this end we compare Planck
measurements and the X-ray based predictions (i.e., Eq. (6)) for
individual objects. In Fig. 7 we show the difference between
Planck measurement and the X-ray based prediction in units of
the measurement statistical error σi (see Sect. 4) as a function
of X-ray luminosity and investigate the largest outliers the fig-
ure, i.e. the most statistically significant outliers in the D2

A Y500 –
L500 relation.

Given the size of our sample we discuss individually only
clusters for which measurement and prediction differ by more
than 5σi. These are identified and information on their dynami-
cal state is searched for in the literature. Information is based on
the classification of Hudson et al. (2010) if not stated otherwise.
We find 15 clusters with a predicted signal smaller than the
Planck measurement by more than 5σi. Of these, six are known

Fig. 6. Fractional raw (dot-dashed blue line and triangles), statistical
(dot-dot-dashed green line and plus signs), and intrinsic (dashed red
line, diamonds, and error bars) scatter on the D2

A Y500 – L500 relation.
The coarse/fine-hatched regions corresponds to the 1 σ uncertainties
on the intrinsic scatter reported in Arnaud et al. (2010) and Planck
Collaboration (2011g), respectively.

merging clusters: Coma, A2218 (Govoni et al. 2004), 1ES0657,
A754 (Govoni et al. 2004), A2163 (Bourdin et al. 2011), A0697
(Girardi et al. 2006), six are classified as non-cool core clusters
and may therefore be unrelaxed: A2219 (Allen & Fabian 1998),
A2256, A2255, A0209 (Zhang et al. 2008), A2813 (Zhang et al.
2008), A3404 (Pratt et al. 2009), and A3266 is a weak cool core
cluster. No information is available for the remaining clusters:
A1132 and A3186. Conversely, there are 11 over-predicted clus-
ters at 5σi. Of these five are strong cool core clusters: 2A0335,
Zw1021.0+0426 (Morandi et al. 2007), A3112, HerA (Bauer
et al. 2005), and A0780. No information is available for the
remaining clusters: A689, ACOS1111, A3392, J1253.6-3931,
J1958.2-3011, and RXCJ0643.4+4214. Notice that the luminos-
ity of A689 is likely to be overestimated by a large factor be-
cause of point source contamination (Maughan 2008). In addi-
tion, for A3186 and ACOS1111 the model prediction rely on
the EMSS luminosity measurements given in Gioia & Luppino
(1994), which might be unreliable.

The high fraction of dynamically perturbed / cool-core clus-
ters with largely under/over predicted SZ signal is confirmed
when additional outliers at smaller σi are searched. We find
65 clusters with (Y500 Planck − Y500 Model) > 3σi and that
for 46 percent of them dynamical state information is available
in the literature. Of the latter 26 (87 percent) are either known
mergers or non-cool core clusters, two are weak cool core clus-
ters, and only one is classified as cool core cluster. We find
53 clusters with (Y500 Planck− Y500 Model) < −3σi. For 45 per-
cent of these clusters we are able to find information on their
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Fig. 7. Difference between the Planck measurement and the X-ray based
prediction in units of the measurement statistical error σi (pure mea-
surement uncertainties based on MMF noise estimates) as a function
of X-ray luminosity. Labelled black points denote objects with a dif-
ference larger than 5σi and are further discussed in the text. Clusters
with SZ signal possibly contaminated by radio sources (see discussion
in Sect. 6) are shown in red and labelled by their name.

dynamical state in the literature and find that 96 percent of them
are cool core clusters. These findings clearly suggest that the in-
trinsic scatter in the D2

A Y500 – L500 relation is linked to the cluster
dynamical state, as also found in Planck Collaboration (2011g).

6. Robustness of the results

As in the other four Planck SZ papers (Planck Collaboration
2011d,e,g,h), we test the robustness of our results for the effect of
several instrumental, modelling, and astrophysical uncertainties.
Tests common to all Planck SZ papers are discussed in detail
in Sect. 6 of Planck Collaboration (2011d). Of these, calibra-
tion and colour correction effects are relevant for our analysis.
Calibration uncertainties are shown to propagate into very small
uncertainties on SZ signal measurements (∼2%) and colour cor-
rection is found to be a ∼3% effect for Planck bands.

In the following we report on robustness tests aimed at com-
pleting this investigation. We show that our results are robust
with respect to the instrumental uncertainties, that they are in-
sensitive to the finest details of our cluster modelling, and that
they are unaffected by radio source contamination. We show that
restricting the analysis to the reference homogeneous subsample
of NORAS/REFLEX clusters leads to measurements fully com-
patible with those we obtain for the whole sample.

6.1. Beam effects

The beam effects studied in Planck Collaboration (2011d) are
further scrutinised by directly estimating their impact on our
results. To this end, the whole analysis is redone by assuming
different beam FWHM. For simplicity, we systematically in-
crease/decrease the adopted beam FWHM for all channels si-
multaneously by adding/removing the conservative uncertainties
given in Table 1 from the fiducial beam FWHM values. We find
that the binned SZ signal varies by at most 2% from the value
computed using the fiducial beams FWHM.

6.2. Modelling

The effects of changes in the underlying X-ray based model
on our results are investigated by repeating the full analysis as
for the fiducial case, but by assuming the standard slope of the
M500 − YX relation and/or the intrinsic L500 – M500 relation (see
Sect. 3). For simplicity, in the following we discuss results ob-
tained by varying only one assumption at a time. We find that
the effect resulting by varying both assumptions is equivalent to
the sum of the effects obtained by varying the two assumptions
separately.

As expected from the weak dependence of cluster size R500
on luminosity, the measured SZ signal is barely affected by these
changes. If the standard slope case is adopted instead of the em-
pirical one, the bin averaged SZ signal changes by less than a
few percent at all luminosities and the same is found when the
intrinsic L500 – M500 relation is adopted. The model predictions
are of course more affected by changes in the assumed scaling
relations. In Fig. 8 we contrast the Planck -to-model ratio ob-
tained for the different cases. The figure shows that the assump-
tion on the slope of the M500 − YX relation has a fully negligible
impact. On the other hand it shows that the intrinsic L500 – M500
relation is not compatible with our measurements (>5σ discrep-
ancy). This finding is not surprising given the fact that when
adopting the intrinsic L500 – M500 relation one assumes that se-
lection effects of our X-ray sample are negligible. Notice that
the WMAP-5 yr data used in the similar analysis by Melin et al.
(2011) did not have sufficient depth to come to this conclusion.
Furthermore, the agreement of our results for the REXCESS and
intrinsic L500 – M500 relations at high luminosity confirms that
Malmquist bias is small for very luminous objects.

6.3. Intrinsic dispersion in the L500 – M500 relation

The intrinsic dispersion in the L500 – M500 relation dominates the
uncertainty on the clusters’ size R500 in our analysis. We investi-
gate how this propagates into the uncertainties on the binned SZ
signal by means of a Monte Carlo (MC) analysis of 100 realisa-
tions. We use the dispersion given in Table 2 and, for each reali-
sation, we draw a random mass log M500 for each cluster from a
Gaussian distribution with mean given by the L500 − M500 rela-
tion and standard deviation σlog L−log M/αM . For each realisation,
we extract the signal with the new values of M500 (thus R500).
The standard deviation of the SZ signal for the 100 MC realisa-
tions in a given luminosity bin is found to be at most ∼3% of the
signal. Hence, given the size of the total errors on the binned SZ
signal (see Fig. 3) our conclusions are fully unaffected by this
effect.

6.4. Pressure profile

Furthermore, we investigate how the uncertainties on the as-
sumed pressure profile propagates into the uncertainties on the
binned SZ signal. For simplicity, we only quantify the largest
possible effect by redoing the analysis but adopting the pres-
sure profile parameters for the cool-core and morphologically
disturbed subsamples given in Table 3, i.e. we assume that all
clusters in the sample are cool-core or morphologically dis-
turbed. Both of the two resulting sets of binned SZ signal deviate
from the one derived assuming the universal pressure profile by
approximatively 8% in the lowest luminosity bin and decrease
linearly with increasing log L500, becoming approximatively 1%
in the highest luminosity bin. Furthermore the normalisation of
Eq. (4) changes by less than 3% if the average pressure profiles
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Fig. 8. Ratio of binned Planck data points to model for different model
assumptions. The fiducial model (black diamonds) is shown together
with results obtained by varying the underlying L500 – M500 relation
from REXCESS to intrinsic (green plus signs), and by varying the
slope of the underlying M500 − YX relation from empirical to standard
(red triangles). Thick bars give the statistical errors, while the thin bars
are bootstrap uncertainties.

parameters of cool-core and morphologically disturbed clusters
given in Table 3 are adopted instead of the ones for the aver-
age profile, implying that our SZ signal predictions are robust.
Considering the total errors and their trend with luminosity, we
conclude that our findings are fully unaffected by the exact shape
of the SZ template.

6.5. X-ray sample

Because of the reasons detailed in Sect. 2.2, we also repeated our
analysis by considering the NORAS/REFLEX control sample
and find results fully consistent with those derived for the full
sample. The results are shown in terms of Planck -to-model ratio
in Fig. 9. Notice that in this case the luminosity binning is chosen
so as to be comparable with that in the WMAP-5 yr analysis of
Melin et al. (2011). The comparison between WMAP-5 yr and
Planck results is discussed in Sect. 7 below.

6.6. Radio contamination

In addition we investigated the effect of contamination by ra-
dio sources on our results. Most radio sources are expected to
have a steep spectrum and hence they should not have signifi-
cant fluxes at Planck frequencies. However, some sources will
show up in Planck LFI and HFI channels if their radio flux is
sufficiently high and/or their spectral index is near zero or pos-
itive. Extreme examples are the Virgo and Perseus clusters that
host in their interior two of the brightest radio sources in the sky.
In the ESZ sample (Planck Collaboration 2011d) there are also
a few examples of clusters with moderate radio sources in their
vicinity (1 Jy or less in NVSS) and still significant signal at LFI
(and even HFI) frequencies. To check for possible contamina-
tion we combine data from SUMSS (a catalog of radio sources
at 0.85 GHz, Bock et al. 1999) and NVSS (a catalog of radio
sources at 1.4 GHz, Condon et al. 1998). We have looked at the
positions of the clusters in our sample and searched for radio
sources in a radius of 5 arcmin from the cluster centre. We find
that 74 clusters have a radio source within this search radius in
NVSS or SUMSS with a flux above 1 Jy. Among these, eight

Fig. 9. Data-to-model ratio for Planck results for the full sample (black
diamonds) and the NORAS/REFLEX control sample (green plus signs).
The WMAP-5 yr results for the NORAS/REFLEX by Melin et al.
(2011) are shown by the red triangles. Error bars are as in Fig. 4.

have fluxes larger than 10 Jy, two sources larger than 100 Jy and
one is an extreme radio source with a flux larger than 1 KJy.

As a robustness test, we investigate the impact of contamina-
tion by radio sources on our results by excluding clusters hosting
radio sources with fluxes larger than 1 or 5 Jy and comparing the
results to those obtained for the full sample. Interestingly we find
that, as expected, the individual SZ signal is on average lower
than the X-ray based predictions in clusters that are likely to be
highly contaminated. This is shown in Fig. 7 where clusters asso-
ciated with radio sources with fluxes larger than 5 Jy are shown
by the red symbols. However, given the very low fraction of pos-
sibly contaminated clusters, we find that bin averaged signal is
fully unaffected when these are excluded from the analysis.

7. Discussion and conclusions

As part of a series of papers on Planck early results on clus-
ters of galaxies (Planck Collaboration 2011d,e,f,g,h), we mea-
sured the SZ signal in the direction of ∼1600 objects from the
MCXC (Meta-Catalogue of X-ray detected Clusters of galaxies,
Piffaretti et al. 2011, see Sect. 2.2) in Planck whole sky data (see
Sect. 2.1) and studied the relationship between X-ray luminosity
and SZ signal strength.

For each X-ray cluster in the sample the amplitude of the
SZ signal is fitted by fixing the cluster position and size to the
X-ray values and assuming a template derived from the universal
pressure profile of Arnaud et al. (2010). The universal pressure
profile was derived from high quality data from REXCESS.
Recently, Sun et al. (2010) found that the universal pressure pro-
file also yields an excellent description of systems with lower
luminosities than those probed with REXCESS. This implies
that the adopted SZ template is suitable for the entire luminosity
range explored in our work.

The intrinsic SZ signal D2
A Y500 is averaged in X-ray lumi-

nosity bins to maximise the statistical significance. The signal
is detected at high significance over the X-ray luminosity range
1043 erg s−1 � L500E(z)−7/3 � 1045 erg s−1 (see Fig. 2).

We find excellent agreement between observations and pre-
dictions based on X-ray data, as shown in Fig. 4. Our results do
not agree with the claim, based on a recent WMAP-7 yr data
analysis, that X-ray data over-predict the SZ signal (Komatsu
et al. 2011). Due to the large size and homogeneous nature of
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the MCXC, and the exceptional internal consistency of our clus-
ter model, we believe that our results are very robust. Moreover,
as reported in Sect. 6, we show that our findings are insensitive
to the details of our cluster modelling. Furthermore, we have
shown that our results are robust against instrumental (calibra-
tion, colour correction, beam) and astrophysical (radio contami-
nation) uncertainties.

Our results confirm to a higher significance the results of the
analysis by Melin et al. (2011) based on WMAP-5 yr data. This
is shown in Fig. 9 where the data-to-model ratio as a function
of luminosity is presented. Luminosity bins are chosen so as to
be comparable to those of Melin et al. (2011), and the Planck
results are presented for the whole sample used in this work and
also for the NORAS/REFLEX sample adopted in Melin et al.
(2011). In addition to the good agreement between results from
the two data sets, the figure shows that in the WMAP-5 yr study
by Melin et al. (2011) statistical uncertainties are dominant. As
shown in Sect. 4.2, Planck data allows us to overcome this lim-
itation and to investigate the intrinsic scatter in the scaling re-
lation between intrinsic SZ signal D2

A Y500 and X-ray luminos-
ity L500 (see Sect. 5.3). We find a ∼40% intrinsic scatter in the
D2

A Y500 – L500 relation and show that it is linked to cluster dy-
namical state.

The agreement between luminosity binned X-ray predictions
and Planck measurements is reflected in the excellent accord
between predicted scaling relation and best fitting power law
model to the D2

A Y500 – L500 relation. The power law fit, which
is performed on individual data points, is compared by Planck
Collaboration (2011g) to the calibration derived from a sample
of galaxy clusters detected at high signal to noise in the Planck
survey (the ESZ sample, see Planck Collaboration 2011d) and
with high quality X-ray data from XMM-Newton. As discussed
in Planck Collaboration (2011g) the slight differences between
the two best fitting relations reflect the difference between the
selection of the adopted samples. Indeed, the X-ray sample used
in the present work is X-ray selected and therefore biased to-
wards the cool core systems, while the sample used in Planck
Collaboration (2011g) is SZ selected.

As mentioned in Sect. 4.2, the luminosity range where we
are not able to detect the SZ signal because of the small num-
ber of low mass objects (see Fig. 2), is explored in Planck
Collaboration (2011h). In the latter analysis we use the opti-
cal catalogue of ∼14 000 MaxBCG clusters (Koester et al. 2007)
and, in a fully similar way as done in this work, extract the op-
tical richness binned SZ signal from Planck data. By combining
these results with the X-ray luminosity of the MaxBCG clus-
ters measured by Rykoff et al. (2008) by stacking RASS data,
in Planck Collaboration (2011h) we derive the D2

A Y500 – L500
relation for the MaxBCG sample. This result is shown together
with the one derived in the present paper in Fig. 10. The X-ray
luminosity histograms shown in the top panel of the figure high-
light the complementarity of the two analyses. The bottom panel
of the figure shows agreement between the results from the two
data sets and, very importantly, that observations and predic-
tions based on X-ray data agree over a very wide range in X-ray
luminosity.

We investigate the evolution of the scaling relation and find
it to be consistent with standard evolution. Although redshift
binned measurements and predictions agree quite well over a
wide redshift range (see Fig. 5), our constraints are weak be-
cause the inferred best fitting model is almost completely con-
strained by only the low redshift measurements. Given the rele-
vance of SZ-selected samples for cosmological studies and the
need for complementary X-ray observations for such studies (see

Fig. 10. Bottom panel: comparison between our results (red diamonds,
as in left-hand panel Fig. 4) and those obtained by Planck Collaboration
(2011h) (green triangles), where MaxBCG clusters are investigated.
X-ray luminosities and associated error bars for the MaxBCG clusters
are based on the analysis of Rykoff et al. (2008). Vertical error bars
are as in Fig. 4 and the X-ray prediction (i.e., Eq. (6)) is shown by the
dashed blue line. Top panel: X-ray luminosity histograms of the MCXC
(red) and MaxBCG (green) samples. For the MCXC the width of the
bars is equal to the luminosity bin width, while for the MaxBCG we
adopt the horizontal error bar shown in the bottom panel.

Planck Collaboration 2011e, and discussion therein), improved
understanding of the evolution of SZ-X-ray scaling relations is
clearly desired. High quality data similar to those used in Planck
Collaboration (2011g), but for higher redshift clusters will pro-
vide tight constrains on evolution, in particular when newly SZ
discovered clusters (see Planck Collaboration 2011d, and ref-
erences therein) with high quality X-ray and optical data are
included.
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ABSTRACT

We present the Sunyaev-Zeldovich (SZ) signal-to-richness scaling relation (Y500 − N200) for the MaxBCG cluster catalogue. Employing a multi-
frequency matched filter on the Planck sky maps, we measure the SZ signal for each cluster by adapting the filter according to weak-lensing
calibrated mass-richness relations (N200−M500). We bin our individual measurements and detect the SZ signal down to the lowest richness systems
(N200 = 10) with high significance, achieving a detection of the SZ signal in systems with mass as low as M500 ≈ 5 × 1013 M�. The observed
Y500 − N200 relation is well modeled by a power law over the full richness range. It has a lower normalisation at given N200 than predicted based on
X-ray models and published mass-richness relations. An X-ray subsample, however, does conform to the predicted scaling, and model predictions
do reproduce the relation between our measured bin-average SZ signal and measured bin-average X-ray luminosities. At fixed richness, we find
an intrinsic dispersion in the Y500 − N200 relation of 60% rising to of order 100% at low richness. Thanks to its all-sky coverage, Planck provides
observations for more than 13 000 MaxBCG clusters and an unprecedented SZ/optical data set, extending the list of known cluster scaling laws to
include SZ-optical properties. The data set offers essential clues for models of galaxy formation. Moreover, the lower normalisation of the SZ-mass
relation implied by the observed SZ-richness scaling has important consequences for cluster physics and cosmological studies with SZ clusters.

Key words. galaxies: clusters: intracluster medium – cosmic background radiation – large-scale structure of Universe –
cosmology: observations – galaxies: clusters: general

1. Introduction

Galaxy cluster properties follow simple scaling laws (see e.g.
Rosati et al. 2002; Voit 2005, for recent reviews). This attests to
a remarkable consistency in the cluster population and motivates
the use of clusters as cosmological probes. These scaling laws

� Corresponding author: J. G. Bartlett,
e-mail: bartlett@apc.univ-paris7.fr

also provide important clues to cluster formation, and relations
involving optical properties, in particular, help uncover the pro-
cesses driving galaxy evolution.

The Sunyaev-Zeldovich (SZ) effect (Sunyaev & Zeldovich
1972; Birkinshaw 1999) opens a fresh perspective on cluster
scaling laws, and the advent of large-area SZ surveys furnishes
us with a powerful new tool (Carlstrom et al. 2002). Proportional

Article published by EDP Sciences A12, page 1 of 10



A&A 536, A12 (2011)

to ICM mass and temperature, the thermal SZ effect probes the
gas in a manner complementary to X-ray measurements, giv-
ing a more direct view of the gas mass and energy content.
Ground-based instruments, such as the Atacama Cosmology
Telescope (ACT, Swetz et al. 2008), the South Pole Telescope
(SPT, Carlstrom et al. 2011) and APEX-SZ (Dobbs et al. 2006),
are harvesting a substantial crop of scientific results and produc-
ing, for the first time, SZ-selected catalogues and using them
to constrain cosmological parameters (Staniszewski et al. 2009;
Marriage et al. 2011; Sehgal et al. 2011; Vanderlinde et al. 2010;
Hand et al. 2011; Williamson et al. 2011).

The Planck1 consortium has published its first scientific
results (Planck Collaboration 2011a) and released the Planck
Early Release Compact Source Catalogue (ERCSC) (Planck
Collaboration 2011c), which includes the Planck early SZ (ESZ)
all-sky cluster list (Planck Collaboration 2011d). Planck (Tauber
et al. 2010; Planck Collaboration 2011a) is the third genera-
tion space mission to measure the anisotropy of the cosmic mi-
crowave background (CMB). It observes the sky in nine fre-
quency bands covering 30–857 GHz with high sensitivity and
angular resolution from 31′–5′. The Low Frequency Instrument
(LFI; Mandolesi et al. 2010; Bersanelli et al. 2010; Mennella
et al. 2011) covers the 30, 44, and 70 GHz bands with amplifiers
cooled to 20 K. The High Frequency Instrument (HFI; Lamarre
et al. 2010; Planck HFI Core Team 2011a) covers the 100, 143,
217, 353, 545, and 857 GHz bands with bolometers cooled to
0.1 K. Polarization is measured in all but the highest two bands
(Leahy et al. 2010; Rosset et al. 2010). A combination of radia-
tive cooling and three mechanical coolers produces the temper-
atures needed for the detectors and optics (Planck Collaboration
2011b). Two Data Processing Centres (DPCs) check and cali-
brate the data and make maps of the sky (Planck HFI Core Team
2011b; Zacchei et al. 2011). Planck’s sensitivity, angular reso-
lution, and frequency coverage make it a powerful instrument
for galactic and extragalactic astrophysics, as well as cosmol-
ogy. Early astrophysics results are given in Planck Collaboration
(2011d)-Planck Collaboration (2011u).

Planck early results on clusters of galaxies are presented
in this paper and in (Planck Collaboration 2011d–g). In the
present work, we use Planck SZ measurements at the locations
of MaxBCG clusters (Koester et al. 2007a) to extract the SZ
signal-richness scaling relation. There are several optical clus-
ter catalogs (Wen et al. 2009; Hao et al. 2010; Szabo et al. 2011)
available from the Sloan Digital Sky Survey (York et al. 2000,
SDSS). For this initial study, we chose the MaxBCG catalogue
for its large sample size, wide mass range and well-characterized
selection function, and because its properties have been exten-
sively studied. In particular, we benefit from weak-lensing mass
measurements and mass-richness relations (Johnston et al. 2007;
Mandelbaum et al. 2008a; Sheldon et al. 2009; Rozo et al. 2009).
A combined SZ-optical study over such a large catalogue is un-
precedented and Planck is a unique SZ instrument for this task,
as its all-sky coverage encompasses the complete SDSS area and
the full MaxBCG cluster sample.

Our analysis methodology follows that of the accompanying
paper on the SZ properties of X-ray selected clusters (Planck
Collaboration 2011f). Although the individual SZ measurements

1 Planck (http://www.esa.int/Planck) is a project of the
European Space Agency (ESA) with instruments provided by two sci-
entific consortia funded by ESA member states (in particular the lead
countries France and Italy), with contributions from NASA (USA) and
telescope reflectors provided by a collaboration between ESA and a sci-
entific consortium led and funded by Denmark.

in both cases generally have low signal-to-noise, we extract the
statistical properties of the ICM – mean relations and their dis-
persion – by averaging over the large sample. The approach en-
ables us to study the properties of a much larger and representa-
tive sample of clusters than otherwise possible.

The SZ-richness relation adds a new entry to the complement
of cluster scaling laws and additional constraints on cluster and
galaxy evolution models. With a mass-richness relation, we can
also derive the SZ signal-mass relation. This is a central element
in predictions for the diffuse SZ power spectrum and SZ cluster
counts. Poor knowledge of the relation represents an important
source of modeling uncertainty. Low mass systems, for example,
contribute a large fraction of the SZ power, but we know very
little about their SZ signal.

We organise the paper as follows: the next section presents
the data used, both the Planck maps and the MaxBCG catalogue
and pertinent characteristics. Section 3 details our SZ measure-
ments based on a multi-frequency matched filter, and outlines
some of the systematic checks. In Sect. 4 we present our ba-
sic results and in Sect. 5 compare them to model expectations.
Section 6 concludes.

1.1. Conventions and notation

In the following, we adopt a flat fiducial cosmology with
ΩM = 0.3 with the remainder of the critical density made up
by a cosmological constant. We express the Hubble parameter
at redshift z as H(z) = H0 E(z) = (h × 100 km s−1 Mpc−1) E(z)
with h = 0.7. Cluster radii are expressed in terms of RΔ, the ra-
dius inside of which the mean mass overdensity equalsΔ × ρc(z),
where ρc(z) = 3H2(z)/8πG is the critical density at redshift z.
Similarly, we quote masses as MΔ = Δ(4π/3)R3

Δ
ρc. We note that,

in contrast, optical cluster studies, and in particular the MaxBCG
group, frequently employ radii and masses scaled to the mean
matter density, rather than the critical density. For example, it
is standard practice to refer to quantities measured within R200b,
where the overdensity of 200 is defined with respect to the back-
ground density (this corresponds to R60 at z = 0 and R155 at
z = 1). For richness we will use the MaxBCG N200, defined
as the number of red galaxies with L > 0.4 L∗ within R200b.
Richness N200 is the only quantity in this work defined relative
to the mean background density.

We characterize the SZ signal with the Compton-y parameter
integrated over a sphere of radius R500 and expressed in arcmin2:
Y500 = (σT/mec2)

∫ R500

0
PdV/D2

A(z), where DA denotes angular
distance, σT is the Thomson cross-section, c the speed of light,
me the electron rest mass and P = nekT is the pressure, defined
as the product of the electron number density and temperature,
k being the Boltzmann constant. The use of this spherical, rather
than cylindrical, quantity is possible because we adopt a tem-
plate SZ profile when using the matched filter (discussed below).
We bring our measurements to z = 0 and a fiducial angular dis-
tance assuming self-similar scaling in redshift. To this end, we
introduce the intrinsic cluster quantity (an “absolute SZ signal
strength”) Ỹ500 ≡ Y500E−2/3(z)(DA(z)/500 Mpc)2, also expressed
in arcmin2.

2. Data sets

We base our study on Planck SZ measurements at the positions
of clusters in the published MaxBCG cluster catalogue.
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2.1. The MaxBCG optical cluster catalogue

The MaxBCG catalogue (Koester et al. 2007b,a) is derived from
Data Release 5 (DR5) of the Sloan Digital Sky Survey (York
et al. 2000), covering an area of 7500 deg2 in the Northern hemi-
sphere. Galaxy cluster candidates were extracted by color, mag-
nitude and a spatial filter centered on galaxies identified as the
brightest cluster galaxy (BCG). The catalogue provides position,
redshift, richness and total luminosity for each candidate. In the
following we will only use the richness N200, defined as the num-
ber of red-sequence galaxies with L > 0.4 L∗ and within a pro-
jected radius at which the cluster interior mean density equals
200 times the mean background density at the redshift of the
cluster (see Koester et al. 2007a, for details and the remark in
Sect. 1.1). The catalogue consists of 13 823 galaxy clusters over
the redshift range 0.1 < z < 0.3, with 90% purity and 85% com-
pleteness for 10 < N200 < 190 as determined from simulations.

A valuable characteristic for our study is the wide mass
range spanned by the catalogue. Another is the fact that numer-
ous authors have studied the catalogue, providing extensive in-
formation on its properties. In particular, Sheldon et al. (2009)
and Mandelbaum et al. (2008a) have published mass estimates
from weak gravitational lensing analyses, which Johnston et al.
(2007) and Rozo et al. (2009) use to construct mass-richness
(M500−N200) relations. We apply this relation, as outlined below,
to adapt our SZ filter measurements for each individual cluster
according to its given richness, N200, as well as in our model
predictions.

In their discussion, Rozo et al. (2009) identify the dif-
ferences between the Sheldon et al. (2009) and Mandelbaum
et al. (2008a) mass estimates and the impact on the deduced
mass-richness relation. They trace the systematically higher
mass estimates of Mandelbaum et al. (2008a) to these authors’
more detailed treatment of photometric redshift uncertainties
(Mandelbaum et al. 2008b). Moreover, they note that Johnston
et al. (2007), when employing the Sheldon et al. (2009) mea-
surements, used an extended MaxBCG catalogue that includes
objects with N200 < 10, where the catalogue is known to be in-
complete. These two effects lead Rozo et al. (2009) to propose a
flatter mass-richness relation with higher normalisation than the
original Johnston et al. (2007) result. In the following, we per-
form our analysis with both relations; specifically, using the fit
in Table 10 for the M500−N200 relation of Johnston et al. (2007),
and Eqs. (4), (A.20) and (A.21) of Rozo et al. (2009).

2.2. Planck data

We use the six HFI channel temperature maps (prior to CMB re-
moval) provided by the DPC and whose characteristics are given
in Planck HFI Core Team (2011b). These maps correspond to
the observations of intensity in the first ten months of survey by
Planck, still allowing complete sky coverage. Hence, they give
us access to the entire SDSS survey area and complete MaxBCG
catalogue. After masking bad pixels and contaminated regions
(e.g., areas where an individual frequency map has a point source
at >10σ), we have Planck observations for 13 104 of the 13 823
clusters in the MaxBCG catalogue.

3. SZ measurements

We extract the SZ signal at the position of each MaxBCG clus-
ter by applying a multi-frequency matched filter (Herranz et al.
2002; Melin et al. 2006) to the six Planck temperature maps.
The technique maximises the signal-to-noise of objects having

the known frequency dependence of the thermal SZ effect and
the expected angular profile. The filter returns the amplitude
of the template, which we then convert into integrated SZ sig-
nal, Y500, within R500. It also returns an estimate of the local
noise through the filter, σθ500 , due to instrumental noise and as-
trophysical emissions. The same procedure is used in Planck
Collaboration (2011f). We refer the reader to Melin et al. (2006,
2011) for details.

3.1. SZ model template

For the filter’s spatial template we adopt the empirical universal
pressure profile of Arnaud et al. (2010), deduced from X-ray
studies of the REXCESS cluster sample (Böhringer et al. 2007):

P(r) ∝ 1
xγ(1 + xα)(β−γ)/α (1)

where the physical radius r is scaled to x = r/rs, with
rs = R500/c500. For the standard self-similar case (ST case in
Appendix B of Arnaud et al. 2010), c500 = 1.156 and the expo-
nents are α = 1.0620, β = 5.4807, γ = 0.3292. The normalisa-
tion is arbitrary for purposes of the matched filter. The SZ signal
being proportional to the gas pressure, we find the filter template
by integrating along the line-of-sight and expressing the result
in terms of projected angles: x = θ/θs. We truncate the filter at
5θ500, containing more than 95% of the signal for the model.

3.2. Application of the filter

We apply the matched filter to each cluster in the MaxBCG cat-
alogue, using the mass-richness relation, M500 − N200, to define
R500 and set the angular scale θ500 = R500/DA(z). The filter ef-
fectively samples the cluster SZ signal along a cone out to a
transverse angular radius of 5θ500, and returns the normalisation
for the template. We apply a geometric factor based on the tem-
plate SZ profile to convert the deduced total SZ signal along the
cone to an equivalent Y500 value, the SZ signal integrated within
a sphere of physical radius R500. To account for the redshift
range of the catalogue, we scale these measurements according
to self-similar expectations to redshift z = 0 and a fiducial angu-
lar distance of 500 Mpc: Ỹ500 ≡ Y500 E−2/3(z)(DA(z)/500 Mpc)2.
We accordingly adapt the estimated filter noise σθ500 to uncer-
tainty σ̃θ500 on these scaled SZ signal measurements. The results
of this procedure when using the Johnston et al. (2007) mass-
richness relation are shown in Fig. 1.

3.3. Systematic effects

As in the other four Planck SZ papers (Planck Collaboration
2011d–g), we have carried out various tests to ensure the robust-
ness of the Planck SZ measurements. They included investiga-
tion of the cluster size-flux degeneracy, evaluation of the impact
of the assumed pressure profile used for the Planck cluster detec-
tion, of beam-shape effects, color corrections, potential contam-
ination by point sources, as well as an overall error budget es-
timation. We refer the reader to Sect. 6 of Planck Collaboration
(2011d) for an extensive description of this common analysis.

To complete this investigation in the present work, we
repeated our entire analysis, changing both the instrument
beams and adopted SZ profiles. In the former instance, we
varied the beams at all frequencies together to the extremes
of their associated uncertainties as specified by the DPC
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Fig. 1. Individual scaled SZ signal measurements, Ỹ500, for the
MaxBCG catalogue as a function of richness N200. We do not plot in-
dividual error bars to avoid saturating the figure. The error bar drawn
in the upper left represents the median uncertainty over the entire pop-
ulation; in general, the uncertainty increases towards low richness. The
SZ signal measurements are expressed as the Compton y parameter in-
tegrated over a sphere out to R500, scaled in redshift according to the
self-similar model and placed at a fiducial angular distance of 500 Mpc.
Each point represents the result of the matched filter applied to an indi-
vidual cluster in the catalogue. Upward pointing arrows indicate values
beyond the plotted range. The radius R500, and hence the filter size, is
set from the mass of each cluster determined via the weak-lensing cali-
brated M500 − N200 relation given by Johnston et al. (2007). The results
are nearly the same for the relation given by Rozo et al. (2009).

(Planck HFI Core Team 2011b). All beams were increased or all
decreased in lock-step to maximize any effect. To investigate the
profile, we re-extracted the SZ signal using a non-standard SZ
signal-mass scaling, and separately for cool-core and morpho-
logically disturbed SZ profiles (based on the work of Arnaud
et al. 2010). In all cases, the impact on the measurements was of
order a few percent and thus negligibly impacts our conclusions.

4. Results

Our basic measurements are the set of individual scaled SZ sig-
nal values Ỹ500 for each MaxBCG cluster, given as a function of
richness N200 in Fig. 1 for the Johnston et al. (2007) mass cal-
ibration. At high richness we can detect by eye a slight upturn
of the points. Except for the most massive objects, however, the
signal-to-noise of the individual measurements is small, in most
cases well below unity. This is as expected given the masses of
the clusters and the Planck noise levels.

To extract the signal, we bin these Ỹ500 values by richness
and calculate the bin averages as the noise-weighted mean of
all individual i = 1, ..,Nb measurements falling within the bin:
〈Ỹ500〉b = (

∑
i Ỹ500(i)/σ̃2

θ500
(i))/(

∑
i 1/σ̃2

θ500
(i)). We plot the result

as the red diamonds in Fig. 2. The bold error bars represent only
the statistical uncertainty associated with the SZ signal measure-
ments: σ−2

b =
∑

i 1/σ̃2
θ500

(i) (in some cases the error bars are hid-
den by the size of the data point in the figure). The left-hand
panel of the figure shows results using the Johnston et al. (2007)
mass calibration, while the right-hand side gives results for the
Rozo et al. (2009) mass calibration. The individual SZ signal
measurements are not sensitive to this choice: the different cali-
brations do modify the adopted filter size, but the impact on the
measured signal is small.

Table 1. Scaled Planck SZ signal measurements Ỹ500 binned by N200 for
the Rozo et al. (2009) mass-richness relation.

N200 Ỹ500/(10−5 arcmin2) Stat. uncertainty Total uncertainty

10–13 2.0 ±0.3 ±0.3
14–17 3.8 ±0.6 ±0.6
18–24 8.2 ±0.7 ±0.7
25–32 15 ±1 ±1
33–43 27 ±2 ±2
44–58 48 ±3 ±4
59–77 76 ±4 ±8
78–104 190 ±9 ±40
>105 300 ±20 ±80

Notes. Given Ỹ500 values are the measurement-noise weighted mean
in the bin. The statistical uncertainty corresponds to the measurement-
noise uncertainty on the weighted mean, while the total uncertainty ex-
presses the standard deviation of the weighted mean from an ensemble
of bootstrap samples. This table is plotted as the red diamonds and error
bars in the right-hand panel of Fig. 2.

We quantify the significance of the SZ detection using a null
test: we perform an identical analysis on the MaxBCG catalogue
after first randomising the cluster angular positions within the
SDSS DR5 footprint. In this analysis we are therefore attempt-
ing to measure SZ signal with the same set of filters, but now po-
sitioned randomly within the SDSS survey. The result is shown
in Fig. 3 by the green triangles, to be compared to the actual
MaxBCG measurement given by the red diamonds. The left-
hand panel presents the null test over the full richness range,
while the right-hand panel affords an expanded view of the low
mass end. The analysis on the randomised catalog remains con-
sistent with zero (no detection) to within the SZ measurement
uncertainty over the entire richness range. The actual measure-
ments of the MaxBCG clusters, on the other hand, deviate by
many σ from zero. We reject the null hypothesis in all bins at
high significance.

Figure 4 summarises our analysis of the uncertainty and in-
trinsic scatter as a function of richness. In the left panel we show
the uncertainty on the mean signal Ỹ500 in each bin, expressed
as a fraction of Ỹ500. The red solid red line traces the uncertainty
on the mean signal due to just the measurement error, i.e., the
noise level in the filter. The blue dashed line gives the uncer-
tainty on the mean assuming that the measurements within a bin
are Gaussian distributed about the mean with variance equal to
the empirical in-bin variance. We show the relative uncertainty
calculated from a bootstrap analysis of the entire catalogue as
the dot-dashed, green curve. We perform our full analysis on
10 000 bootstrap realisations from the actual catalogue and use
the distribution of the resulting bin averages to find the relative
uncertainty. The difference between the bootstrap and measure-
ment uncertainties (red line) towards higher richness represents
a detection of intrinsic scatter in those bins. At N200 < 30, this
difference is small and any intrinsic scatter is difficult to distin-
guish from the measurement errors.

In the right-hand panel of Fig. 4 we show our estimate of
the intrinsic scatter in the scaling relation as a function of rich-
ness for N200 > 30. This is expressed as a fraction of the mean,
Ỹ500. The dot-dashed, blue line traces the empirical, or raw, dis-
persion around the average signal of each bin. The three-dot-
dashed, green line gives the dispersion corresponding to pure
SZ measurement noise. To find the intrinsic scatter, we use the
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Fig. 2. Scaled SZ signal measurements, Ỹ500, binned by richness, N200. The left-hand panel presents the results for the Johnston et al. (2007)
M500 − N200 relation, the right-hand panel for the Rozo et al. (2009) relation. In each case, the red diamonds show the bin-average, redshift-scaled
Ỹ500 calculated as the weighted mean of all individual measurements (e.g., Fig. 1) in the bin, where the weights are taken from the estimated filter
noise. The thick error bars show the corresponding uncertainty on the bin-average SZ signal, while the lighter error bars indicate the uncertainty
found by bootstrap analysis; they are larger due to the presence of intrinsic scatter within the bins, most notable at high richness (see Fig. 4). The
blue points represent the model prediction for each bin found by averaging, with the same weights as the data, the SZ signal expected from the
Y500 − M500 (Arnaud et al. 2010, STD case) and corresponding M500 − N200 relations. The Planck measurements are little affected by choice of
mass-richness relation, while the model points move significantly upward with the Rozo et al. (2009) mass calibration. Dashed lines in both panels
show the best fit power-law to the Planck individual cluster data points (i.e., prior to binning, as shown in Fig. 1); the parameters for these fits are
given in Table 2.

Fig. 3. Null test performed by randomising the angular positions of the clusters. The red diamonds show the bin-average, redshift-scaled measure-
ments, Ỹ500, as reported in the left-hand side of Fig. 2 with their corresponding measurement and bootstrap uncertainties; blue stars are the same
model points. The green triangles present the bin-averages for the randomised catalogue with uncertainties given only by the SZ measurement
errors. Results for the randomised catalogue are consistent with zero within their uncertainties. By comparison, the values for the real catalogue
represent highly significant detections of the SZ signal in all richness bins. Left-hand panel: results over the full richness range. Right-hand panel:
zoom into the region indicated by the dotted lines in the left-hand panel to highlight the low-richness end.

estimator:

Σ2
b =

1
Nb − 1

Nb∑

i=1

(
Ỹ500(i) − [Ỹ500]arith

)2 − 1
Nb

Nb∑

i=1

σ̃2
θ500

(i) (2)

where [Ỹ500]arith is the straight arithmetic mean in the bin. In the
figure we plot Σb/〈Ỹ500〉b, with 〈Ỹ500〉b being the weighted mean,
as above. For this calculation we clip all outliers at >5σ, where
σ is the individual cluster SZ signal error. The final result, es-
pecially at low richness, depends on the chosen clipping thresh-
old. The scatter is not Gaussian, as the large fractional intrinsic
scatter at low richness suggests. Below N200 ≈ 30, it becomes
difficult to draw clear conclusions concerning the scatter, as can
be appreciated by the fact that the bootstrap and pure SZ mea-
surement uncertainties begin to overlap in the left-hand panel.
For this reason, we only calculate the intrinsic scatter for the five
highest richness bins in the right-hand panel.

In conclusion, we detect a signal down to the lowest
mass systems in the MaxBCG catalog with high statistical

significance. This is the central result of our study. According to
the mass calibration from Johnston et al. (2007), we observe the
SZ signal in objects of mass as low as M500 = (4−5) × 1013 M�.

5. Discussion

Figure 2 summarises the central results of our study. There
are two notable aspects: firstly, we detect the SZ signal at
high significance over the entire mass range; moreover, simple
power laws adequately represent the observed scaling relations.
Secondly, we see a discrepancy in the Ỹ500−N200 relation relative
to expectations based on X-ray models and either the Johnston
et al. (2007) or Rozo et al. (2009) mass calibrations.

Fitting a power law of the form

Ỹ500 = Y500E−2/3(z)

(
DA(z)

500 Mpc

)2

= Y20

(N200

20

)α
(3)
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Fig. 4. Dispersion analysis. Left-hand panel: relative uncertainty on the mean versus richness. The relative uncertainty is expressed as a fraction
of the bin-average redshift-scaled SZ signal: σ/Ỹ500. The lower red curve corresponds to pure measurement uncertainties from the matched filter
noise estimations; they are the solid error bars of Fig. 2. The upper blue curve traces the uncertainty on the mean assuming the points within a
richness bin are normally distributed according to the observed in-bin dispersion. Bootstrap uncertainties are given as the middle green line, found
as the dispersion in the mean Ỹ500 in each bin calculated over 10 000 bootstrap realisations of the entire MaxBCG catalogue. The numbers given
in the legend indicate the number of objects in each richness bin. Right-hand panel: fractional intrinsic scatter as a function of richness. The blue
dot-dashed line (connecting the blue triangles) shows the raw dispersion in each richness bin, while the green dash-three-dotted line (connecting
the green crosses) gives the calculated statistical dispersion from the measurement error on the scaled SZ signal Ỹ500. The red dashed line with
error bars is our estimation of the intrinsic scatter as a function of richness. For this calculation we have eliminated outliers in each bin at >5σ,
with σ = σ̃θ500 for each cluster. We only calculate the intrinsic scatter at N200 > 30, because at lower richness it becomes difficult to separate the
intrinsic dispersion from the scatter due to pure measurement error.

directly to the individual scaled measurements (e.g., Fig. 1), we
obtain the results summarised in Table 2. The Rozo et al. (2009)
mass calibration assigns a larger mass to the clusters, increasing
the filter scale and augmenting the measured SZ signal, which
we see as the slightly higher normalisation. These fits are plotted
as the dashed lines in Fig. 2. The power laws satisfactorily rep-
resent the bin-average trends. The reduced χ2 = 1.16 (13 104-2
degrees-of-freedom) in both cases is poor; this reflects the pres-
ence of the intrinsic scatter, also evident by the larger uncertain-
ties on the fit from the bootstrap analysis.

The blue stars in Fig. 2 represent the predictions of a model
based on the Y500 − M500 relation from Arnaud et al. (2010) and
the Johnston et al. (2007) (left) or Rozo et al. (2009) (right)
M500 − N200 mean scaling relation. It assumes a self-similar
Y500 − M500 scaling relation (STD case) calibrated on X-ray
observations of the REXCESS cluster sample (Böhringer et al.
2007). This calibration is also consistent with WMAP observa-
tions (Melin et al. 2011) and with the Planck analysis (Planck
Collaboration 2011f,g). In each bin we average the model pre-
dictions in the same way as the Planck observations: we find the
model bin-average redshift-scaled SZ signal as the inverse-error-
weighted (pure SZ measurement error) average, assigning each
cluster in the bin the same error as the actual observation of that
object. Note that in the observation plane (Ỹ500,N200), the model
(blue) points change with the mass calibration much more than
the measurements.

We see a clear discrepancy between the model and the
Planck SZ measurements for both mass calibrations. In the case
of the Johnston et al. (2007) mass calibration, the discrepancy
manifests as a shift in normalisation that we can characterise by
a 25% mass shift at given SZ signal: M −→ 0.75M; the slope
of the observed relation remains consistent with the self-similar
prediction. The Rozo et al. (2009) mass calibration, on the other
hand, flattens the mass-richness relation and predicts a shallower
power law, as well as a higher normalisation; at N200 = 50 there
is a factor of 2 between the predicted and observed amplitudes.

We now discuss some possible explanations for this discrep-
ancy. Weak lensing mass estimates are difficult, and as we have
seen there is an important difference in the two mass calibrations.
Rozo et al. (2009), building on earlier work by Mandelbaum
et al. (2008b), discuss some of the issues when measuring the
weak-lensing signal for the MaxBCG catalogue. However, it
seems unlikely that the weak-lensing mass calibration would be
in error to the extent needed to explain the discrepancy seen in
Fig. 2. The discrepancy is in fact larger for the Rozo et al. (2009)
result, which should be the more robust mass calibration.

Our model predictions use a series of non-linear, mean rela-
tions between observables which in reality have scatter that may
also be non-Gaussian. The largest scatter is expected to be in
the mass-richness relation. If the scatter is large enough, it could
bias the predictions. We have investigated the effect of a 45%
log-normal scatter in mass at fixed richness (e.g., Rozo et al.
2009) and of a Poissonian distribution in richness at fixed mass.
These are realistic expectations for the degree of scatter in the re-
lations. The effect on the predicted, binned SZ signal is at most
20%, not enough to explain the factor of two discrepancy we see.

Contamination of the MaxBCG catalogue with a fraction, f ,
of objects that do not contribute an SZ signal (e.g., projection ef-
fects in the optical) would bias the measured signal low by about
1 − f . The level of contamination needed to explain the magni-
tude of the discrepancy with the Rozo et al. (2009) calibration
( f ≈ 0.5) seems unlikely. The catalogue is estimated, instead, to
be close to 90% pure for N200 > 10. Moreover, contamination
would also lower the weak-lensing mass calibration by about
1− f , at given N200. Since the predicted SZ signal scales as M5/3,
the model SZ signal would drop by an even larger amount than
the observed signal.

To investigate this discrepancy further we analyse, in the
same manner, a subsample of the MaxBCG clusters with X-ray
data from the MCXC catalogue (Piffaretti et al. 2011). This
represents an X-ray detected subsample of the MaxBCG. The
results are given in Fig. 5 for the Rozo et al. (2009) mass
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Table 2. The SZ signal-richness relation fit to a power law of the form Ỹ500 = Y20 (N200/20)α (see Eq. (3)) for the two mass-richness relations.

Mass-Richness Relation Y20/(10−5 arcmin2) Statistical Bootstrap α Statistical Bootstrap

Johnston et al. (2007) 6.8 ±0.3 ±0.4 2.07 ±0.03 ±0.07
Rozo et al. (2009) 7.4 ±0.3 ±0.4 2.03 ±0.03 ±0.07

Notes. The power law is fit directly to the individual SZ measurements (e.g., Fig. 1). The columns labeled “Statistical” give the uncertainty on the
parameters calculated from the SZ measurement errors alone, while those labeled “Bootstrap” give uncertainties found by fitting the power law to
a set of bootstrap samples; the latter better represent the full uncertainty of the fits in the presence of intrinsic scatter.

Fig. 5. The Ỹ500 − N200 relation for the MCXC X-ray subsample. Thick
lines give the statistical errors, while the thin bars are the bootstrap un-
certainties. We find that the MCXC X-ray subsample matches the model
predictions much better than the full sample, which maintains a clear
offset relative to the model, as seen in in Fig. 2.

calibration and with our usual notation. We see that this X-ray
subsample, of 189 clusters, matches the model predictions much
better. This argues that, at least for this subsample, the weak-
lensing mass calibration is not significantly biased. The result
also indicates the presence of a range of ICM properties at fixed
richness. This is consistent with the study by Rozo et al. (2009),
obtained by adapting the approach of Rykoff et al. (2008b), who
find a large scatter in X-ray luminosity at fixed N200.

Splitting the catalogue according to the luminosity of the
BCG lends support to the presence of populations with differ-
ent ICM properties. In each bin, we divide the catalogue into
a BCG-dominated sample, where the fraction of the cluster lu-
minosity contributed by the BCG is larger than the average for
that bin, and its complement sample. The BCG-dominated sam-
ple has a notably higher normalisation, closer to the predicted
relation, than the complement sample.

We also compare our results to the X-ray results from Rykoff
et al. (2008a) who stacked ROSAT photons around MaxBCG
clusters according to richness. As with our SZ observations,
their individual X-ray fluxes had low signal-to-noise, but they
extracted mean luminosities from each image stack (Rykoff et al.
2008b). They report luminosities, L200, over the 0.1−2.4 keV
band and within R200 for each N200 richness bin. Their analysis
revealed a discrepancy between the observed mean luminosities
and the X-ray model predictions, using the Johnston et al. (2007)
mass calibration.

To compare we re-binned into the same richness bins as
Rykoff et al. (2008b), calculating the new, bin-average, redshift-
scaled Ỹ500. We also convert their luminosities to L500 using
the X-ray profile adopted in Arnaud et al. (2010); the conver-
sion factor is 0.91. In addition, we apply the self-similar redshift

luminosity scaling of E−7/3(z = 0.25) to bring the Rykoff et al.
(2008a) measurements to equivalent z = 0 values from the val-
ues at their median redshift, z = 0.25. The resulting points are
shown in Fig. 6.

The model line in the figure is calculated from the z = 0,
X-ray luminosities using the X-ray based scaling laws in Arnaud
et al. (2010). In this plane the model matches the observations
well, demonstrating consistency between the SZ and X-ray ob-
servations. Remarkably, the ICM quantities remain in agreement
with the model despite the individual discrepancies (SZ and
X-ray luminosity) with richness.

The intrinsic scatter in the scaling relation, given in Fig. 4,
starts at about 60% and rises to over 100% at N200 ≈ 30. This
was calculated by clipping all outliers at >5σ; the result de-
pends on the choice of clipping threshold, indicative of a non-
Gaussian distribution. This dispersion should be compared to
the estimated log-normal scatter in the mass-richness relation
of (45+0.2

−0.18)% found by Rozo et al. (2009). Assuming that the
dispersion in the SZ signal-mass relation is much smaller, we
would expect a dispersion of order 75%, not far from what we
find and within the uncertainties. Such large fractional disper-
sion implies a non-Gaussian distribution skewed toward high SZ
signal values, particularly at low richness.

6. Conclusions

We have measured with high significance the mean SZ signal for
MaxBCG clusters binned by richness, even the poorest systems.
The observed SZ signal-richness relation, based on 13 104 of
the MaxBCG clusters observed by Planck, is well represented
by a power law. This adds another scaling relation to the list
of such relations known to exist among cluster properties and
that present important constraints on cluster and galaxy evolu-
tion models.

The observed relation has a significantly lower amplitude
than predicted by X-ray models coupled with the mass-richness
relation from weak-lensing observations. The origin of this dis-
crepancy remains unclear. Bias in the weak-lensing mass mea-
surements and/or a high contamination of the catalogue are po-
tential explanations; another would be a bias in hydrostatic X-ray
masses relative to weak-lensing based masses (Borgani et al.
2004; Piffaretti & Valdarnini 2008), although the required level
of bias would be much larger than expected from simulations.
In general, we would expect a wide range of ICM properties at
fixed richness (e.g., for example by Rykoff et al. 2008a; Rozo
et al. 2009) of which only the more X-ray luminous objects
are readily found in X-ray samples used to establish the X-ray
model. This is consistent with the better agreement of the model
with a subsample of the MaxBCG catalogue with X-ray obser-
vations. Remarkably, the relation between mean SZ signal and
mean X-ray luminosity for the entire catalogue does conform
to model predictions despite discrepant SZ signal-richness and
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Fig. 6. Comparison of our bin-average redshift-scaled SZ signal mea-
surements with the mean X-ray luminosities found by Rykoff et al.
(2008a). For this comparison, we re-bin into the same bins as Rykoff
et al. (2008a) and plot the results as the red diamonds with error bars.
The X-ray luminosities are brought to equivalent z = 0 values us-
ing the self-similar scaling of E−7/3(z = 0.25) applied at the quoted
z = 0.25 median redshift. The dashed blue line shows the predictions of
the X-ray model. Our notation for the error bars follows previous fig-
ures. The numbers in the figure indicate the number of clusters in each
bin.

X-ray luminosity-richness relations; properties of the gas halo
appear more stably related than either to richness.

We find large intrinsic scatter in the SZ signal-richness
relation, although consistent with the major contribution arising
from scatter in the mass-richness relation. The uncertainties,
however, are important. Such large scatter implies a non-
Gaussian distribution of SZ signal at given richness, skewed to-
wards higher signal strengths. This is consistent with the idea
of a wide range of ICM properties at fixed richness, with X-ray
detected objects preferentially at the high SZ signal end.

The Ỹ500−N200 relation, and by consequence the Ỹ500−M500
relation, is an important part of our understanding of the cluster
population and a key element in its use as a cosmological probe.
Predictions of both the number counts of SZ-detected clusters
and the diffuse SZ power spectrum depend sensitively on the
Ỹ500 − M500 relation. The amplitude of the SZ power spectrum
varies as the square of the normalisation, while the counts de-
pend on it exponentially. In both instances, this relation repre-
sents a significant theoretical uncertainty plaguing models.

Our study of the SZ signal-richness relation is a step to-
wards reducing this uncertainty, and it presents a new cluster
scaling relation as a useful constraint for theories of cluster and
galaxy evolution. Concerning the latter, we find no obvious sign
of an abrupt change in the ICM properties of optically selected
clusters over a wide range of richness, hence mass, as might
be expected from strong feedback models. Future research with
Planck will extend this work to other catalogues and a greater
redshift range.
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ABSTRACT

We present the scaling relation between Sunyaev-Zeldovich (SZ) signal and stellar mass for almost 260,000 locally brightest galaxies (LBGs)
selected from the Sloan Digital Sky Survey (SDSS). These are predominantly the central galaxies of their dark matter halos. We calibrate the
stellar-to-halo mass conversion using realistic mock catalogues based on the Millennium Simulation. Applying a multi-frequency matched filter to
the Planck data for each LBG, and averaging the results in bins of stellar mass, we measure the mean SZ signal down to M∗ ∼ 2× 1011 M�, with a
clear indication of signal at even lower stellar mass. We derive the scaling relation between SZ signal and halo mass by assigning halo properties
from our mock catalogues to the real LBGs and simulating the Planck observation process. This relation shows no evidence for deviation from
a power law over a halo mass range extending from rich clusters down to M500 ∼ 2 × 1013 M�, and there is a clear indication of signal down to
M500 ∼ 4×1012 M�. Planck’s SZ detections in such low-mass halos imply that about a quarter of all baryons have now been seen in the form of hot
halo gas, and that this gas must be less concentrated than the dark matter in such halos in order to remain consistent with X-ray observations. At the
high-mass end, the measured SZ signal is 20 % lower than found from observations of X-ray clusters, a difference consistent with the magnitude
of Malmquist bias effects that were previously estimated for the X-ray sample.

Key words. cosmology: observations – cosmic background radiation – large-scale structure of Universe – galaxies: clusters: general
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1. Introduction

Galaxy evolution is currently understood to reflect a thermal cy-
cle operating between baryonic components confined in dark
matter halos. Gas cools radiatively during the hierarchical build-
up of the halo population and condenses to form galaxies in halo
cores. Left unchecked, cooling results in more massive galaxies
than observed (Balogh et al. 2001; Lin & Mohr 2004; Tornatore
et al. 2003), and one must invoke an additional source of non-
gravitational heating to prevent a “cooling crisis” (White & Rees
1978; Cole 1991; White & Frenk 1991; Blanchard et al. 1992).
Feedback from star formation and supernovae appears insuffi-
cient to halt cooling in massive halos (Borgani et al. 2004), so
some modelers have invoked additional heating by active galac-
tic nuclei (AGN, Churazov et al. 2002; Springel et al. 2005a;
McNamara & Nulsen 2007). Such models show substantially
improved agreement with the luminosity-temperature relation
of X-ray clusters (Valageas & Silk 1999; Bower et al. 2001;
Cavaliere et al. 2002) and the luminosity function of galaxies
(Croton et al. 2006; Bower et al. 2006; Somerville et al. 2008).
The energetics of AGN feedback imply that it should have es-
pecially strong effects on low-mass clusters, heating gas in the
central regions and pushing it to larger radii, thereby reducing
both gas fractions and X-ray luminosities (Puchwein et al. 2008;
McCarthy et al. 2010).

Relationships between the gas, stellar, and dark matter prop-
erties of halos are important to our understanding of galaxy for-
mation. Measurements of these relationships over a wide range
of halo mass, from rich clusters down to individual galaxies, are
therefore a primary objective of a number of current observa-
tional campaigns. Recent studies have probed the relationship
between the mass of a halo and the stellar mass of its central
galaxy (the SHM relation) using “abundance matching” tech-
niques, the dynamics of satellite galaxy populations, and gravita-
tional lensing (Guo et al. 2010; Moster et al. 2010; Mandelbaum
et al. 2006; Leauthaud et al. 2012).

Corresponding constraints on the gas content of halos over
a similar mass range are not yet available. Although there are
many detailed X-ray studies of the intracluster medium, these
mostly concern massive clusters; lower mass groups are faint
and so are difficult to study individually. The Sunyaev-Zeldovich
(SZ) effect (Sunyaev & Zeldovich 1972; Birkinshaw 1999) of-
fers a fresh means to address this problem. Large-area SZ sur-
veys are just beginning to be amassed by ground-based instru-
ments such as the Atacama Cosmology Telescope (ACT, Swetz
et al. 2008; Marriage et al. 2011; Sehgal et al. 2011; Hand et al.
2011), the South Pole Telescope (SPT, Carlstrom et al. 2011;
Staniszewski et al. 2009; Vanderlinde et al. 2010; Williamson
et al. 2011) and APEX-SZ (Dobbs et al. 2006), as well as by the
Planck1 satellite mission, (Planck Collaboration 2011c,d,e,f,g).

High signal-to-noise ratio observations of individual objects
are not currently possible over the full mass range from galaxy
clusters down to individual bright galaxies. The SHM relation
can only be estimated for lower mass objects through statistical
methods applied to large catalogues. In this context, the SZ ef-
fect presents exciting new opportunities. First steps in this di-
rection were taken by Planck Collaboration (2011g) and Hand
et al. (2011), with more recent work by Draper et al. (2012)

1 Planck (http://www.esa.int/Planck) is a project of the
European Space Agency (ESA) with instruments provided by two sci-
entific consortia funded by ESA member states (in particular the lead
countries France and Italy), with contributions from NASA (USA) and
telescope reflectors provided by a collaboration between ESA and a sci-
entific consortium led and funded by Denmark.

and Sehgal et al. (2013). In our first study (Planck Collaboration
2011g), we binned large numbers of maxBCG (Koester et al.
2007) clusters by richness to measure the relation between mean
SZ signal and richness. In a similar manner, Hand et al. (2011)
binned ACT measurements of luminous red galaxies to deter-
mine the mean relation between SZ signal and LRG luminosity.

Here, we extend our previous work with Planck multi-
frequency observations of a large sample of locally brightest
galaxies (LBGs). These were selected from the Sloan Digital
Sky Survey (SDSS) using criteria designed to maximize the
fraction of objects that are the central galaxies of their dark
matter halos. We stack the Planck data in order to estimate
the mean SZ signal for LBGs in a series of stellar mass bins.
We then use mock galaxy catalogues based on the Millennium
Simulation and tuned to fit the observed abundance and cluster-
ing of SDSS galaxies to establish the relation between stellar and
halo mass. Planck is a unique SZ instrument for this purpose be-
cause of its large frequency coverage and the fact that it observes
the entire SDSS survey area, allowing study of large samples of
galaxy systems with extensive multi-wavelength data.

We unambiguously (>3σ) detect the SZ signal down to stel-
lar masses of 2 × 1011 M�, corresponding to an effective halo
mass M500 of 2× 1013 M� (see Sect. 2) and we find clear indica-
tions of signal down to 1011 M� (M500 = 4 × 1012 M�). Detailed
simulation both of the galaxy sample and of the Planck mea-
surement process allows us to correct the effects of halo mis-
centering and of the scatter in halo mass at fixed stellar mass
when estimating the SZ signal-halo mass relation. We find that
the relation is well described by a single power law within its
statistical uncertainties. At the high end, our results overlap the
mass range probed by X-ray clusters, where we find a 20% lower
SZ signal than obtained from fits to X-ray selected cluster sam-
ples. This difference is consistent with possible Malmquist bias
effects in the X-ray sample. The gas properties of dark matter
halos display a remarkable regularity from the poorest groups to
the richest clusters.

Throughout this paper, we adopt a fiducial ΛCDM cosmol-
ogy consistent with the WMAP7 results (Komatsu et al. 2011).
In particular, we use Ωm = 0.272, ΩΛ = 0.728, ns = 0.961,
and σ8 = 0.807. We express the Hubble parameter at red-
shift z as H(z) = H0E(z), with H0 = h × 100 km s−1 Mpc−1

and h = 0.704. For the redshift range of interest (z <∼ 1), we
approximate E2(z) = Ωm(1 + z)3 + ΩΛ. The virial radius of a
halo is defined here as R200, the radius enclosing a mean den-
sity 200 times the critical density at that redshift, i.e., 200×ρc(z),
where ρc(z) = 3H2(z)/(8πG). The virial mass is then defined as

M200 ≡ 200(4π/3)R3
200 ρc,

which we also refer to as Mh. Similarly, we quote the conven-
tional masses M500 and radii, R500, when presenting the SZ scal-
ings. For stellar mass, we use the symbol M∗.

The SZ signal is characterized by Y500, the Comptonization
parameter integrated over a sphere of radius R500, expressed in
square arcminutes. Specifically,

Y500 ≡ (σT/(mec
2))

∫ R500

0
PdV/D2

A(z),

where DA(z) is the angular-diameter distance,σT is the Thomson
cross-section, c is the speed of light, me is the electron rest
mass, and P = nekTe is the pressure, obtained as the product
of the electron number density and the electron temperature.
Throughout this paper, we use the quantity

Ỹ500 ≡ Y500E−2/3(z)(DA(z)/500 Mpc)2,
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also expressed in square arcminutes, as the intrinsic SZ signal,
scaled to redshift z = 0 and to a fixed angular diameter distance.

The paper is organized as follows. Section 2 describes the
Planck maps used in our analysis, and our reference catalogue
of locally brightest galaxies, based on SDSS data. Section 3 de-
scribes our methodology. Sections 4 and 5 gives our main results
and the tests made to demonstrate their robustness. Sections 6
and 7 contain discussion and conclusions, respectively.

2. Data

2.1. Planck data set

Planck (Tauber et al. 2010; Planck Collaboration 2011a) is the
third generation space mission to measure the anisotropy of the
cosmic microwave background (CMB). It observes the sky in
nine frequency bands covering 30–857 GHz with high sensitiv-
ity and angular resolution from 31′ to 5′. The Low Frequency
Instrument (LFI; Mandolesi et al. 2010; Bersanelli et al. 2010;
Mennella et al. 2011) covers the 30, 44, and 70 GHz bands
with amplifiers cooled to 20 K. The High Frequency Instrument
(HFI; Lamarre et al. 2010; Planck HFI Core Team 2011a) covers
the 100, 143, 217, 353, 545, and 857 GHz bands with bolome-
ters cooled to 0.1 K. Polarisation is measured in all but the
highest two bands (Leahy et al. 2010; Rosset et al. 2010). A
combination of radiative cooling and three mechanical cool-
ers produces the temperatures needed for the detectors and op-
tics (Planck Collaboration 2011b). Two data processing cen-
tres (DPCs) check and calibrate the data and make maps of
the sky (Planck HFI Core Team 2011b; Zacchei et al. 2011).
Planck’s sensitivity, angular resolution, and frequency cover-
age make it a powerful instrument for Galactic and extragalac-
tic astrophysics as well as for cosmology. Early astrophysics
results are given in Planck Collaboration VIII–XXVI 2011,
based on data taken between 13 August 2009 and 7 June 2010.
Intermediate astrophysics results are now being presented in a
series of papers based on data taken between 13 August 2009
and 27 November 2010.

2.2. A locally brightest galaxy catalogue

To select a sample of central galaxies, we first define a par-
ent population with r < 17.7 (r-band, extinction-corrected,
Petrosian magnitude) from the spectroscopic galaxy catalogue
of the New York University Value Added Galaxy Catalogue2.
This was built by Blanton et al. (2005) based on the seventh data
release of the Sloan Digital Sky Survey (SDSS/DR7 Abazajian
et al. 2009). This parent catalogue contains 602 251 galaxies.
We then define “locally brightest galaxies” to be the set of all
galaxies with z > 0.03 that are brighter in r than all other sam-
ple galaxies projected within 1.0 Mpc and with redshift differing
by less than 1000 km s−1. After this cut 347 486 locally brightest
galaxies remain.

The SDSS spectroscopic sample is incomplete because it
proved impossible to place a fibre on every object satisfying the
photometric selection criteria, and because some spectra failed
to give acceptable redshifts. The completeness to our chosen
magnitude limit varies with position, with a mean of 91.5% over
the survey as a whole. To ensure that galaxies without SDSS
spectroscopy do not violate our sample selection criteria, we
have used SDSS photometry to eliminate all objects with a com-
panion that is close and bright enough that it might violate the

2 NYU-VAGC, http://sdss.physics.nyu.edu/vagc/

above criteria. Specifically, we have used the “photometric red-
shift 2” catalogue (photoz2 Cunha et al. 2009) from the SDSS
DR7 website to search for additional companions. This cata-
logue tabulates a redshift probability distribution in bins of width
Δz = 0.0145 for every galaxy down to photometric limits much
fainter than we require. We then eliminate any candidate with
a companion in this catalogue of equal or brighter r-magnitude
and projected within 1.0 Mpc, unless the photometric redshift
distribution of the “companion” is inconsistent with the spectro-
scopic redshift of the candidate. (Our definition of “inconsistent”
is that the total probability for the companion to have a redshift
equal to or less than that of the candidate is less than 0.1; in
practice this eliminates “companions” that are too red to be at a
redshift as low as that of the candidate.) This procedure leaves
us with a cleaned sample of 259 579 locally brightest galaxies.

The NYU-VAGC provides a variety of data for each galaxy.
In addition to the positions, magnitudes, and redshifts used to
create our sample, we will make use of rest-frame colours and
stellar masses. The latter are based on stellar population fits to
the five-band SDSS photometry and on the measured redshifts,
assuming a Chabrier (2003) stellar initial mass function (Blanton
& Roweis 2007). The estimated (statistical) error in these stel-
lar masses, arising from photometric uncertainties and template
mismatches, is ∼0.1 dex. In Fig. 1 we compare the colour and
redshift distributions of our final sample of locally brightest
galaxies to those of the parent sample for five disjoint ranges
of stellar mass. For log10 M∗/M� ≥ 10.8, the distributions are
similar for the two populations. At lower stellar mass, locally
brightest galaxies are a small fraction of the parent sample and
are biased to bluer colours and to slightly larger redshifts. In
our stacking analysis below, we obtain significant SZ signals
only for galaxies with log10 M∗/M� ≥ 11.0. Our sample con-
tains 81 392 galaxies satisfying this bound, the great majority of
them on or near the red sequence.

2.2.1. The reliability of our central galaxy sample
and its stellar mass-halo mass relation

We expect the majority of our locally brightest galaxies to be
the central galaxies of their dark matter halos, just as bright field
galaxies lie at the centres of their satellite systems and cD galax-
ies lie near the centres of their clusters and are normally their
brightest galaxies. For our later analysis, it is important to know
both the reliability of our galaxy sample, i.e., the fraction of
galaxies that are indeed the central galaxies of their halos, and
the relation between the observable stellar masses of the galax-
ies and the unobservable masses of their halos. In this section we
investigate both issues using an update of the publicly available3

semi-analytic galaxy formation simulation of Guo et al. (2011).
The update uses the technique of Angulo & White (2010) to
rescale the Millennium Simulation (Springel et al. 2005b) to the
WMAP7 cosmology, then readjusts the galaxy formation param-
eters to produce a z = 0 galaxy population with abundance and
clustering properties that are almost indistinguishable from those
of the original model. At the relatively high masses relevant for
our work, this simulation provides a very close match to the ob-
served luminosity and stellar mass functions of the SDSS as well
as to the auto-correlations of SDSS galaxies as a function of stel-
lar mass (Guo et al. 2013).

We construct a sample of locally brightest galaxies from this
simulation using criteria exactly analogous to those used for the
measured data. We project the galaxy distribution onto one of

3 http://www.mpa-garching.mpg.de/millennium
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Fig. 1. Distributions in colour (left) and redshift (right) of our locally brightest galaxies and of the SDSS/DR7 population from which they were
drawn. Black histograms refer to the parent sample and red histograms to the locally brightest galaxies. The panels in each set correspond to five
disjoint ranges of log10 M∗/M�, as indicated in the labels. In the left-hand set, additional labels give the number of galaxies contributing to the
parent (black) and locally brightest (red) histograms. Dashed vertical lines in these same panels indicate the colour we use to separate red and blue
galaxies in Fig. 3 below.

the faces of the simulation cube and assign each galaxy a red-
shift based on its distance and peculiar velocity in the projection
direction. A galaxy is considered locally brightest if it has no
neighbour that is brighter in r within 1.0 Mpc projected distance
and 1000 km s−1 in redshift. We divide galaxies into “centrals”,
defined as those lying at the minimum of the gravitational poten-
tial of the dark matter friends-of-friends (FoF) group with which
they are associated, and “satellites”, defined as all other galaxies.

With these definitions we can assess the fraction of our lo-
cally brightest galaxies that are truly central galaxies. The black
line in Fig. 2 shows, as a function of stellar mass, the fraction of
all galaxies in the simulation that are centrals. At stellar masses
just above 1010 M� this fraction is about one half, but it increases
with stellar mass, reaching two thirds by log10 M∗/M� = 11.0
and 90% by log10 M∗/M� = 11.8. In contrast, the fraction
of locally brightest galaxies that are centrals is much higher,
with a minimum of just over 83% at stellar masses somewhat
above 1011 M�. We have checked those locally brightest galaxies
that are satellites, finding that for log10 M∗/M� > 11, about two-
thirds are brighter than the true central galaxies of their halos.
The remainder are fainter than their centrals, and are considered
locally brightest because they are more than 1 Mpc (projected)
from their centrals (60%) or have redshifts differing by more
than 1000 km s−1 (40%).

We can assign a halo mass, M200, to every galaxy in our sim-
ulation. For both satellite galaxies and central galaxies, we take
M200 to be the current M200 of the FoF dark matter halo with
which the object is associated, i.e., the mass contained within
its R200. Figure 3 shows a scatter plot of M200 against M∗ for a
random subset (one out of every 80) of our sample of simulated
locally brightest galaxies. We indicate central galaxies with red
or blue points according to their rest-frame g − r colour (with
the two distinct regions separated by the vertical dashed lines in
the left panel of Fig. 1) while satellite galaxies are indicated by

Fig. 2. Fraction of locally brightest galaxies that are the central objects
in their dark halos, based on the simulations of Guo et al. (2011). The
solid line traces the fraction of all simulated galaxies that are central
galaxies as a function of stellar mass. This fraction increases with stellar
mass, reaching 90% at the high mass end. The dashed line presents
the central galaxy fraction for locally brightest galaxies selected from
the simulation according to the criteria applied to the SDSS data. This
yields a sample that is over 83% reliable at all stellar masses.

black points. Clearly, red (passive) and blue (star-forming) cen-
tral galaxies lie on different M200-M∗ relations. That for passive
galaxies is steeper, and is offset to larger halo mass in the stellar
mass range where both types of central galaxy are present.

Satellite galaxies lie in halos in the massive tail of the dis-
tribution for central galaxies of the same stellar mass. Satellites
misidentified as centrals in our catalogue are usually outlying
members projected at relatively large separation (from a few
hundred kiloparsecs to 2 Mpc). Their presence bias high both the
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Fig. 3. Scatter plot of M200 against M∗ for a random subset (one out
of 80) of our sample of simulated locally brightest galaxies. Central
galaxies are shown as red or blue points according to their g − r colour,
using the cuts indicated in Fig. 1. Satellite galaxies are shown as black
points. The lower and upper curves give the median and mean values of
halo mass as a function of stellar mass.

mean halo mass (the high black points in Fig. 3) and the spatial
extent of the stacked SZ signals we measure below. However,
since two thirds of the satellites that we misidentify as central
galaxies are in fact brighter than the true central galaxies of their
halos (i.e., they are not typical satellites), this bias is not extreme.
In any case, we correct for these effects explicitly in our analysis
using the simulation.

The lower of the two continuous curves in Fig. 3 shows the
median M200 as a function of M∗. We will take this as an esti-
mate of the typical halo mass associated with a central galaxy of
known M∗, and will use it to set the angular size of the matched
filter for each observed galaxy when stacking SZ signal as a
function of stellar mass. The upper continuous curve shows the
mean M200 as a function of M∗. The substantial shift between the
two is a measure of the skewness induced by the differing rela-
tions for passive and star-forming centrals and by the presence
of the tail of cluster satellite galaxies (see Appendix B).

3. Analysis

Our analysis closely follows that presented in Planck
Collaboration (2011e), Planck Collaboration (2011f), and
Planck Collaboration (2011g), employing as primary method a
multi-frequency matched filter (MMF) optimized in both fre-
quency and angular space to extract the thermal SZ signal
(Herranz et al. 2002; Melin et al. 2006). We find that dust emis-
sion from our target sources affects the MMF measurements no-
ticeably at low stellar mass, and that an effective mitigation is to
restrict our final measurements to the three lowest HFI frequen-
cies (100, 143, and 217 GHz). This is detailed in Sect. 5. Our
primary scientific results are hence all based on this three-band
MMF.

For the SZ model template, we employ, as in earlier work
(Planck Collaboration 2011e,f,g), the so-called “universal pres-
sure profile” (Arnaud et al. 2010) deduced from X-ray observa-
tions of the REXCESS cluster sample (Böhringer et al. 2007).

For an easier comparison with the X-ray results, our scaling re-
lations will be presented in terms of M500. The R500 value asso-
ciated with the halo of each central galaxy is obtained as fol-
lows. We first use the SHM relation giving the median halo
M200 as a function of central galaxy stellar mass, as presented
in Sect. 2.2.1. Then, using an NFW profile (Navarro et al. 1997)
and the concentration parameter c200 given by Neto et al. (2007),
we convert M200 to M500 and derive R500 for each halo. The angu-
lar scale for the filter is finally given by projecting R500 at the red-
shift of the target LBG. We have checked that different choices
of the concentration parameter (see e.g. Duffy et al. 2008) pro-
duce changes on M500 at the level of few percent, within our
modeling uncertainty.

In addition to the MMF, and in order to test the robustness of
the results, the impact of foreground contamination and possible
systematic effects, we have also implemented aperture photome-
try (hereafter AP). For the AP, given an object of certain angular
size R, the method evaluates the mean temperature in a circle
of radius r = R and subtracts from it the average found in a
surrounding ring of inner and outer radii r = R and r = f R,
respectively, with f > 1 (see e.g., Hernández-Monteagudo &
Rubiño-Martín 2004). By removing the mean temperature in the
outer region, the method corrects for large-scale fluctuations in
the background. Once the temperature estimates are derived for
each frequency map, they are combined with inverse-variance
weighting to derive an SZ signal estimate by using the known
frequency dependence of the (non-relativistic) thermal SZ ef-
fect. Our choice for the two parameters of the AP method is
(R, f ) = (FWHM,

√
2). Note that the FWHM varies from one

frequency band to another. We also note that the flux estimates
within the aperture have to be corrected separately at each fre-
quency by an appropriate factor in order to obtain the total
flux of the source. For example, if the objects are unresolved
and we assume Gaussian beams, then this correction factor is
(1 + exp(−8 ln 2) − exp(−4 ln 2))−1 for the above choice of R
and f . For extended objects (e.g., those objects with R500 larger
than the beam size, and which are modeled here using the “uni-
versal pressure profile”), the conversion factor can be evaluated
numerically.

Using one of these methods (MMF or AP), we obtain a
measure of the intrinsic SZ signal strength Ỹ500(i) and the as-
sociated measurement uncertainty σ̃θ500(i) for the halo of each
galaxy i. The majority of these individual SZ measurements
have low signal-to-noise ratio. Following the approach in Planck
Collaboration (2011e) and Planck Collaboration (2011g), we
bin them by stellar mass, calculating the bin-average signal
〈Ỹ500〉b = [

∑
1/σ̃2

θ500
(i)]−1 ∑Nb

i=1 Ỹ500(i)/σ̃2
θ500

(i), with uncertainty

σ−2
b =

∑Nb

i=1 1/σ̃2
θ500

(i), where Nb is the number of galaxies in
bin b.

4. Results

Our main observational result is given in Fig. 4 and Table 1,
showing the mean SZ signal measured using the three-band
MMF for locally brightest galaxies binned according to stel-
lar mass. In the plot, the thick error bars show the uncertainty
propagated from the individual measurement errors as described
above, while the thin bars with large terminators give the vari-
ance of the weighted bin-average signal found by a bootstrap
resampling. For the latter, we constructed 1,000 bootstrap real-
izations of the original LBG catalogue and performed the full
analysis on each.
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Fig. 4. Mean SZ signal vs. stellar mass for locally brightest galaxies.
Thick error bars trace the uncertainty on the bin average due purely
to measurement error, while thin bars with large terminators show the
variance calculated by bootstrap resampling and so also include the
intrinsic scatter in the signal. The inset provides a view on a linear
scale to better evaluate the significance of the detections. We observe
a clear relation between the mean SZ signal and stellar mass down to
log10(M∗/M�) = 11.25 (the detection in this bin is at 3.5σ), with a sug-
gestion of signal to lower mass: the next three bins show signal at 1.6σ,
1.6σ and 2.6σ, respectively.

Table 1. Planck SZ signal measurements Ỹ500 binned by stellar mass
(adopting a WMAP7 cosmology). These data are displayed in Fig. 4.

Errors [10−6 arcm2]
Ỹ500

log10

(
M∗
M�

)
[10−6 arcm2] Statistical Bootstrap

10.05 . . . . . . . 0.47 ±0.45 ±0.44
10.15 . . . . . . . 0.79 ±0.41 ±0.39
10.25 . . . . . . . 0.44 ±0.39 ±0.37
10.35 . . . . . . . 0.90 ±0.37 ±0.37
10.45 . . . . . . . 0.05 ±0.37 ±0.34
10.55 . . . . . . . 0.65 ±0.38 ±0.37
10.65 . . . . . . . 0.80 ±0.39 ±0.40
10.75 . . . . . . . 0.25 ±0.43 ±0.43
10.85 . . . . . . . −0.05 ±0.50 ±0.75
10.95 . . . . . . . 1.54 ±0.60 ±0.58
11.05 . . . . . . . 1.27 ±0.78 ±0.78
11.15 . . . . . . . 1.7 ±1.0 ±1.1
11.25 . . . . . . . 5.2 ±1.5 ±1.8
11.35 . . . . . . . 11.2 ±2.3 ±2.4
11.45 . . . . . . . 29.0 ±3.6 ±3.8
11.55 . . . . . . . 60.7 ±6.2 ±6.8
11.65 . . . . . . . 123 ±11 ±16
11.75 . . . . . . . 266 ±23 ±36
11.85 . . . . . . . 445 ±53 ±84
11.95 . . . . . . . 721 ±103 ±210

The inset uses a linear scale to better display the signifi-
cance of our detections. We have a clear signal down to the bin
at 11.2 < log10(M∗/M�) < 11.3, centred at M∗ = 1.8× 1011 M�.
The next three bins provide evidence that the signal continues
to lower mass with “detections” significant at the 1.6σ, 1.6σ
and 2.6σ levels, from high to low mass, respectively. The last bin
is centered at M∗ = 9 × 1010 M�, corresponding to a mean halo
mass of M200 ∼ 1.4 × 1013 M�. These last three bins, however,
are more seriously affected by dust contamination, as discussed

below, and for this reason may be more uncertain than these sta-
tistical measures suggest.

5. Systematic errors

In this section, we present a number of tests of the robustness
of our principal result against systematic error. In the follow-
ing, unless otherwise stated, all results use data at 100, 143,
and 217 GHz only.

5.1. Stacking real-space reconstructed SZ maps

According to Fig. 4, the lowest bin at which we have
a >3σ detection is the one at log10(M∗/M�) = 11.25. As
a consistency check, and also as an illustration of the fre-
quency dependence of the detected SZ signal, Fig. 5 shows
stacked images of central galaxies in six different mass bins
of width Δ log10 M∗ = 0.2 centred at log10(M∗/M�) =
11.05, 11.15, 11.25, 11.35, 11.45, and 11.55.

The stacked maps are obtained, using equal weights, from a
(full-sky) SZ map constructed from the Planck 100, 143, 217,
and 353 GHz maps using a modified internal linear combina-
tion algorithm (MILCA, Hurier et al. 2013) that has been used
for other Planck Intermediate Papers (e.g., Planck Collaboration
2012a,b). The well-known internal linear combination approach
(e.g., Eriksen et al. 2004) searches for the linear combination
of the input maps that minimises the variance of the final recon-
structed map while imposing spectral constraints. This preserves
the thermal SZ signal and removes the CMB contamination (us-
ing the known spectral signatures of the two components) in the
final SZ map. The resulting map used for this analysis has an an-
gular resolution (FWHM) of 10′. We have checked that almost
identical maps are obtained with other methods.

The SZ signal is clearly visible in all panels with
log10(M∗/M�) ≥ 11.25. The stacked maps show no sign of a
gradient in the residual signal in the vertical direction, showing
that the MILCA method is very effective in removing Galactic
emission. Below the mass limit of 11.25, there is also some ev-
idence of SZ signal, although here the contrast relative to the
noise is lower. Finally, we note that the signal in the lower stellar
mass panels is extended. This is mainly due to the larger satellite
fraction at these masses that results in a significant contribution
to the stack from relatively massive halos with centres signifi-
cantly offset from the locally brightest galaxy (see Figs. 2, 3 and
Appendix C). We also discuss in Appendix C the impact of dust
contamination on these maps.

5.2. Null tests

Null tests used to check for systematic errors are shown in Fig. 6.
Taking the set of MMF filters adapted to each target galaxy, we
shift their positions on the sky, either with a random displace-
ment (i.e., by generating a random distribution of new positions
isotropically distributed outside our Galactic mask) or by shift-
ing all coordinates one degree in declination, and rerunning our
analysis. In both cases the result should be zero. The shifted fil-
ter sets indeed have bin-average SZ signals consistent with zero
over the entire mass range.

5.3. Size effects

Although most of the halos traced by our locally brightest
galaxies are, according to their inferred R500 values, at most
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Fig. 5. Equal-weighted stacks of reconstructed SZ maps (i.e., Comptonization parameter maps) for objects in six mass bins centred, from left to
right and top to bottom, at log10(M∗/M�) = [11.05, 11.15, 11.25, 11.35, 11.45, 11.55]. In all cases, the bin size is taken to be 0.2, so the galaxies
in two consecutive panels partially overlap. Maps are 2◦ on a side, with Galactic north at the top. The SZ signal traced by the central galaxies is
clearly detected in all bins above log10(M∗/M�) = 11.25. In all panels, the circles indicate the FWHM of the data, which corresponds to 10′.

Fig. 6. Null tests performed on the locally brightest galaxy sample. Red
points correspond to placing the filter one degree in declination away
from the position of each LBG, while green points correspond to ran-
dom high latitude filter positions. Both sets are consistent with zero.
The black points show our measurements with filters centred on the
LBG sample, demonstrating highly significant detections.

marginally resolved by the Planck beams, size effects are not
negligible, and the full pressure profile has to be used for the
flux determination. If instead the objects are (incorrectly) as-
sumed to be point-like, we find that the flux is underestimated
by roughly 20–30%, although the slope of the Ỹ500-M∗ scaling
relation is practically unaffected.

5.4. Photometry comparison

Figure 7 compares the SZ signal extracted for our LBG sam-
ple by the two photometry methods described above, namely
MMF and AP. Here, we compare the total SZ flux from MMF
(computed as Ỹ5R500) with the total flux recovered from the
AP method, after applying the correction factors described in
Sect. 3. For simplicity, we assume point-like objects for the flux
extraction in this analysis. This is why the MMF data points
differ from the corresponding points in Fig. 4. For the AP, we
also compare the nominal four-band analysis with a three-band
case to illustrate the impact of residual foregrounds on our flux
estimates. When the 353 GHz channel is included, the AP flux
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Fig. 7. Comparison of the SZ measurements on the full locally bright-
est galaxy sample for two different photometry methods: the matched
multi-filter (MMF) and the aperture photometry (AP) approach. For this
figure and only for this figure, we assume point-like objects for both
methods and plot the derived total SZ flux (or the flux within 5 R500

for MMF). The signal detected by the two methods is consistent at all
stellar masses when only three frequencies are used, but when four fre-
quencies are used, the AP results are contaminated by high frequency
emission at stellar masses below ∼2 × 1011 M�.

estimates at low stellar-mass are biased towards high SZ val-
ues. This indicates contaminating high-frequency emission as-
sociated with the sources, presumably dust in the LBGs or their
satellites. We discuss this issue further in Sect. 5.5.

The main conclusion is that the two methods, despite their
different data processing approaches, produce fully consistent
results for log10(M∗/M�) >∼ 11.25, while the results start to show
a dependence on the method for stellar masses below that limit.

5.5. Dust contamination

The analysis of the last section suggests that our SZ signal es-
timates may be contaminated by residual dust emission that in-
creases with frequency and could bias our primary results. To
evaluate the potential effects, we have performed measurements
using three different MMFs, as shown in Fig. 8. The green tri-
angles and red diamonds represent the results of using all six
HFI channels or only the lowest three (100, 143, 217 GHz), re-
spectively. In both cases there is no explicit allowance for a pos-
sible dust contribution. The blue crosses show results for a mod-
ified six-band MMF that includes amplitude fits not only to the
SZ spectrum, but also to a fiducial thermal dust spectrum.

The three sets of measurements fully agree for the stel-
lar masses for which we unambiguously detect the SZ signal,
log10 M∗/M� ≥ 11.25. This indicates that dust emission does
not significantly affect our results for these stellar mass bins.
At lower mass the three-band results and the dust-corrected six-
band results remain consistent, but the six-band results without
explicit dust correction are systematically different. Dust emis-
sion is clearly sufficient to contaminate our six-band filter esti-
mates of SZ signal if uncorrected, but it does not appear to be a
major problem when only the lower three frequency bands are
used. The residual dust contribution estimated from the scatter
and offset of the red and blue points for log10 M∗/M� < 11.0
is below ∼10−6 arcmin2 and so lies comfortably below our mea-
sured signal.

Fig. 8. Impact of dust contamination on our SZ measurements. Three
cases are shown: a 6-band MMF (all Planck HFI frequencies) with no
explicit allowance for a dust contribution (green triangles), a 3-band
MMF also with no explicit dust modelling (red diamonds); and a mod-
ified 6-band MMF that includes an amplitude fit to a fiducial dust
spectrum (blue crosses). The error bars include measurement uncer-
tainties only. For stellar masses where we clearly detect the signal
(i.e., at log10 M∗/M� > 11.25), the three measurements agree, indi-
cating that dust emission does not significantly affect those measure-
ments. At lower masses the 3-band results are consistent with the
6-band results when dust is explicitly included in the modelling, but
not otherwise.

There is a clear indication of signal in the three bins just be-
low log10 M∗/M� = 11.25 both for the three-band MMF and for
the dust-corrected six-band MMF. However, the dust-corrected
results appear systematically lower than the (uncorrected)
three-band results by an amount similar to that seen at lower
masses where the SZ signal is undetected. Further, the six-band
MMF measurements without dust correction (the green trian-
gles) differ substantially for these (and all lower) bins. This sug-
gests that dust emission affects these stellar mass bins notice-
ably even for the three-band MMF, so the corresponding points
in Fig. 4 may be more uncertain than indicated by their statistical
error bars. Although formally the dust-corrected six-band MMF
would appear to give our most accurate estimates of stacked
SZ signal, we are uncertain whether the fiducial dust spectrum
it assumes is appropriate for these specific sources. Therefore
we conservatively quote results based on the three-band MMF,
using the dust-corrected six-band results to give an estimate of
remaining dust-related systematics.

Finally, we note that residual dust contamination bi-
ases the (uncorrected) six-band MMF signal estimates for
log10 M∗/M� < 11 (Fig. 8) in the opposite direction to the
AP signal estimates (see Fig. 7). The agreement of the two meth-
ods for log10 M∗/M� > 11.25 is thus a further indication of the
robustness of our primary results.

5.6. Stability of the signal in different sky surveys

We have also checked that the SZ signal is stable against split-
ting the Planck data into complementary subsets. For instance,
the signal obtained from the maps of the first 6 months of ob-
serving time is fully consistent with that obtained from maps of
the second 6 months and the last 3.5 months (of course the latter
has larger error bars due to its smaller sky coverage).
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Fig. 9. Left: comparison of the measured mean SZ signal as a function of LBG stellar mass (red points) to simulated observations (blue points).
The simulations assign to each observed LBG the halo mass and positional offset of a randomly chosen simulated LBG of the same stellar mass
(compare Fig. 3). Our best fit Y500-M500 scaling relation is then used, together with the universal pressure profile, to inject a simulated signal into
the Planck maps (see text). An “observed” signal is obtained by applying the MMF exactly as for the real data. The inset gives the ratio of the
bin-averaged injected and actual signals. Right: mean SZ signal as a function of effective halo mass. The bin-averaged SZ signal measurements of
the left panel have been translated to this plane using the simulations as described in the text (the red points). The dot-dashed line is our best fit
relation between halo mass and SZ signal, i.e., the one leading to the simulated measurements in the left panel. The green points give the mean
SZ signal of MCXC clusters binned by a halo mass estimated from their X-ray luminosity using the REXCESS relation without correction for
Malmquist bias (line 3 in Table 2 of Planck Collaboration 2011e). The dashed blue line shows the self-similar model calibrated on the REXCESS
sample as given by Arnaud et al. (2010). The inset gives the ratio of all measurements to this model’s predictions. As in previous figures, the
thick error bars account only for measurement uncertainties, while thin bars with large terminators result from a bootstrap analysis and so include
intrinsic scatter effects.

6. The Y500-M500 relation

We now turn to the interpretation of our measurements in terms
of the SZ signal-halo mass scaling relation: Y500-M500. Our con-
clusions are summarised in Fig. 9.

From our simulation of the locally brightest galaxy cata-
logue, we expect a large range of halo masses within a given
bin of stellar mass and, in addition, a fraction of galaxies that
are, in fact, satellites, with significant positional offsets relative
to their host halo (see Fig. 3). These effects impact our measure-
ments of the SZ signal-stellar mass relation in two ways. First,
the MMF is not perfectly matched to each individual object be-
cause we fix the filter scale to the median halo size. This causes
an aperture-induced bias in the flux measurement. Second, our
filter is miscentred for those systems where the LBG is, in fact,
a satellite. These galaxies are often associated with substantially
more massive dark halos than typical LBGs of the same stel-
lar mass, leading to an increase in the mean signal in the bin,
mitigated by the substantial angular offsets of most such satel-
lites from the true centres of their rich clusters. This increases
the apparent extent of the signal in stacked maps like Fig. 5, but
decreases the contribution to the signal through a matched filter
centred on the galaxy (see Appendix C).

Using our simulation of the LBG catalogue, we can account
fully for these effects and extract the underlying Y500-M500 rela-
tion in an unbiased way. Within each stellar mass bin, we iden-
tify each observed LBG with a randomly chosen simulated LBG
of the same stellar mass, assigning it the halo mass and positional
offset from halo centre of its partner, but retaining its observed
redshift. We give each halo a SZ signal distributed according to
the “universal pressure profile” and normalized using a specific
model Y500-M500 scaling relation. Each synthesised object is then
observed with the three-band MMF centred on the galaxy’s posi-
tion, and the measurements are binned and weighted in the same
way as the real data to obtain 〈Y〉s.

This procedure enables us to translate a model Y500-M500 re-
lation to our observational plane, Y500-M∗, and thus to fit for the
underlying scaling relation with halo mass M500. We model this
relation as

Ỹ500 = YM

(
M500

3 × 1014 M�

)αM

, (1)

fixing the mass exponent to its self-similar value, αM = 5/3,
and fitting for the normalization YM. Restricting the fit to
log10(M∗/M�) >∼ 11.5, for direct comparison to X-ray samples
in the discussion below, we find

YM = (0.73 ± 0.07) × 10−3 arcmin2. (2)

In the left-hand panel of Fig. 9, the red points reproduce the
measurements given in Fig. 4, while the blue points show
the simulated observations for this best-fit Y500-M500 scaling
relation.

The best-fit is, however, formally unacceptable, with a re-
duced χ2

ν of 3, which we can more readily appreciate from the
inset showing the ratio of the actual observations to the simu-
lated bin averages on a linear scale. The data prefer a shallower
slope than the self-similar αM = 5/3 over the mass range of the
fit. Moreover, we see that a power law cannot fit the data over
the full mass range probed by our measurements. To ease com-
parison with the X-ray sample, we will nevertheless adopt this
fit below.

The right-hand panel of Fig. 9 considers the SZ signal-
halo mass plane. The blue dot-dashed line simply traces our
best-fit Y500-M500 relation. The blue dashed line is the self-
similar relation derived from X-ray cluster studies in the mass
range 1014−1015 M� (Arnaud et al. 2010), while the green
points present binned SZ measurements for the approximately
1600 clusters in the Meta-Catalogue of X-ray detected Clusters
(MCXC) (Piffaretti et al. 2011). The latter measurements are
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as reported in Planck Collaboration (2011e), with one minor
change: in Planck Collaboration (2011e) we used an empirical
slope for the Y500-M500 relation taken from X-ray studies; for the
points in Fig. 9, we repeated the same analysis fixing the slope
instead to its self-similar value, as was done for the LBG sample.
This change moves the green points only very slightly relative to
those shown in Planck Collaboration (2011e). For the mass es-
timates of the MCXC objects, we applied the X-ray luminosity-
mass relation from Pratt et al. (2009), corresponding to the case
of line 3 of Table 2 in Planck Collaboration (2011e). The mass is
calculated for each MCXC cluster and then binned. We plot the
point at the median value of the mass in each bin.

To transcribe our central galaxy catalogue measurements
onto this figure, we must first find the effective halo mass cor-
responding to each stellar mass bin. This effective mass is a
complicated average over the halo masses within the bin, weight-
ing by the fraction of SZ signal actually observed, i.e., after ac-
counting for aperture and miscentering effects. The bin-averaged
mean SZ signals we estimate for our mock LBG catalogue in-
clude all these effects, and so can be used to calculate an effective
mass as Meff

500 = 3× 1014 M� (〈Y〉s/YM)1/αM , where 〈Y〉s is calcu-
lated for each bin as described above, and YM and αM = 5/3 are
the parameters used for Eq. 1 in the simulation. (Note that the
result is independent of the normalisation YM.) We do this for a
suite of simulated catalogues and take the ensemble average ef-
fective mass for each bin, plotting the results as the red points in
the right-hand panel of the figure.

These LBG results extend the SZ-halo mass scaling relation
down in mass by at least a factor of 3, to M500 = 2 × 1013 M�
(the stellar mass bin at log10 M∗/M� = 11.25). This is the low-
est halo mass for which the mean SZ signal has been measured.
As previously discussed, there is a clear indication that the re-
lation continues to even lower mass, with marginally significant
detections in the next three stellar mass bins. The lowest stellar
mass bin with an apparent SZ detection (at 2.6σ) corresponds
to effective halo mass log10 M500/M� = 12.6. Our power-law fit
adequately describes the data points over more than two orders
of magnitude in halo mass down to this remarkably low value
with no hint of a significant deviation.

The inset in the right panel of Fig. 9 shows the ratio of our
measured mean SZ signal to that predicted by the self-similar
scaling relation deduced from X-ray observations of clusters
(the dashed blue line, Arnaud et al. 2010). Direct measure-
ments obtained by binning the MCXC clusters (the green points)
agree with this relation. This was the principal result of Planck
Collaboration (2011e). The SZ measurements for our LBGs
fall below the relation, however. The horizontal dot-dashed line
gives the ratio our LBG fit to the X-ray model (this is the offset
between the two blue lines in the main figure). Recall that the fit
to the LBG catalogue was restricted to masses overlapping the
X-ray sample, log10 M500/M� > 13.8. Over this range, the mean
SZ signals associated with LBG halos are about 20% lower than
found for X-ray clusters with the same halo mass, a difference
that is significant at the 2.6σ level.

A number of effects could contribute to an offset of this
size. The masses plotted for the MCXC were calculated using
a luminosity-mass relation derived from the REXCESS sam-
ple assuming that halo mass scales self-similarly with the mass-
proxy YX and without correction for Malmquist bias (Pratt et al.
2009). Using the Malmquist-corrected relation would remove
much of the offset and bring the two Y500-M500 scaling relations
into acceptable agreement. In this sense, the offset is consis-
tent with the estimated effects of Malmquist bias on the X-ray
sample. However, such biases depend on the detailed selection

procedure of the stacked and calibrating cluster samples, on
the way in which the calibration relation is derived, and on the
(correlated) intrinsic scatter of clusters around the Lx-M500 and
Y500-M500 relations. Thus they can only be corrected through de-
tailed modelling both of the cluster population itself and of the
definition and analysis of the specific cluster surveys involved
(e.g., Angulo et al. 2012). Furthermore, halo masses are esti-
mated in very different ways in our two samples – from X-ray
luminosities calibrated against individual hydrostatic mass mea-
surements for the MCXC, and through an abundance matching
argument based on the WMAP7 cosmology for the LBG cata-
logue. Any offset between these two halo mass scales will re-
sult in offsets in Fig. 9. For example, a number of recent papers
have argued that failure of some of the assumptions underlying
the standard methods for estimating cluster masses from X-ray
data (e.g., detailed hydrostatic equilibrium or the unimportance
of turbulent and nonthermal pressure) could produce a system-
atic bias in the X-ray cluster mass scale (Planck Collaboration
2011g; Rozo et al. 2012; Sehgal et al. 2013). Finally, as for
the LBG sample, each luminosity bin of the MCXC contains
a distribution of halo properties that are averaged in complicated
fashion by our stacked SZ measurement. Understanding the rel-
ative importance of these various effects at a precision better
than 20% would again require detailed modeling of the hetero-
geneous MCXC catalogue.

7. Conclusions

Using Planck data, we have measured the scaling relation be-
tween Sunyaev-Zeldovich signal and stellar mass for locally
brightest galaxies (Y500-M∗). This is the first time such a rela-
tion has been determined, and it demonstrates the presence of
hot, diffuse gas in halos hosting central galaxies of stellar mass
as low as M∗ = 2×1011 M�, with a strong indication of signal at
even lower masses. We have constructed a large mock catalogue
of locally brightest galaxies from the Millennium Simulation
and used it to model the Planck observational process in de-
tail in order to extract from our measurements the underly-
ing SZ signal-halo mass relation (Y500-M500). This new relation
spans a large range in halo mass, reaching from rich clusters
down to M500 = 2.0 × 1013 M�, with a clear indication of con-
tinuation to M500 ∼ 4 × 1012 M�. This is the lowest mass scale
to which an SZ scaling relation has so far been measured. The
fact that the signal is close to the self-similar prediction implies
that Planck-detected hot gas represents roughly the mean cosmic
fraction of the mass even in such low-mass systems. Consistency
with their low observed X-ray luminosities then requires the gas
to be less concentrated than in more massive systems. Integration
of the halo mass function down to M500 = 4×1012M� shows that
Planck has now seen about a quarter of all cosmic baryons in the
form of hot gas, about four times as many as are inferred from
X-ray data in clusters with M500 > 1014M�.

At the high mass end, the scaling relation we derive from
our LBG data shows reasonable agreement with X-ray cluster
results. The 20% lower normalisation that we find (significant
at the 2.6σ level) can be explained in principle by a number of
possible effects related to the differing selection and mass esti-
mation methods of the two samples. Agreement at this level of
precision is remarkable, and understanding the remaining differ-
ence would require detailed modeling of the selection and cali-
bration of the X-ray samples. The fact that plausible Malmquist
corrections can eliminate most of the difference shows that clus-
ter studies are now reaching the ∼10% precision level.
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Fig. A.1. Left: comparison of the SZ signal-halo mass scaling relation for two different sets of isolation criteria. The triple-dot dashed line is our
best fit model (see Eqs. (1) and (2)). Right: same as above, but now showing the ratio of the previous data points to the Arnaud et al. (2010)
Y-M500 relation.

We find that the Y500-M500 scaling law is described by a
power law with no evidence of deviation over more than two
orders of magnitude in halo mass. The gas properties of dark
matter halos appear remarkably regular over a mass range where
cooling and feedback processes are expected to vary strongly. In
particular, we find no change in behaviour in the low-mass sys-
tems for which substantial feedback effects are invoked in cur-
rent galaxy formation models (e.g., from AGN). Statistical stud-
ies of large galaxy and cluster samples, such as those presented
here, can clearly shed new light on the thermal cycle at the heart
of the galaxy formation process.
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Appendix A: Robustness of our results
to variations in isolation criteria

As explained in Sect. 2.2, our locally brightest galaxy catalogue
was built starting from a parent population with r < 17.7 taken
from the spectroscopic NYU-VAGC and eliminating any can-
didate with a companion of equal or brighter r magnitude vio-
lating certain isolation criteria. In particular, we defined locally
brightest galaxies to be the set of all objects with z > 0.03
that are brighter than all other sample galaxies projected within
a radius of Riso = 1.0 Mpc, and differing in redshift by less
than 1000 km s−1. Hereafter, we refer to these criteria as the
“1 Mpc case”.

To test the robustness of our results against changes in these
isolation criteria, we compared them to a case with stricter

isolation criteria, Riso = 2.0 Mpc and 2,000 km s−1 in redshift,
hereafter the “2 Mpc case”.

Applying the isolation criteria to the parent spectroscopic
catalogue as before, but with these new values, we end up with
a first sample of 206 562 locally brightest galaxies. Again, in a
second step we use SDSS photometry to further eliminate ob-
jects with companions that might violate the isolation criteria.
After removing any candidate with a (photometric) companion
of equal or brighter r magnitude and projected within 2.0 Mpc,
we end up with a cleaned sample of 110 437 locally brightest
galaxies. In particular, this sample contains 58 105 galaxies sat-
isfying the bound log10 M∗/M� ≥ 11.0, which is the regime
where we find significant SZ signal. Thus, 23 287 galaxies in
this mass range are eliminated from the sample studied in the
main body of this paper by the stricter isolation criteria.

To evaluate the reliability of the new Riso = 2.0 Mpc sample,
we follow the same procedure as before and construct a mock
sample of locally brightest galaxies from the Guo et al. (2011)
simulation. As expected, the new Riso = 2.0 Mpc mock sample
has a higher reliability than the Riso = 1.0 Mpc case. The fraction
of locally brightest galaxies that are centrals now has a minimum
of just over 87 % at stellar masses somewhat above 1011 M�. The
improvement is less than might have been anticipated because,
as noted in Sect. 2.2.1, the majority of the satellite galaxies in our
simulated 1 Mpc sample were included because they are brighter
than the central galaxies of their own halos, rather than because
the isolation criteria failed to eliminate them.

Finally, Fig. A.1 compares the SZ signal-halo mass relations
(Y500-M500) derived for the two cases (1 Mpc and 2 Mpc). Halo
masses for the 2 Mpc case are computed as explained in Sect. 6
(see Table B.1 for the numerical values). The main conclusion is
that the SZ signal-halo mass scaling relation is not sensitive to
the isolation criteria.

Appendix B: Predicted properties of the stellar
mass-halo mass relation

Using our mock catalogues based on the semi-analytic galaxy
formation simulation of Guo et al. (2011), we provide here ad-
ditional information on the predicted properties of the stellar
mass-halo mass relation. Figure B.1 shows the distribution of
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Fig. B.1. Probability distribution function of halo mass, Mh, for nine of the stellar mass bins considered in this paper. Solid lines correspond to the
sample isolated according to the 1 Mpc criteria, while dashed lines show the distributions for the 2 Mpc sample. Vertical colored lines show three
different characteristic masses (the mean, median, and “effective” halo masses) for the 1 Mpc sample (see Table B.1 for numerical values).

Table B.1. Statistics of halo mass for various stellar mass bins, for the 1 Mpc and 2 Mpc isolation criteria.

log10

(
Mh
M�

)

Riso = 1 Mpc Riso = 2 Mpc

log10

(
M∗
M�

)
Mean Median RMS Effective Mean Median RMS Effective

10.8–10.9 . . . . . . 12.97 12.33 13.78 12.40 12.55 12.24 13.16 12.44
10.9–11.0 . . . . . . 13.09 12.50 13.77 12.62 12.73 12.41 13.24 12.68
11.0–11.1 . . . . . . 13.22 12.70 13.86 12.71 12.92 12.61 13.39 12.79
11.1–11.2 . . . . . . 13.38 12.93 13.94 12.97 13.14 12.85 13.67 12.81
11.2–11.3 . . . . . . 13.55 13.17 14.04 13.21 13.37 13.12 13.79 13.05
11.3–11.4 . . . . . . 13.72 13.43 14.03 13.41 13.60 13.40 13.87 13.35
11.4–11.5 . . . . . . 13.90 13.67 14.15 13.63 13.81 13.65 13.92 13.60
11.5–11.6 . . . . . . 14.06 13.89 14.19 13.84 14.01 13.87 14.10 13.79
11.6–11.7 . . . . . . 14.21 14.09 14.19 13.99 14.19 14.08 14.13 13.99
11.7–11.8 . . . . . . 14.41 14.29 14.39 14.20 14.39 14.29 14.25 14.20
11.8–11.9 . . . . . . 14.52 14.42 14.49 14.34 14.49 14.42 14.30 14.33
11.9–12.0 . . . . . . 14.71 14.60 14.56 14.54 14.69 14.60 14.52 14.51

Notes. The first three columns for each case (mean, median, and rms values for the halo mass) are derived from the simulation only, while the
effective halo mass Meff

h uses the redshifts and stellar masses of the observed galaxies, as described in Sect. 6. All masses (M) in this table are
decimal logarithms of the value in units of M�.
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Fig. C.1. Impact of miscentering and scatter on the binned SZ measure-
ments. The green points give results in an ideal situation with no mis-
centering and SZ filter perfectly matched to each individual object in a
given stellar mass bin. The red crosses add the effect of miscentering,
with offsets drawn from the distributions given by the simulations for
each stellar mass bin. The blue triangles additionally include the aper-
ture effect caused by fixing the filter size according to the median value
of the halo mass in each bin.

halo mass (Mh) predicted for twelve of the stellar mass bins
considered in this paper, and for two sets of isolation criteria:
the 1 Mpc and 2 Mpc cases (see Sect. 2.2 and Appendix A).
Vertical lines correspond to the mean (red), median (green), and
the “effective” (blue) values of halo mass in each bin. The cor-
responding numbers are listed in Table B.1, which also gives the
rms of the posterior Mh distribution. The effective halo masses
are computed as described in Sect. 6.

Appendix C: Impact of miscentering and scatter
on the binned SZ signal and stacked SZ maps

As discussed in Sec. 6, we used the semi-analytic galaxy forma-
tion simulation of Guo et al. (2011) to account for the effects of
miscentering and scatter in halo mass at fixed stellar mass when
interpreting our measurement (see Figs. 4 and 9). Figure C.1
isolates the impact of each effect on the binned SZ measure-
ments, using the procedure outlined in that section. The green
points represent the ideal case with no miscentering and SZ filter
perfectly matched to the size of each individual object. The red
crosses add miscentering offsets taken from the offset distribu-
tion in the simulations for each stellar mass bin. The drop in
SZ amplitude is expected because we now miss SZ signal from
the miscentered objects. Additionally fixing the filter size ac-
cording to the median halo mass in each stellar mass bin, as done
throughout this paper, we recover our previous results, shown as
the blue triangles here and as the red diamonds in the left-hand
panel of Fig. 9.

Using the same simulations, we can also estimate the im-
pact of miscentering on the stacked SZ maps of locally brightest
galaxies (see Fig. 5). Here, we use the full simulation to com-
pute rp, the projected distance of each locally brightest galaxy
from the gravitational potential minimum of its halo. Average
and RMS values for rp for all the stellar mass bins considered
in this paper and for the 1 Mpc and 2 Mpc samples are given in
Table C.1. Histograms of these rp values are shown in Fig. C.2.

Table C.1. Statistics of the distribution of distances rp of the locally
brightest galaxies from the gravitational potential minima of their parent
halos, for the 1 Mpc and 2 Mpc isolation criteria.

rp [kpc]

Riso = 1 Mpc Riso = 2 Mpc

log10

(
M∗
M�

)
Mean RMS Mean RMS

10.8–10.9 . . . . . . 102.6 384.7 53.7 235.6

10.9–11.0 . . . . . . 121.2 420.2 65.2 263.2
11.0–11.1 . . . . . . 140.2 469.6 75.8 322.1
11.1–11.2 . . . . . . 165.7 533.1 94.9 373.3
11.2–11.3 . . . . . . 195.6 636.1 121.8 501.8
11.3–11.4 . . . . . . 202.4 682.1 143.6 579.1
11.4–11.5 . . . . . . 217.8 720.3 165.1 659.8
11.5–11.6 . . . . . . 239.8 852.8 205.7 812.1
11.6–11.7 . . . . . . 193.4 775.2 171.5 758.5
11.7–11.8 . . . . . . 213.4 896.7 200.4 892.0
11.8–11.9 . . . . . . 145.1 726.2 128.5 720.9
11.9–12.0 . . . . . . 342.5 1062.6 332.2 1065.1

Note that the median value of rp, which is not listed in the table,
is zero for all bins.

These values can be used to predict the impact of miscenter-
ing of the locally brightest galaxy with respect to its halo (and
thus, with respect to the centre of the associated SZ emission).
Figure C.3 illustrates the broadening of the SZ stacked profile
caused by this effect. For this computation, we assume point-like
objects and a Gaussian beam profile of 10′ for easier comparison
with Fig. 5. For each stellar mass bin, the Mh value from the sim-
ulation is used to predict the total SZ flux using Eqs. (1) and (2),
and the rp value is used to offset the position of the SZ signal. In
order to convert rp values (in physical units) into angular offsets,
a redshift for each simulated object is drawn from the observed
distribution for locally brightest galaxies of similar stellar mass.
Miscentering broadens the stacked SZ profile, yielding typical
FWHM of ∼20′ for log10 M∗/M� ≤ 11.25, and also modifies
the shape of the profile, by increasing the amount of SZ flux
in the tails of the distribution. These values are slightly smaller
(but comparable) to the observed widths of the SZ emission in
Fig. 5.

Finally, Fig. C.4 shows equal-weighted stacks of SZ maps
centred on the real central galaxy sample, similar to those of
Fig. 5, but now using all six HFI frequency channels in the
MILCA algorithm, rather than just the lowest four. For all six
stellar mass bins the noise in these new maps, as measured by
the RMS fluctuation about the mean in pixels more than 20′ from
map centre, is lower than in the maps of Fig. 5. This shows that
the addition of high frequency information has improved the ac-
curacy with which non-SZ signals, primarily dust emission, are
removed. Almost all this improvement comes from the inclu-
sion of the 545 GHz channel; maps made with and without the
857 GHz channel are almost identical. As a result of this im-
provement, the signal-to-noise ratio of the peaks near the map
centre is higher in all the panels of Fig. C.4 than in the corre-
sponding panels of Fig. 5. This strengthens our conclusion that
the apparent SZ signals near the centres of the two lowest stellar
mass panels are, in fact, real, despite their apparent breadth and
irregularity. The breadth is likely due to the miscentering effects
explored above while the irregularity looks consistent with the
overall noise level of the maps.
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Fig. C.2. Distribution of offsets of locally brightest galaxies from the gravitational potential minima of their parent halos, both for the 1 Mpc
(black) and for the 2 Mpc (green) isolation criteria. Table C.1 gives mean and rms values for these distributions.

Fig. C.3. Impact of miscentering on stacked SZ maps. See the text for details of the simulation shown here. For an original resolution of
FWHM = 10′, miscentering broadens the stacked profiles to a FWHM ∼20′ for log10 M∗/M� ≤ 11.25.
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Fig. C.4. Similar to Fig. 5, but using a reconstructed SZ map that now uses all six HFI frequency channels. The noise in all maps is reduced by the
inclusion of the two highest frequencies. Stacked images in the stellar-mass bins above log10(M∗/M�) = 11.25 are not significantly affected, but
for the low stellar-mass panels, the extended signal near map centre is larger and has higher signal to noise than in Fig. 5, suggesting that it may
be real SZ signal broadened by miscentering effects.
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