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SYNTHESE

L’astronomie multi-messagers (AMM) vise a combiner les informations apportées par
différents objets physiques, les messagers. A I'heure actuelle, il y a quatre messagers
astrophysiques pouvant étre impliqués dans le suivi d’'un événement astrophysique:

e Les neutrinos: ce sont des particules neutres, interagissant trés faiblement avec
la matiére. Ils sont émis en grandes quantités lors d’événements cataclysmiques
comme les supernovae ou les coalescences de binaires d’étoiles & neutrons.

o Les rayons cosmiques de trés hautes énergies: ce sont des particules chargées,
généralement des protons, pouvant atteindre des énergies du domaine de ’exaélectronvolt.
Si les sources de ces rayonnements sont encore mal connues, certaines sont trés
probablement d’origine extra-galactique.

o Les ondes gravitationnelles: ce sont des vibrations de ’espace-temps se propageant
& la vitesse de la lumiére. Elles sont émises lorsque des masses sont accélérées, mais
les signaux sont si faibles qu’elles ne deviennent détectables que lorsque des objets
compacts et massifs tels que des trous noirs ou des étoiles a neutrons fusionnent.

e Les photons: de loin les plus communément utilisées pour ’observation du ciel. Les
photons sont observés & toutes les énergies, des plus basses avec les ondes radios au
plus élevées avec les rayons X et gammas, en passant par le domaine optique pour
des énergies modérées.

Le domaine de 'AMM est particuliérement vaste et cette thése est circonscrite a
I’étude du suivi par des instruments optiques de phénoménes transitoires d’ondes grav-
itationnelles. Dans un premier temps, le champ de PAMM est présenté en partant de
I'événement du 17 aott 2017, lors duquel une onde gravitationnelle a été détectée en
coincidence avec des émissions électromagnétiques sur tout le spectre. Puis, dans le
second chapitre, on présente la recherche en ligne des ondes gravitationnelles, leur lo-
calisation rapide par l’algorithme Bayestar ainsi qu’'une étude sur la recherche de biais
systématique pour ce dernier outil afin de maximiser les chances de détection de con-
treparties électromagnétiques. Finalement, le dernier chapitre présente le suivi optique
des candidats d’ondes gravitationnelles. En particulier, le travail réalisé dans le réseau
GRANDMA et le code destiné a la réduction des images des instruments et qui constitue
le coeur de ce travail.

La naissance de ’astronomie multi-messagers

Le 17 aotit 2017, les deux détecteurs d’ondes gravitationnelles LIGO situés aux Etats-Unis
observent un signal émis par la coalescence de deux étoiles a neutrons. En coincidence
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avec 'onde gravitationnelle, le satellite Fermi détecte un sursaut gamma 1.7s plus tard.
Les deux signaux sont compatibles & la fois d’un point de vue spatial et temporel et
cette observation conjointe a déclenché une campagne d’observation afin de trouver la
contrepartie optique de I’événement. Elle est détectée 11 h plus tard par le télescope
One-Meter, Two-Hemispheres dans la bande 7. Cing autres équipes indépendantes con-
firment la détection. Celle-ci est située dans une galaxie située & une distance de 40 Mpc.
Les spectres acquis et la caractérisation photométrique de la source confirme qu’il s’agit
de la premiére kilonova clairement identifiée. Les émissions afterglow X et radio sont
détectées neuf et seize jours plus tard par le satellite Chandra et le radio-télescope VLA
respectivement. Les observations gravitationnelles et électromagnétiques sont rassem-
blées dans la FigurdI]

Cet événement a eu des retombées considérables pour de nombreux domaines. Il a con-
firmé, entre autre, que les fusions d’étoiles & neutrons sont les progéniteurs de certains
sursauts gamma courts. Mais il a aussi fourni une estimation de la constante de Hubble,
ou des contraintes sur I’équation d’état de la matiére nucléaire. Si les observations ap-
portées par GW170817 ne permettent pas encore d’atteindre les contraintes fournis par
d’autres observations, elles montrent 'intérét qu’auraient de nouvelles détections multi-
messagers. Ce constat aboutit & la naissance de ’astronomie multi-messagers basées sur
les ondes gravitationnelles étudiées dans cette these.

Détecter et localiser des ondes gravitationnelles en ligne

Afin de permettre le suivi des détections d’ondes gravitationnelles par les détecteurs
LIGO et le détecteur européen Virgo, il est nécessaire d’analyser les données qu’ils pro-
duisent en ligne. PyCBC Live est 'un des algorithmes utilisés pour trouver les signaux
dans les données et produire des alertes diffusées aux autres communautés d’astronomes.
Il est basé sur du filtrage adapté des données dans le domaine fréquentiel. Cette méthode
permet de détecter des signaux d’ondes gravitationelles dont la forme est connue dans
des données bruitées. Le filtrage se fait en corrélant les données avec un modéle ayant
la méme forme que le signal recherché. Dans le cas des ondes gravitationnelles, le signal
cherché n’est pas connu par avance. C’est pourquoi, avant de lancer une analyse, une
banque de modéles de forme d’onde gravitationnelle est généré pour filtrer les données
des détecteurs. La banque est produite en simulant des fusions d’objets compacts avec
différentes masses et différents spins. Lors de la derniére acquisition de données de LIGO
et Virgo, la banque utilisée par PyCBC Live contenait 400,000 modéles.

Une fois que le filtrage a permis d’identifier un signal dans les données, une estimation
de la localisation de la source doit étre faite afin de pouvoir poursuivre les observations
dans le domaine électromagnétique. Comme les ondes gravitationnelles sont détectées
avec un réseau de trois instruments fournissant le temps d’arrivé du signal, la localisation
est basé sur de la triangulation. Une paire d’instruments ayant observé le signal permet
de contraindre la région d’émission & un anneau sur le ciel. Si plus de deux détecteurs
sont impliqués dans la détection, il y a un anneau par paire et la source se trouve
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Figure 1: Apercu des observations de 170817. Le graphe en haut & gauche montre le
signal gravitationnel et sa forme caractéristique : le chirp. Au centre, sont présentées les
courbes de lumiére du sursaut gamma observé par les satellites Fermi et INTEGRAL. Les
spectres de la kilonova pris par différents télescope au sol sont présentés en haut a droite.
Le centre de la figure montre en détails les observations ayant permis de découvrir et
de caractériser les différentes contreparties électromagnétiques de GW170817. La partie
inférieure droite de la figure montre les six images des télescopes optiques ayant permise
la découverte de la kilonova AT2017gfo. La partie & gauche montre les observations X
(en haut) et radios (en bas) qui ont conduit a la découverte des afterglows. Cette figure
est extraite de [159)].
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A l'intersection de tous les anneaux. Pour maximiser les chances de détections, cette
localisation doit étre faite rapidement. Ceci est fait grace a l’algorithme Bayestar, qui
permet d’avoir une localisation en quelques secondes & une minute en triangulant le signal
via une approche Bayesienne.

Tester la précision de Bayestar

Les cartes de localisation fournies par Bayestar sont cruciales pour le suivi électromag-
nétique des alertes d’ondes gravitationnelles. C’est pourquoi, une partie de cette thése
est dédiée a la recherche de biais systématique dans I'algorithme Bayestar. Cette étude
est faite en générant une population de signaux d’OG injectés dans du bruit Gaussien et
stationnaire, puis Bayestar est utilisé pour localiser le signal. Ensuite, pour chaque carte
produite, la plus petite région contenant la vraie position de l'injection est estimée ainsi
que la probabilité cumulée contenue dans celle-ci. Cette probabilité est appelée probabil-
ité de recherche (PR). 11 est possible d’estimer si la localisation de Bayestar est biaisée
étudiant la distribution cumulative de PR pour la population de signaux simulés via un
test pourcentage-pourcentage. Si la distribution n’est pas biaisée, le graphe pourcentage-
pourcentage (un exemple est donné par la Figure [2)) est diagonal, dans le cas ou elle se
trouve au-dessus de la diagonale, Bayestar surestime les incertitudes de localisation, en
dessous, il les sous-estime.

Pour un premier jeu de simulation, la distribution de PR, visible dans la Figure
montre une déviation significative dans la direction d’une surestimation des erreurs pour
les fusions de trous noirs et celles d’étoiles & neutrons.

Afin de trouver l'origine de cette déviation, plusieurs hypothéses ont été testées:

e le nombre de détecteurs dans le réseau
e la position des instruments

e la force des signaux injectés.

Aucun de ces tests n’est concluant, la déviation est toujours visible dans les graphes
pourcentage-pourcentage. Le dernier test a consisté a chercher un biais interne a Bayestar.
Dans la publication originale, un test pourcentage-pourcentage est réalisé, et si le graphe
présenté est diagonal, c’est grace a 'utilisation d’un facteur £ = 0.83, codé en dur. Ce
dernier fonctionne en redimensionnant ’amplitude du signal avant que Bayestar ne tri-
angule le signal, ce qui, in fine, dilate la carte de localisation. Pour vérifier que le biais
observé précédemment est bien lié & &, le code a été recompilé et utilisant £ = 1.0, ce qui
annule son effet. Dans ce cas, la Figure résultant de ces simulations ne montre plus
de déviation, confirmant que le biais est bien causé par &.

A 1la recherche de l’origine de ¢

Bien que le facteur £ soit toujours présent dans Bayestar, plusieurs questions sont encore
en suspens a ce stade. En particulier, la raison pour laquelle il a dii étre implémenté lors
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Figure 2: Graphe pourcentage-pourcentage pour une population de fusion de trous noirs
(BBH) et une population de fusion d’étoile & neutrons (BNS). La courbe bleue correspond
a la distribution de PR pour les cartes de 500 BNS et la courbe orange a celle de 500
BBH. Les régions grisées correspondent aux intervalles de confiance & 1, 2 et 3-0 pour la
variabilité attendue pour les populations de signaux simulés.
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Figure 3: Graphe pourcentage-pourcentage pour différentes populations de coalescences
en utilisant £ = 1.0. Les BBH sont en orange, les BNS en bleu et les fusions étoile &
neutrons avec un trou noir (NSBH) sont en vert. Les déviations sont dans les trois cas
inférieurs a 3-o, indiquant qu’il n’y a plus de biais décelable dans la localisation.
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de la création du code n’est pas précisée. C’est pourquoi de nouveaux tests ont été menés
pour, d’'une part vérifier si £ doit étre maintenu dans le code, et d’autre part trouver la
raison pour laquelle il a di étre utilisé en premier lieu.

La premiére hypothése testée est l'influence des non-gaussianités et des instation-
narités des données du détecteurs. En effet, pour les premiers tests, les injections ont
été faites dans du bruit Gaussien. En utilisant les données produites lors des derniéres
observations de LIGO et Virgo pour faire les injections, le test pourcentage-pourcentage
montre toujours une déviation lorsque & = 0.83. Ainsi, 'utilisation de bruit Gaussien
pour les simulations n’a pas d’influence visible sur la localisation. C’est pourquoi, les
tests suivants sont faits avec des données entiérement simulées, comme précédemment.

Par la suite, on utilise une instance de PyCBC Live pour vérifier 'influence d’une
recherche en ligne sur la localisation. On créé alors des données contenant des injections
de BNS que 'on analyse avec PyCBC Live. Les candidats retrouvés par ’algorithme de
recherche sont ensuite localisés avec Bayestar afin de produire le graphe pourcentage-
pourcentage. Au final, le graphe produit montre que cette fois, £ est nécessaire pour
retrouver un graphe diagonal. Ce résultat, visible dans le chapitre 2, permet d’affirmer
que & doit étre utilisé pour des candidats produits par une analyse en ligne. D’autre part,
il permet aussi d’émettre une hypothése sur 'origine de £. Ce dernier est nécessaire afin
de compenser la différence entre les masses et spins des objets ayant produit 'OG et les
valeurs de ces paramétres pour le modéle ayant produit le candidat.

Afin de tester la derniére hypothése, on utilise une méthode proche des premiers tests,
la différence étant que cette fois, avant de localiser les injections, les masses et spins du
modéle utilisé par Bayestar ne sont plus exactement les méme que ceux de l'injection.
Ceci permet de reproduire les effets de la recherche en ligne sans en utiliser une. Les
résultats montrent que cette fois, il est & nouveau nécessaire d’utiliser £& pour obtenir un
graphe diagonal, ce qui confirme que ’hypothése testée est correcte.

Finalement, le dernier test a consisté & tester 'influence de la disparité de la banque
sur la localisation. Pour cela, on réanalyse les injections utilisées pour le test avec PyCBC
Live, mais avec différentes banques contenant uniquement des BNS. Les trois banques
utilisées couvrent plus ou moins finement le méme espace de recherche. Les résultats
obtenus montrent que la valeur de £ permettant d’obtenir un graphe diagonal est la
méme pour chacune des banques. On conclu de cela qu’il n’y a pas ou peu d’influence
de la finesse de la banque sur la localisation.

Cette étude a permis de montrer que la localisation & faible latence des candidats
d’OG est dépendante d’'un paramétre £ pour obtenir des cartes de localisations correcte-
ment estimées. On a aussi montré que 1’échantillonnage de la banque utilisée pour les
recherches en ligne n’a pas ou peu d’influence sur la localisation.

Observer de nouvelles kilonovae

L’autre partie de cette thése est centrée sur le suivi optique des alertes d’OG produite
par les analyses en ligne de données de LIGO et Virgo. L’objectif de tels suivis est
d’observer de nouvelles kilonovae, la contrepartie optique d’'une OG émise par une fusion

7
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d’étoile & neutrons. La seule kilonova clairement identifiée est celle observée 4 la suite de
GW170817. Cependant, si les ces transitoires peuvent apporter des contraintes observa-
tionnelles dans de nombreux domaines, elles sont particuliérement difficiles & observer.
Ce sont des phénomeénes peu brillants - la magnitude absolue au pic est de -16 mag,
dont I’évolution est trés rapide - une kilonova est visible de quelques heures & quelques
semaines - et actuellement, le meilleur moyen de les observer actuellement est d’utiliser
les OG. Or, ces derniéres sont mal localisées - les cartes fournies par Bayestar font typ-
iquement plusieurs centaines & plusieurs milliers de degrés carrés. C’est pour répondre
A ses contraintes que le réseau de télescopes GRANDMA a été créé en 2018. Le réseau
a été actif pendant la campagne O3 de LIGO-Virgo, sans trouver de kilonova, et est
actuellement en train de préparer la campagne O4 qui devrait commencer au printemps
2023.

Muphoten

Si I'utilisation de GRANDMA permet d’espérer I'observation de nouvelles kilonovae, elle
apporte de nouvelles contraintes pour ’analyse d’images produites par les instruments.
En particulier, les télescopes étant trés hétérogeénes, si ’analyse n’est pas faite de maniére
homogeéne, l'interprétation des courbes de lumiére devient difficile. C’est pourquoi le
code Muphoten a été développé pendant cette thése. Il a pour objectif de fournir une
estimation photométrique homogéne de phénoménes transitoires suivis par GRANDMA.

Muphoten est écrit en python, et utilise aussi des librairies externes, en particulier
pour la soustraction d’images de références. Pour chaque image analysée, le code détecte
toutes les sources visibles dans le champ de vue, et calcule leur magnitude instrumen-
tale. Cependant, cette quantité ne peut pas étre utilisée telle quelle: elle dépend de
Iinstrument et des conditions d’observations. Pour pouvoir étalonner l'image, les posi-
tions des sources détectées dans 'image sont comparées aux magnitudes tabulées dans
un catalogue de référence, usuellement Pan-STARRS. On peut ainsi établir pour chaque
image la relation entre la magnitude instrumentale et la magnitude tabulée, ce qui permet
d’extraire le point-zéros de I'image et d’obtenir la relation d’étalonnage. Par ailleurs, il
est fréquent que les phénoménes transitoires (supernovae, kilonova, etc, ..) se produisent
dans une galaxie hote. Cependant, le flux de cette derniére doit étre soustrait afin de ne
pas contaminer la mesure finale. Pour ce faire, Muphoten utilise HOTPANTS, un algo-
rithme permettant de soustraire une image de référence, sans le transitoire afin d’enlever
le flux de la galaxie hote. Finalement, en calculant la magnitude instrumentale du tran-
sitoire dans 'image soustraite, on peut appliquer la relation d’étalonnage afin d’extraire
la magnitude finale.

En appliquant cette méthode a tous les instruments du réseau, on peut obtenir des
courbes de lumiére homogénes permettant de faire une analyse physique du phénomeéne
suivit. Afin de vérifier la fiabilité de la méthode utilisée dans Muphoten, on utilise les im-
ages prise lors du suivi d’une supernova détectée en 2018 nommée SN2018cow. Ce choix
est fait, car d’'une part, c’est le premier événement suivit par la collaboration GRANDMA
et que d’autre part, plusieurs collaborations indépendantes ont produit des courbes de
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lumiére de SN2018cow qui pourront donc servir de comparaison. Par ailleurs, les images
du Liverpool sont publiques et celles du KPED ont été prétés pour ’occasion, et sont déja
analysées dans la littérature. Elles pourront donc servir a évaluer la présence d’un biais
systématique dans I’analyse. Les résultats finaux sont présentés dans la Figure [3.13] et
montrent que non seulement Muphoten permet de reproduire les résultats déja publiés
pour les images du Liverpool Telescope et du KPED, mais que ’analyse d’images in-
dépendantes produites par des télescopes de GRANDMA donne des résultats similaires.
Il n’y a par ailleurs aucun biais détectable dans le code.

En plus de 'analyse photométrique principale, Muphoten contient des fonctions sup-
plémentaires permettant d’une part de mettre un veto sur des images de mauvaise qualité.
Il y a deux vetos implémentés dans le code. Le premier est basé sur le calcul de la fonction
d’étalement du point (FEP): pour un télescope donné, dans une bande donnée, toutes
les images ayant une FEP dont la largeur & mi-hauteur est en dehors de l'intervalle
Mediane £+ 30 est rejetée. Pour le second veto, on utilise une étoile connue, dont la
magnitude est tabulée dans le catalogue de référence utilisé pour I’étalonnage. On utilise
la relation d’étalonnage pour estimer la magnitude de 1’étoile de référence et si ce ré-
sultat est incompatible avec celui du catalogue, alors 'image est rejeté pour la courbe
de lumiére finale. D’autre part, il est aussi possible d’estimer la magnitude limite d’une
image grace & Muphoten en comparant le nombre de sources détectées dans 'image au
nombre de sources connues dans le catalogue Pan-STARRS.

Préparation de la campagne O4 par le réseau GRANDMA

La prochaine campagne de détection d’OG par LIGO et Virgo commencera au printemps
2023, et afin de la préparer, GRANDMA effectue une série de campagnes observation-
nelles préparatoires. La premiére d’entre elle, nommée ReadyforO4, s’est déroulé de
mai & septembre 2021. Elle a consisté & suivre des transitoires optiques trouvés par le
télescope ZTF, et classée par 'algorithme Fink comme de bon candidat pour étre des
kilonovae. Au total, 12 alertes ont été suivies pendant la campagne par des télescopes
de GRANDMA ainsi que des télescopes amateur participant a la branche de science
participatives de GRANDMA: Kilonova-Catcher. Parmi ces alertes, une a été classée
comme variable cataclysmique, 4 ont été classées comme des objets du systéme Solaire
et 7 comme des Supernovae.

Pour 'analyse des images de la campagne, Muphoten a été utilisé ainsi qu’une
autre analyse interne nommeée STDpipe. Cette derniére est entiérement indépendante
de Muphoten et a été développée avec le méme objectif: fournir une photométrie ho-
mogéne pour les télescopes hétérogénes de GRANDMA. Le fait que les deux analyses
soient menée en paralléle et de maniére indépendante, a permis de faire une recherche
de biais systématiques. La Figurd3.23] montre qu’il n’y a pas de biais visible pour les
450 images analysées. Cependant, ceci a permis d’identifier deux cas pour lesquels les
analyses divergent. Le premier correspond au cas des images prise sans filtre: Muphoten
et STDpipe traitent ces images différemment créant un biais pour celles-ci. Le second
cas correspond aux images en bandes B: ce biais est principalement di aux images d’un
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Figure 4: Courbes de lumiére de SN2018cow obtenues avec Muphoten. La bande g est
présentée sur la partie supérieure, et la bande B sur le graphe inférieur. Sur les deux
graphes, les ronds correspondent aux point obtenus depuis la littérature sur la supernova
SN2018cow, les losanges correspondent aux point obtenus par Muphoten.
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amateur en particulier, dont le filtre B ne correspondait pas au filtre B standard.
L’astronomie multi-messagers est une révolution en Astrophysique, de part la quantité
de données & analyser, la rapidité des observations et le potentiel de découvertes majeures
dans de nombreux domaines. Cette thése couvre ces différents aspects dans le domaine
des ondes gravitationnelles et le domaine électromagnétique en proposant une approche
transversale et en participant a I’émergence de nouvelles méthodes de recherche.
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Figure 5: Comparaison des magnitudes estimées par les deux codes STDpipe et
Muphoten. Le graphe supérieur présente la distribution des différences normalisées.
Pour cette analyse globale, les résultats sont consistants et ne présentent pas de biais. Le
graphe inférieur montre les différences absolues des magnitudes pour chacune des bandes
utilisées pendant la campagne.
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INTRODUCTION

Multi-messenger astronomy (MMA) aims at combining observations made with different
signals ("messengers") of the same astrophysical source. Combining these signals allows
us to draw a complete picture of the source and understand the underlying physical
processes.

So far, four possible messengers are used in MMA analysis:

e Neutrinos: These particles are emitted in large amounts during cataclysmic events
as supernovae or binary neutron star mergers and bring information about the ther-
mal cooling of the source. The Ice-Cube (for the TeV domain) [110] and ANTARES
(10 GeV - 100 TeV range) [12] instruments detect the high-energy astrophysical neu-
trinos. The lower energy neutrinos emitted by supernovae (~10 MeV) are detected
by the Super Kamiokande detector |88|.

e Ultra High Energy Cosmic Rays (UHECR): Charged particles, usually protons,
reach energies up to the exa-electronVolt domain. UHECR sources are not known
yet but are likely extra-galactic. They are detected by the Pierre Auger observatory
[54], the HESS telescopes [52] and the recent CTA instruments [120].

e Gravitational waves (GW): These are ripples of space-time emitted by accelerat-
ing masses. They are extremely weak signals, only detectable during cataclysmic
events such as binary black hole mergers. They are currently detected by the Laser
Interferometer Gravitational wave Observatory (LIGO) [53] and Virgo [5] detec-
tors. The Kamioka Gravitational Wave Detector (KAGRA) [8] joined the network
in 2020, at the end of the last observing run.

e Photons: by far the most common way to observe the sky, astrophysical photons
are observed on the whole electromagnetic spectrum, from gamma to radio. The
instruments depend on the energy domain: Fermi for the gammas 18], Chandra
for X-rays [259], Hubble space telescope for optical [126], and James Webb Space
Telescope [89| for the infrared are examples of observing satellites. The Very Large
Array (VLA) [57] or the Very Large Telescope (VLT) [39] are examples of ground-
based facilities.

Multi-messenger astronomy is a vast topic that can be separated into various sub-
domains. An important separation is made between continuous follow-up of stable ob-
jects and observations of transient phenomena. The only object continuously observed
via different messengers so far is the Sun. It has been observed with neutrinos via various
detectors [55, |190} 33|, charged particles - the polar auroras are manifestations of these
particles interacting with the Earth magnetic fields, for example - and of course, photons.
There are expectations for a joint observation of galactic neutron stars as continuous sig-
nals in GW detectors in the near future, which are objects that we already observed via
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photons over the whole electromagnetic spectrum. On the other hand, multi-messenger
observations of the transient sky can be triggered by any of the four currently known
messengers. However, their are privileged combination of observations for time-domain
astronomy: the combination of photons with neutrinos and of photons with gravitational
waves (GW) seems to be the most promising. To this day, only three examples of multi-
messenger observations of transient events are known. The first detection happened in
1987 with the joint observation of neutrinos detected by the Kamiokande II, Bagkan, and
IMB instruments emitted by the supernova SN1987A [104]. The explosion occurred in a
the Large Magellanic Cloud and was visible by human eyes and consequently by all the
ground and space-based facilities. The second multi-messenger observation happened on
August 17", 2017, when a GW signal emitted by a binary neutron star (BNS) merger
was associated with photons from the whole electromagnetic spectrum. This event is
described in detail later in this thesis. The last event occurred on August 227¢, 2017,
and consisted of the joint detection of high-energy neutrinos by Ice-Cube in coincidence
with high-energy photons by the Fermi satellite and the ground-based gamma observa-
tory MAGIC [100]. The source was consistent with a distant gamma-ray blazar, TXS
0506+056, experiencing a flaring episode.

The present work is focused on the multi-messengers observations of transient events,
triggered by gravitational waves detection. In particular we focus on the optical follow-
up of gravitational waves candidate events.

In the first chapter we present the GW astronomy, starting from theory to the descrip-
tion of the current ground-based interferometric detector design. Then we discuss the
electromagnetic counterparts that we can expect to observe during a binary neutron stars
merger, with focus on the kilonova counterpart. We also present in detail the joint ob-
servation of the GW170817 signal, and its counterparts over the whole electromagnetic
spectrum. We finally discuss the scientific outcome of the August, 17" 2017 event, from
the inferences made on the merger itself to the more fundamental results and the impact
on the landscape of MMA.

In the second chapter, we present the rapid searches of GW candidate events along with
their rapid localisation. We start by presenting the online GW search PyCBC Live, then
the Bayestar algorithm which localises the detected GW events. We finally present a
study we performed on Bayestar’s accuracy that point toward a careful tuning of the
pipeline before the next acquisition run of LIGO and Virgo (O4).

The last chapter overviews the optical follow-up of GW events. We introduce the
GRANDMA collaboration and its infrastructure, its strategy to find and follow the opti-
cal counterparts to GW event. We summarise the collaboration’s optical follow-up results
after the third data acquisition run of LIGO and Virgo. Then we present Muphoten, the
photometry pipeline we developed for the collaboration. And we finally present the re-
sults of a GRANDMA campaign for which Muphoten produced the photometric datasets.
This campaign was part of a broader preparation plan for the follow-up of events pro-
duced during the upcoming O4 run and consisted into the follow-up of kilonova candidates
found by the Zwicky Transient Facility survey telescope.

14



CHAPTER 1

DAWN AND RISE OF THE
MULTI-MESSENGER ASTRONOMY

This chapter aims to overview the current gravitational-wave-based multi-messenger as-
tronomy domain. We start with a description of GW astronomy, from the theory to the
current ground-based detectors and future missions. Then we will describe the various
electromagnetic counterparts expected for a BNS merger. After that, we will describe
the August 17", 2017 event. Eventually, we will discuss its influence in the current
multi-messenger domain and its limitations.

1.1 Gravitational waves

General Relativity (GR) is a description of the gravitation interaction first proposed in
1915 by Albert Einstein [82]. It relates the curvature of space-time and its content in
matter-energy within a geometric framework. One of the earliest predictions of GR,
published in 1916, was gravitational waves [83]|. They are emitted by accelerating masses
and emerge from Einstein’s equations as a propagating perturbation of the space-time
metric. After a century-long quest, they were first detected in 2015 by the two Laser
Interferometer Gravitational-Wave Observatory (LIGO) instruments [137]. The next
section gives some basic theoretical background for GW and describes the detectors and
the known sources of detectable GW.

1.1.1 Theory

Einstein’s equations

General relativity (GR) is a relativistic description of gravitation relying on a geometric
approach of space-time and some principles. The latter were formalised by Einstein in
1905 and state:

e The laws of physics are independent of an inertial frame choice.
e The speed of light in vacuum is the same for the frames.

In addition, GR adds the equivalence principle stating that the gravitational and inertial
mass are equivalent. This can be reformulated as: "There is no distinction between an
accelerating frame and a rest-frame in a gravitational field".

GR uses a non-Euclidean description of space-time, based on the four dimensions vector
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space R* equipped with a pseudo-scalar product with signature (—, 4, +, +). For a local
system of coordinates {z*} = {z%, 2!, 22,23} = {ct,z,y, 2}, the pseudo-scalar product
between two vectors X = z'e, and Y = y*e, described in the basis {e,} is written as:

g(X,Y) = guaty”, (1.1)

where we used Einstein summation convention, and g, is the metric tensor. Einstein
translated these principles into a set of equations:

1 87G
R,ul/ - *guuR = CT

5 Ty, (1.2)

where R, is the Ricci tensor, R is the Ricci scalar, and T}, is the stress-energy tensor.
The left-hand side describes the space-time curvature, and the right-hand side describes
the content in energy-matter. In the GR framework, the matter curves the space-time.
In return, the latter influences the motion of matter. Einstein’s equations are highly
non-linear and not solvable analytically in general. However, they may become solvable
under some assumptions and approximations.

Linearized General Relativity

To simplify Einstein’s Equations, a usual approximation consists in considering a weak
field situation, where the space-time metric is close to flatness. This approximation
holds as long as the observer is far away from the gravitational field source. With this
approximation, the metric g,,, can be linearised and written as:

g,LLI/ = T’/J,I/ + hp,y, (13)

where 7, is the usual Minkowsky metric describing a flat empty space:

-1 0 0 0
0 1 00
0 010 (14)
0 0 01

and hy, is a small perturbation of the flat metric such that |h,,| < 1. As one of the
axioms of GR states that physics does not depend on the coordinates system, one can
choose the Lorenz Gauge without any loss of generality. Keeping Equation to linear
order and in the Lorenz gauge, Finstein’s equations simplify to:

1 0\~ 167G 1
<V2 - 6281?) h'uy = —CT <11,[LV — 2g,u,VT]§> . (15)
with:
_ 1 .5
Py = hyw — §h Mo M - (1.6)

16



Dawn and rise of the Multi-Messenger Astronomy 1.1. Gravitational waves

Far away from the source, in an empty space, the right-hand side of Equation[I.5]becomes
zero leading to:
Ohyy = 0, (L.7)

the usual D’Alembert equation. Plane waves propagating at the speed of light are one
type of solution for this equation, which can be written as:

By = Ay e (1.8)

with A,, is a symmetric tensor describing the effect of the GW on matter. Based on
an adequate choice of coordinates called traceless-transverse gauge, denoted h;‘fVT . This
results in:

T =0, 0"n]; =0, and h{" =0. (1.9)

For this gauge, the 10 degrees of freedom of a symmetric 4x4 tensor are reduced to two:
hy and hy. Then, a plane wave that propagates in the z-axis direction, Equation is
written as:

0 O 0 0
r_ |0 hy Ay O] _jwi—ke)
il =1o w ol (1.10)
0 O 0 0

The quantities hy and hy represent the two polarisations of the GW that are illustrated
in Figure|1.1]

Effect of GW on matter

After Einstein predicted GW, their existence was debated for a long time. The contro-
versy stopped in 1957 at the Chapel Hill conference when F.Pirani and others demon-
strated that GW was not a GR artefact but had an effect on matter measurable with
an experiment [205|. The energy carried away by GW modifies the relative distance of
a set of test masses. A situation helping to understand the effect of GW on matter is
to consider two test masses A(Zq, Yo, 2a)=(0,0,0) and B(zp, yp, 2p) initially separated by
a distance Lg affected by a GW. In the weak field approximation and the T'T gauge, the
distance that separates them is:

L? = Guv (2 — 2} (2% — %) = (6i5 + hiTjT)xixj, (1.11)

where ¢ = Lon®, with 7 the usual unit vector. This last equation is equivalent to:

_ / TTYpini
L= Lo\/(1+ hj;" )n'n. (1.12)

Using the weak field approximation \hgg | < 1, at first order, Equation reduces to:
1 o
L~ Lo(1+ ihz;T)n’n]. (1.13)
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Figure 1.1: Effect of the Ay and hy polarisations of a monochromatic gravitational wave

propagating along the z-axis on a ring of free test masses according to the evolution with
time of the amplitude of the gravitational wave h.

18



Dawn and rise of the Multi-Messenger Astronomy 1.1. Gravitational waves

Defining L — Lo = 0L, we have the evolution of the relative distance:

I §hij n'n’, (1.14)
where the scalar h = hg;Tninj is the called the GW strain amplitude. This expression
demonstrates that the passing GW changes the relative distance between the two test
masses proportionally to the GW amplitude h. We illustrate this effect on a ring of test
masses in Figure [L.1]

1.1.2 Sources
Emitted power

So far, we only saw what was happening far from the source, in an empty space. To
understand how the GW is produced, we need to go back to Equation and keep a
non-zero right-hand side. At that point, an analogy with electromagnetism can help to
understand how GW are emitted. As the electric charge is conserved, electromagnetic
waves production requires at least time-varying dipole moments. Similarly, for gravity,
the energy conservation prevents emission by the monopolar term, and the momentum
conservation prevents emission by the dipolar term. Consequently, GW emission requires
at least a time-varying quadrupole moments to be emitted.

Using retarded potential solutions of Equation with quadrupole radiation approxi-
mation, the metric perturbation in the TT gauge is written as:

2G .. r
T _ TT
WG = (t - E) , (1.15)
with I%T is the quadrupole moment of the source. This Equation is known as the
Einstein quadrupole formula, and from it, one can evaluate the power emitted by a GW
at a distance r:

Pow = @(I@‘j[ R (1.16)

where (.) is the time average operator over several periods of time.

Order of Magnitudes

Using dimensional analysis for estimating orders of magnitudes, we can write the quadrupole
moment as:

MR?

T3’
where € is a dimensionless factor describing the source asymmetry, R and T are the
source characteristic length and time scales, and M is the source mass. Similarly, the
metric perturbation at a distance r can be estimated as:

T~e (1.17)

GM L2w?
E———.

h ~
cAr

(1.18)
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Introducing the typical speed of the source v = % and its Schwartzshild radius Ry = QCC’;]V[ ,
we can re-write the emitted power as:
5 2 .
¢ [ Rg v\ 6
Pow =22 () (5) 1.19
W G < R ) c (1.19)

From this equation, we can guess the characteristics a detectable GW source should have:
e Asymmetric: the € parameter should be as large as possible
e Compact: the typical size of the source should be close to its Schwarzschild radius

e Relativistic: the characteristic speed of the source must be close to the speed of
light.

In the following paragraphs, we will review GW sources already observed and some
other putative ones. The two first paragraphs correspond to continuous sources of GW,
and the following two are transient sources.

Continuous waves

Continuous waves in LIGO and Virgo are emitted by rotating non-axisymmetric neutron
stars (NS) at twice the pulsar rotational frequency |268]. The pulsars emit radio pulses
at a period precisely measured by ground-based radio-telescopes. Consequently, their
observations with gravitational waves would constitute an example of continuous MMA |
in opposition to transient MMA.

Pulsars lose energy over time mainly via electromagnetic emission and GW but in
smaller amounts, causing a process known as spin-down. Under the assumption that the
spin-down is entirely caused by GW radiation, the spin-down limit, we can set an upper
limit on the pulsar’s eccentricity. No continuous GW emission has been detected so far,
but using O2 and O3 data, the LIGO-Virgo collaborations have beat up the spin-down
limit by a factor of ~100 for the Crab pulsar and a factor of ~20 for the Vela one. This
demonstrates that EM emissions dominate the pulsar spin-down processes. In addition,
the collaboration set upper limits on eccentricity for 234 other known pulsars [155].

Stochastic background

The stochastic background is constituted of an incoherent superposition of weak signals
too weak to be resolved. The sources emit at similar frequencies and can be transient or
continuous but indistinguishable. These unresolved signals are diverse and can originate
from either astrophysical sources such as weak superimposed compact binary coalescences
(CBC) [141]), or cosmological sources such as cosmic strings [140|, early universe phase
transitions [131] or quantum vacuum fluctuations during the inflation phase [96]. So far,
no signature of such GW emissions has been detected, the latest upper limits on the
strain emission are in the (0.030 — 9.6)1072* range and were set in the [20Hz, 1726Hz]
band by LIGO, Virgo and KAGRA collaborations [149].
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Burst sources

Burst GW emissions are defined by a short emission duration compared to the observing
run duration. This definition covers many sources and emission processes, and conse-
quently, bursts are difficult to model in general - except for compact binary coalescence,
described in the next paragraph, or cosmic strings collisions [224]. The latter are promis-
ing sources of GW bursts [26], but the most prominent one we expect for burst-type
events are core-collapse supernovae (CCSN). These events are produced by massive stars
with M 2 8 — 10M whose nuclear burning is not sufficient anymore for countering the
gravitational collapse. This results in an explosion of the star superior layers and the
formation of a compact remnant, a black hole or a neutron star. The GW emission occurs
during or after the explosion and lasts for a few milliseconds up to seconds. However,
the emission is weak and can only be detected for events in the Milky Way or its satellite
galaxies as the Large Magellanic Cloud [200|. So far, no such emission has been observed
by LIGO-Virgo, but it would constitute a major discovery for MMA as we could expect
to observe the supernova not only with GW but also with photons and neutrinos in a
similar way as SN1987A. Such a triple coincidence could unveil processes occurring in
CCSN, from asymmetry in the explosion with GW to cooling mechanisms with the neu-
trino and time evolution of the ejected external layers with photons. It may also bring
constraints on more fundamental topics, such as the neutrinos mass.

Compact binary coalescence

Compact binary coalescences (CBC) are currently the only detected sources of GW in
LIGO and Virgo. They are transient sources of GW and also belong to the burst-type
sources but are precisely modelled via numerical relativity. Consequently, the distinction
between CBC and other bursts is mainly due to how the searches are done within the
LIGO-Virgo collaborations. CBC are produced when two compact objects, either two
neutron stars, or two black holes or one neutron star and one black hole, orbit around each
other and eventually merge because of GW radiation. This GW radiation causes energy
losses that shrink the orbit until objects collide. As visible in Figure [I.2] there are three
identified phases during a merger, the inspiral phase, during which the companions are
orbiting around the centre of mass, then the merger phase and eventually the ring-down
phase, when the remnant is dissipating energy.

Although the Newtonian description of the merger of two compact objects is not
complete, it provides enlightening leading-order results. For a compact binary system
with companions with masses m; and mg, orbiting at an angular velocity w, and separated
by a distance d, the mechanical energy of the binary is:

== 1.2
=13 (1.20)

where M is the total mass and p = =472 is the reduced mass. We also have the third
Kepler law:

1

(GM)2

o (1.21)

w =
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Figure 1.2: The upper plot shows the waveform of the GW strain amplitude h(t), which
experiences three phases during a CBC: the inspiral, the merger and the ring-down.
These h(t) waveforms are precisely reconstructed by numerical relativity, which allows
searching for these signals within the detector data. The bottom panel shows the time
evolution of the distance between the compact objects (in black) that decreases because
of GW emission. The plot also shows the relative velocity of the compact objects (in
green) that increases with time as the objects accelerate until they merge. This figure
was taken from [189).
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Combining and deriving the two previous equations, we have:

E d 2T

Z__Z__Z 1.22
E d 3T’ (122)
where T is the orbital period of the binary such that T' = %’r
Using the equation of motion, we have:
= GM -

Based on the motion of the two companions motion, we can estimate the GW emission
starting by computing the quadrupole moment of the system:

Iij = /p:ci:cjdga: =mi (Jfl)i(x1)j + m2(172)i($2)j. (1.24)

The GW emission results in an energy loss for the system that is equal to the power
in Equation [I.16}

FE = —Paw. (1.25)
And using Equations and [1.24], we have:
32 G4 M3
P, = = 1.26
ow = 2 A (1.26)

From these two results, we can evaluate the time evolution of the distance between the
two objects:

: 64 G3uM?
d=—— 1.27
S (1.27)
that gives, after time integration:
2
dt = ?G%M%c —t). (1.28)

These two quantities are plotted in the bottom panel of Figure Here, t. is the
theoretical time when the objects collide. The GW emissions occur at twice the orbital
frequency, consequently, it evolves with time as:

fow = 2% = % (1.29)
Hence, we deduce: ) )
;_ _%, (1.30)
from which we have: Y
f= €W8/3G5/3MM2/3]011/3. (1.31)
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Figure 1.3: The upper panel represents the time evolution of the h(t) GW strain ampli-
tude, and the bottom panel is the spectrogram of this signal. This figure was taken from

78].

Based on this, we can deduce the time evolution of the GW frequency and strain ampli-
tude:

oolw

few oc(te — )~ (1.32)

1 _
hocaoc(tc—t) .

ST

(1.33)

Based on these, we can observe that the GW frequency and amplitude increase with
time in a typical shape called chirp signal. Both quantities are shown in Figure [I.3]where
the upper panel corresponds to the GW strain amplitude, and the bottom panel is the
Time-Frequency representation of the signal.

1.1.3 Gravitational Waves Detectors Overview

After the Chapel Hill conference established the existence of gravitational waves, several
proposals for experimental devices able to detect them. This section aims at giving a
short overview of the various attempts to detect them. However, the current ground-
based interferometers will be described in the next section.

Weber bars

Joseph Weber was one of the Chapel Hill conference attendants and was convinced that
GW could be experimentally detected. Consequently, he designed one of the first GW
detectors: the Weber bars. They consist of cylindrical bars acting as test masses. A
passing GW could induce a quadrupole vibration exciting the longitudinal vibrational
mode of the bar, creating an acoustic vibration within the detector. In the first designs,
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Figure 1.4: A Weber bar, exposed at the LIGO Handford observatory. It consists of an
aluminium bar with a piezo-electric readout on the top of the bar. Image taken from

B,

this acoustic vibration is turned into an electric signal via a piezo-electric apparatus
. One of these bars is pictured in Figur These Weber bars can detect GWs at
the kilohertz level in a ~100 Hz bandwidth, corresponding to the resonance frequency
of the bar. In 1969, Weber claimed to have detected GW emission in coincidence in two
bars , but the detected energy seemed too high to be real. In addition, several other
independent groups conducted further searches with these devices and found no evidence
for GW detections.

Pulsar Timing Array

Pulsars are highly magnetized rotating neutron stars emitting periodic radio pulses dis-
covered by Jocelyn Bell in 1967. This radio emission is beamed and produces a regular
strain of pulse radiation. This regularity was used for various major discoveries in the
latest decades. It includes the first detection of GW emission by Hulse and Taylor with
the binary pulsar PSR 1913+16 [236], even before the LIGO and Virgo observations.

The Pulsar Timing Array (PTA) method relies on precise measurements of the time of
arrival of pulsar pulses, using propagation models for the radio pulses in the interstellar
medium. A passing GW would induce delays in the predicted arrival times on Earth.
Consequently, based on the radio measurements, extracting information about the GW
is possible. The expected typical time deviation created by a GW is ~100ns. The ac-
tual searches with this technique are performed using the International Pulsar Timing
Array (IPTA) [107], which combines the observations from different radio observatories
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to detect very low-frequencies gravitational waves in the nHz band as it is plotted in
Figure[1.6] The primary sources at these frequencies are binary supermassive black hole
mergers. Despite no evidence of GW in IPTA, the latest results |[263] show that the
current decade could see the first detection of GW from supermassive black holes. In
addition, the upcoming Vera C. Rubin Observatory will allow the rejection of false sig-
nals. Moreover, these observations would constitute an opportunity for multi-messenger
observations.

Laser Interferometer Space Antenna

In the next decade, ESA and NASA plan to launch a space base GW observatory called
Laser Interferometer Space Antenna (LISA) [73|. It will be able to observe and detect
various sources, including supermassive binary black hole mergers or continuous waves
emitted by galactic white dwarf binaries. In addition, LISA will also be able to detect
compact object binary inspirals, including BNS, months before they merge and then
allow an EM follow-up planning for having early observations of these events. LISA is
sensitive in a low frequency band 10™* - 10° Hz, as illustrated in Figure

As it is visible in Figure LISA is constituted of three spacecrafts, each of one contain-
ing two test masses. The spacecrafts are separated by 2.5 x 109m distance and located
at an astronomical unit from the Sun, 20° behind the Earth. Each spacecraft is linked
to the two others via LASER interferometry, which evaluates the distances between the
constellation elements.

A preparation mission called LISA Pathfinder has successfully tested several technologies
planned to be implemented on the actual LISA mission [16].

Figure 1.5: Scheme of the LISA instrument, planned to be launched by the 2030s. This
illustration was taken from [37].
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Figure 1.6: Sensitivity curves for various GW instruments - including PTA detectors
(IPTA, EPTA, SKA), LISA and ground-based detectors (TAMA, GEO, LIGO, VIRGO,
aVIRGO, aLIGO, KAGRA and ET). This image is extracted from [18§].
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1.1.4 Ground-Based GW Detectors
Principle

The current network of ground-based detectors consists of three main instruments: Ligo-
Handford, LIGO-Livingston and Virgo. In addition, GEO-600 is a small version of the
three first used to develop advanced technologies. KAGRA is a kilometric-size detector
comparable to the LIGO and Virgo experiments that is still under development but
ultimately aims at joining the main network.

These instruments rely on the same principle and are modified-kilometric Michelson
interferometers - only KAGRA includes cryogenic technologies. These interferometers are
made of two arms, "L"-shaped, and the leading idea of these instruments is to measure
the small arms length variations induced by a passing GW.

A laser beam is sent onto a beam-splitter that separates it into both arms. In each arm,
a Fabry-Perot cavity constituted of two mirrors - one at the beginning and one at the
arm’s end. This configuration allows for an increase of the optical path in the instruments
and the light travel distance. Eventually, the beam from both arms is recombined onto
the beam-splitter where they interfere. The interference pattern is tuned to be on the
dark fringe and is observed on the end photodiode. By design, the optical path is the
same for both arms until a GW passes and modifies it, as we presented in Figure [1.1
and Equation [2.2] This variation translates into an interferometer pattern and a signal
in the diode that is no longer on the dark fringe for the GW signal duration. In this
instrument, the cavity mirrors act as the free-falling test masses described in Figure[l.T
and consequently give access to the Riemann tensor. This whole principle is summarised
in Figure taken from the thesis [78].

In the previous section, we already saw that the effect on the distance between free
falling masses translated into Equation In the interferometer, these test masses
correspond to the mirrors, §L corresponds to the differential distance between them
induced by the GW and Lg is the arms length when mirrors are at rest. The working
point chosen by the operating team translates into a phase shift A¢y = 2kgALy =
2ko(Ly — Lx), where kg is the optical wave vector, and Lx and Ly are the nominal
arm lengths. A passing GW with amplitude h will create a variation in the optical path,
inducing a phase difference dpgw in the diode readout signal such that:

ddaw = 2hkodL < Adgy. (1.34)

This leads to a total phase A¢ = A¢g + dpgw. This phase shift will lead to a readout
power in the end photodiode that we can write at first order as:

P~ %(1 ~ cos(Ado) + dbaw sin(Ady)), (1.35)

where Pj, is the injected power of the laser |[130]. Eventually, the passing GW effect will
translate into a variation in the readout power that can be written as:

Py, .
SPEV — 5 dpaw sin(Ady). (1.36)

out
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Figure 1.7: Scheme of the Virgo interferometer in its O3 design, the beam size reflects
its power (not to scale), and the light blue background indicates that the system is in
vacuum. This image is taken from .
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The detector power variation is directly proportional to the phase shift induced by the
GW: 6PSW o d¢cw. Based on Equation we have §PSGW oc h(t). This last
relation demonstrates how the GW amplitude can be related to the readout power of the
detector. This power variation contains the information about the GW detected by the

interferometer.

Detector Noises

Gravitational waves are extremely weak signals, and the detectors must be highly sen-
sitive to detect them. It implies that the noise sources of the instruments must be
understood and mitigated to increase the sensitivity. The latter is defined over a fre-
quency band based on a quantity called amplitude spectral density (ASD) expressed in
l/Hz%. To estimate the ASD, we need to estimate the power spectral density (PSD)
S(f) [233]. For a generic function s(t), its PSD is evaluated using the Wiener-Khintchine
theorem [261]| by computing the Fourier transform of its auto-correlation function. The
latter is defined as:

1 T
s 8(T) :TETOOH/TS(t)S(t+T) dt. (1.37)

Then the PSD is extracted with the following relation:
1 +o0o o
S :/ s s(T)e " dr. 1.38
(D=5 | sxs() (1.38)

With the PSD, we estimate the ASD S(f), which gives a direct estimation of the
detector sensitivity:

S(f) =V/S(f). (1.39)

The next chapter will describe a computation of the ASD and PSD with the discrete

data produced by the instrument. The sensitivities of current and future detectors are
shown in Figure [I.6]

The sensitivity reached by an interferometer depends on several noise sources that
we describe in the following paragraphs.

Seismic Noise: Ground-based detectors suffer from ground motion that can perturb
the measurements. The seismic noise above 1 Hz is mainly due to human activity, and
below this value, the motions are produced by natural events such as earthquakes, wind
or ocean tides. Attenuating these vibrations on the GW detector optical devices is done
by isolating them from the ground. This is illustrated in Figure [1.7] with the cylinders
above the mirrors and beam-splitter. The optics are suspended with silica wires in
a so-called superattenuator [4]. It consists of a chain of five dampers gathered in an
inverted pendulum. It isolates the optics by damping ground motions. By neglecting
the mechanical losses, one damper of a superattenuator can be described by a transfer

function: )
- w

}H(w) ‘ ~— 0
w

0 1.40
-~ (1.40)
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where wq is the resonance frequency of the damper. For w > wy:

w2

F 0

H(w)| ~ 2 (1.41)
hence, the transfer function of an individual damper tends toward zero, suppressing any
transmission at high frequencies. The chain of five dampers of the superattenuator yields

this final transfer function:

i w2\’
‘Hc;mm(w)‘: ). (1.42)

For the current Virgo configuration, the resonance frequency of the individual dampers
is 0.6 Hz, and in the 40-80mHz band for the inverted pendulum. This leads to a seismic
strain noise of:

ii(f) ~ 1072 /v/Hz, (1.43)

at 10Hz, the low bound of the sensitivity band of the interferometers [3].

Thermal Noise: The thermal noise is produced by thermal dissipation inside the
mirrors and their suspensions. It results in a deformation of the mirrors and excitation of
their pendular modes via the suspensions. The pendulum thermal noise has a resonance
frequency at 0.6Hz linked to the suspensions described in the previous paragraph. This
noise also contributes to the 50-200Hz frequency band in the Virgo detector. In addition,
the silica wires are creating resonances at 450Hz, and its multiples frequencies, called the
violin modes [130].

Shot noise: A passing GW will induce a power variation in the photodiode, as
we have seen in the previous section. Hence, the detector sensitivity is limited by the
smallest power variation the photodiode can observe. Considering that each photon
carries an energy F = hyg according to the Planck-Einstein relation and that the number
of detected photon N follows a Poisson distribution, we have after an integration time 7:

Pyt
N=(N)+VN = hi + VN, (1.44)
Vo
where P, is the readout power of the detector. This induces on the detected power a
standard deviation around P,,; of:
hl/o

op=VN —. (1.45)

On the other hand, we can re-write Equation [I.35] as:
P~ P, <s.in2 <A2¢O> + dpaw sin <A2¢0> cos <A2¢0)> , (1.46)
where the power has a component due to the noise P;se, and a signal component Py;gpq:
Proise = Py sin® <A2¢0>) (1.47)
Pignal = Pin <5¢GW sin <A2¢O> cos <A2¢0>> . (1.48)
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When there is no signal in the data, P,y = Poise = Pin sin? (%) and based on

Equation [1.46] the output power fluctuation can be interpreted as a phase shift such
that:

20, 1 hyg
? 7 Pysin (Ado)  cos (%) i (1.49)

To minimise the phase fluctuation, the detector is placed on the dark fringe, then A¢g =
0. Using that A¢ = @s(t), it is possible to re-write the phase noise as a contribution
to the ASD:

1 c2h

Nshot = 7\ o2 B -
sho LO 87T2U0Pm

(1.50)
This derivation is extracted from [130] It can be noted that the shot noise is indepen-
dent of the frequency and depends only on the interferometer characteristics. Using the
Virgo parameters - arm length of L = 3km, injected laser power of 50W at vy =1064 nm

wavelength - we find: figper ~ 2.5 x 10721 A=

VHz'

Radiation pressure noise: Photons hitting the mirrors will transfer a small fraction
of their momentum and create a slight displacement. This creates a random radiation
pressure force, inducing noise in the detector. In a similar procedure as the shot noise,
we can write the noise created by this effect as [130]:

- 1 Py hvg
= 1.51
T 2m2mLof2 V. ¢2 (1.51)

where m is the mirror masses. Hence, increasing their mass reduces the contribution
of this noise to the total budget. The dependence of n,, on the 1/f> makes this noise
dominating at low frequencies and negligible at high frequencies.

Standard quantum limit: The two previous contributions to the noise constitute
total quantum noise in the interferometer, that is: 7y = ngnor + nrp(f). However, these
two contributions have antagonist dependence on F;,: increasing it will reduce the shot
noise but rise the radiation pressure noise. Consequently, we can compute the optimal
< f? to estimate the standard quantum limit where the two

219
contributions are equivalent for each GW frequency f:

1 [ h
n ~ —_— 1.52
nsQL wLof V 4mm ( )

This constitutes the fundamental limits the interferometers face to increase their sen-
sitivity. All the contributions to the noise budget are illustrated in Figure for the
LIGO interferometers during the latest GW observing run O3 [45].

laser power: Py, =
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Figure 1.8: O3 LIGO Hanford gravitational wave noise budget. The measured curve in
red represents the calibrated sensitivity to GWs. The dashed black curve is the Advanced

LIGO design sensitivity curve [43].
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1.1.5 Gravitational waves searches
Overview of the past searches

The advanced versions of the LIGO and Virgo interferometers were finalised in 2015.
Since then, there have been three data takings, with improvements between two successive
runs:

e O1: 2015 September 12" - 2016 January 19"
During this run, the first GW signal has been detected [137], produced by the
coalescence of two black holes (BBH). In addition, two other BBH were detected
as well.

e 02 : 2016 Nov 30" - 2017 August 25"
During this run, seven additional BBH were detected, and GW170817 has been
detected with the whole MMA follow-up [142].

e 03 : 2019 November 1% - 2020 March 27"
During this period, tens of BBHs were identified [151], one binary neutron star
(BNS) - GW190425 [150] - and the two first neutron star-black hole mergers (NSBH)
[153]. The run was split between O3a and O3b to improve the detectors during a
month’s stop.

During these runs, low latency searches were conducted and played a significant role,
especially in GW170817 discovery by providing early information on the source, such as
the coalescence time or the sky localization. The details about these searches will be
given in the next Chapter.

Plan for the O4 run

The current configuration of the GW network involves four instruments: the two LIGO,
Virgo and KAGRA. The LIGO interferometers are located in the USA, one in Livingston,
the other in Handford, Virgo is in Cascina, Italy. KAGRA is located underground in
the former Japanese mine of Kamioka. All of them are being upgraded for the next
observing run O4. The latter will start in March 2023 and will last for one year plus two
interruptions for improvement commissioning.

The sensitivities of an instrument can be summarised using the horizon distance. It is
defined as the maximum distance at which the interferometer would detect a sky and
inclination averaged fiducial 1.4-1.4 M BNS with a signal-to-noise ratio of 8. These are
the quantities in Figure summarising the plan for the LIGO-Virgo-KAGRA (LVK)
collaboration. For O4, the LIGO are planned to have an horizon distance above 160
Mpc and above 80 Mpc for Virgo. KAGRA will likely be significantly less sensitive, with
an horizon of 10 Mpc at best, but it will be improved along the run. This is due to
its significantly different design compared to LIGO and Virgo, which involves cryogenics
suspensions.
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Figure 1.9: Current plan of observations for the LIGO-Virgo-KAGRA collaboration.
The next observing run O4 is planned to start by March 2023 and to be split into three
parts. The expected horizon distances are planned to be above 160 Mpc for the LIGO
interferometers and above 80 Mpc for Virgo. This Figure is extracted from [156].

1.2 Electromagnetic counterparts to GW

In Section we presented an overview of GW astronomy, but MMA requires coun-
terparts in at least one other domain: electromagnetic, neutrinos or charged particles.
Based on the GW170817 event described in Section [1.4] we already observed a gamma-
ray burst, along with its X-rays optical and radio afterglows and a kilonova in the optical
domain associated with a GW event. However, other types of emissions are predicted for
such events, including neutrino and fast radio bursts (FRB). For the GW events emitting
in the electromagnetic regime, the most promising are compact binary coalescences for
which at least one of the companions is a neutron star, i.e. BNS or NSBH. BBH merg-
ers are not expected to emit photons, although some models predict EM emissions for
mergers occurring in the surrounding of a supermassive black hole or an active galactic
nucleus (AGN) [264]. In addition, a supernova happening in a ~1 Mpc radius would be
detected in the GW as a burst-type event, in the EM domain and by neutrino detectors.
This section aims at presenting the known and predicted counterpart to GW events.

1.2.1 Gamma-ray Bursts

GRB prompt emission

Gamma-ray bursts (GRB) are transient emissions of high-energy photons. They are
short-lived and last for a few milliseconds up to minutes. The duration and hardness
of the spectrum lead to the separation of the GRB into two categories: long and short
[27]. Long GRB last for at least 2 seconds and have a softer spectrum. The identified
host galaxies of such GRB are usually young ones with star formation regions, however,
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this is not a systematic rule. Short GRB last less than 2s, with a hard spectrum and are
emitted in hosts that tend to be older, with the same mitigations as for the long GRB
hosts. This separation suggested different progenitors for the two categories. Long GRB
are supposed to be emitted by core-collapse supernova, and GW170817/GRB170817
confirmed the long suspected BNS origin of at least some short GRB. Based on this,
short GRB are the privileged gamma counterparts to GW detected events.

The gamma-ray prompt emission is produced by an ultra-relativistic jet containing large
quantities of kinetic energy - up to ~10%erg - as illustrated in Figure . In the current
understanding of short GRB produced by a BNS, the jet is powered by the accretion of
material on the central engine (neutron star or black hole) resulting from the neutron
stars merger. Large amounts of energy are deposited in the polar region of the merger
via a process that remains unclear to this day. This launches an ultra-relativistic fireball
collimated to form the jet by the accretion disk surrounding material and intense magnetic
fields. This emission is observable by observers within a half-opening angle ; such that
0; ~ %, where I' is the Lorentz factor. Half-opening angles are usually below 15°, with
visibility limited to regions where the bulk Lorentz factor has typical values of ~100
[103].

GRB afterglows

After the prompt emission of the GRB, a broadband emission occur when the jet col-
lides with the surrounding interstellar medium, the so-called afterglow. In the case of
GW170817, the afterglow has been observed in the X-ray and radio domains. In the
optical domain, the kilonova dominated the emission during the first weeks. Although,
post-170817 reviews of previously detected optical short-GRB afterglow lightcurves lead
to the identification of kilonova emission [93} [245| 243].

1.2.2 Kilonovae
Emission processes

Kilonovae are optical-NIR thermal transients powered by the radioactive heating of the
BNS expanding ejecta. These transients were theorised in the 1990’s [132] as regions
of heavy elements synthesis via rapid capture of neutrons by seed nuclei - the so-called
r-process, that is described in Section [I.3.2] The models were refined in 2010 through
simulations|181]. In the current understanding, a kilonova is well described by a two
components model: a lanthanide-free one in the polar region, emitting in the UV-optical
blue wavelengths - the "blue kilonova". A second lanthanide-rich component in the
equatorial plane emitting in the red-NIR wavelengths, called the "red kilonova". An
overview of the kilonova transients is done in [175] and references therein.

To describe a kilonova transient, we need the electron fraction Y. to characterise the
material in a BNS merger, defined as:

Mp

Y,=—2 (1.53)

)
np"‘nn
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where n, and n,, are the proton and neutron densities, respectively. Usually, Y; is close
to 0.5 in stellar matter, although some BNS regions are neutron-rich, and the location of
r-process, translating into Y, smaller than 0.5.

During a BNS merger, when the two stars collide, part of the matter is ejected and
expands in the surrounding medium at a middly relativistic speed in the ~0.1-0.3c range.
In the first moments, the ejecta has a typical ~10km size and is extremely hot, typically
10°-10'°K. The ejecta cools by adiabatic expansion, although it is continuously heated
by various sources. The dominant one is the radioactive heating by r-process, but the
central engine, the emergence of the GRB jet or the rotational energy of a magnetar
remnant at late times are suspected heating sources |[175].

Two ejecta sources in BNS mergers produce the kilonova emissions: a dynamical ejecta
and the accretion disk outflow.

Dynamical ejecta

The material unbound in the first milliseconds of the merger constitutes the dynamical
ejecta, and its mass depends on the characteristics of the merging objects (mass ratio q,
total mass), the equation of state of nuclear matter (EoS) and the nature of the post-
merger remnant. The expected mass range is 1074-1072 M, for BNS mergers.

The equatorial material is neutron-rich with electron fraction Y., whose order of mag-
nitude is typically 0.1, as expected with Equation [I.53] This implies intense r-process
production and the synthesis of the heaviest nuclei (A 2 130) |[172]. In these regions of
intense r-process, the lanthanides elements are produced in large quantities, and their
decays are responsible for the red kilonova emissions. The material at the contact inter-
face of the two merging stars is compressed and expelled by hydro-dynamical forces from
the remnant fairly isotropically. On the other hand, tidal forces create spiral arms in the
equatorial plan that expands outward. The dominant ejection mechanism depends on the
EoS and the mass ratio q. The isotropic ejecta has higher electron fraction Y, ~ 0.1—-0.4,
and has lower r-process and lighter nuclei (90 < A < 130).

Disk outflow ejecta

The matter that has not been dynamically ejected or fell on the central remnant during
the merger is circularised into an accretion disk. Its mass is in the 1072-0.3 Mg, range,
depending on the binary characteristics and the neutron stars EoS [198]. The disk creates
an outflow that can dominate the dynamical ejecta on a timescale 21s. Part of the ejecta
occurs as thermal neutrino winds are created in the disk [209]. Another contribution
to the outflow comes from angular momentum transport via magneto-hydrodynamic
instabilities [178]. The electron fraction depends greatly on the post-merger remnant,
although it is in the 0.2 - 0.4 range. This allows to r-process to happen for light nuclei
synthesis.
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Electromagnetic emission

Most of the electromagnetic flux of the kilonova is emitted in the optical-NIR domain
when the merger ejecta becomes transparent to its own radiation. The optical opacity
of the merger is due to a dense forest of bound-bound transition lines. The ejecta
composition will influence the luminosity of the transient. If the chemical elements
within the material have a simple valence structure, the ejecta is relatively transparent.
However, the presence of lanthanides and other elements with an incomplete f-shell will
make the medium more opaque and less luminous. The peak emission occurs when the
ejecta is cooled down to ~10%K. Higher frequencies emissions - UV and above - are cut
by a bound-free continuum as the ejecta is partly neutral.

Blue and red components

As stated at the beginning of this section, the kilonova transient is well described by two
components - red and blue [175, |253]. The first is emitted in neutron-rich regions of the
merger where Y, < 0.25. It is emitted in the equatorial region by the tidal tail resulting
from the merger or spherical outflow from the accretion disk. The red kilonova peaks in
the infrared, in the J and K bands at 1.2um and 2.2um. For a merger happening at 100
Mpc, the emission absolute magnitude will peak at ~-16 mag.

The blue kilonova is emitted in regions with fewer neutrons, Y, 2 0.30, and consequently
fewer lanthanides elements. This emission occurs in the polar regions from isotropic
outflows from the disk or merging stars interface ejecta. The peak emission occurs in
bluer bands, at ~20 mag for a source at ~100 Mpc.

In addition to the two components we described, it is possible to observe a combination
of the red and blue kilonova resulting in a "purple" component. It is visible for merger
with viewing angles, allowing the neutron-rich and neutron-poor ejecta to be seen. The
orientation of the merger can influence the observed color evolution. If the viewer is in

the equatorial plane, the optically thick lanthanide medium blocks the blue emission.

Case of the Neutron star-Black hole merger

Neutron star-Black hole mergers (NSBH) are a known source of GW that can also produce
EM counterparts. However, unlike BNS, which always emits EM radiations, NSBH
requires favourable conditions to launch a kilonova. For cases where the mass ratio is
small, i.e. when the black hole is heavy, the neutron star directly falls into the horizon
before any EM emission occurs. Ideally, for EM emission to occur, the black hole mass
should be less than 5Mys. The black hole must also be rapidly spinning, with spin
parameters xs > 0.70, to enhance the chances of launching a kilonova |85 [86 [175].
These conditions allow a tidal disruption of the neutron star outside the black hole
horizon allowing the ejection of matter in sufficient quantity for kilonova to happen.

The black holes observed by LIGO-Virgo are slowly spinning, reducing the chances of
detecting an EM counterpart. This is also in agreement with the two clearly identified
NSBH observed during O3 [153], that had slowly spinning black holes with x = 0.097038
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for GW200105 and y = 0.317052 for GW200115. Their masses also disfavored the EM
radiation with m; = 8.97 1My for GW200105 and m; = 5.9731 My for GW200115.
Additional potential NSBH candidates are provided in [151], however none of them can
be confidently associated to an electromagnetic counterpart.

1.2.3 Other counterparts
Fast Radio Burst

Fast radio bursts (FRB) are millisecond radio pulses detected at cosmological distances,
[58]. Figure corresponds to the first detection, that occurred in 2007 in the Parkes
64m instrument [163]. Now, FRB are detected on a daily basis by various radio-telescopes.
Their progenitors and the emission mechanisms are still largely unknown, though some
FRBs are confidently associated with magnetars, such as SGR 193542154 [239|. Things
that are not yet explained are the repeating nature of some FRBs and whether the re-
peating and non-repeating classes have different progenitors.
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Figure 1.11: First fast radio burst discovered in 2007, with a typical "anti-chirp" shape
in the Time-Frequency domain. These figures are extracted from [163].

Their mysterious nature leads to models linking repeating and non-repeating FRBs
to GW. In particular, BNS mergers are expected to produce radio pulses near the merger
time through magnetic braking or magnetic reconnections when the neutron stars are
approaching each other. On the other hand, some BBHs with a charged companion are
also thought to be potential FRB progenitors. An overview of various models predicting
radio pulses as GW events counterparts is given in [160| and the references therein.
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Neutrinos

Neutrinos are expected to be emitted in large quantities during a BNS or NSBH merger
as part of the cooling mechanisms [209]. Part of the neutrinos is emitted in the accretion
disk created shortly after the merger and participates in its stabilisation at early times by
cooling it [234, 179]. Thermal neutrinos are also produced at the surface of the remnant
if the latter is a neutron star [75|. For both cases, the peak neutrino luminosity can reach
10°3 erg, with particle energy in the MeV range. These neutrino winds are responsible
for the quantity of matter in the outflow. Detecting them would help understand it along
with the cooling processes occurring in the merger.

There are various neutrino observatories, including ANTARES, Ice-Cube and the Pierre-
Auger Observatory looking for high-energy astrophysical neutrinos that could be related
to GW. As they continuously monitor the sky, they can perform low-latency or off-line
coincident searches for counterparts.

1.3 Combining GW and EM observations

Performing multi-messenger observations brings information that would have been out
of reach with individual messengers, enriching the understanding of the events. This
section gives an overview of the outcome of the joint observations of a GW with an EM
counterpart. We focus particularly on the kilonova observations and their potential for
understanding the merger and for more fundamental topics. We finally present some
searches of coincident EM and GW candidate events.

1.3.1 GW-GRB joint observations
GRB information on a merger

Detecting the prompt emission of a GRB in coincidence with a GW provides numerous
information about the merger in its earliest stages. It carries information about the
properties of the early ejecta of the merger and the timing of the jet formation compared
to the coalescence time given by GW. The latter may enlighten the post-merger remnant
nature as we expect a longer time delay from the GW-inferred merger time to the jet
launching [265]. These joint observations could also constrain jet formation mechanisms,
which are not entirely understood. For example, future joint detections will benefit from
the GW-inferred masses and spins of a black hole remnant to understand the leading
mechanisms to power a GRB with a BH. Furthermore, an early jet interacts with less
polar material, potentially providing less collimation and would be more likely to break-
out [44]. In addition to this physical information, the GRB prompt emission can narrow
down the spatial localisation, in particular with observatories such as Swift, which is
briefly described in the following paragraph. Such joint observations would pin down
the localisation to a few arcminutes region, greatly facilitating the follow-up in longer
wavelengths.

After the jet interacts with the surrounding medium, it produces an afterglow emission
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that constrains the physical parameters of the merger [214]. An important one is the
source orientation, which is difficult to estimate only with GW, as this quantity is de-
generated with the source distance. Moreover, the afterglow break in the light curve can
help constrain the jet half-opening angle 6;. This can give access to the jet structure,
whether the uniform top hat jet description does not hold and if the jet successfully
pierced the ejecta [244] 127]. As the afterglow is produced by the interaction of the jet
with the surrounding medium, we can extract information about the latter.

GRB Observatories

During the O3 run, several high-energy space-based facilities tried to detect the signals
coincident with the GW alert distributed by the LVC. It includes instruments in the X-ray
domain such as NuSTAR, Chandra or XMM-Newton (among others) and the gamma-
ray domain such as Fermi. For multi-messenger purposes, two satellites are of particular
interest: Fermi and Swift. The first has already proven its utility as it was responsible
for the GRB counterpart to GW170817 detection with the GBM instrument. Moreover,
it is the observatory with the highest number of detected GRBs. Fermi consists of two
main instruments: Gamma-ray Burst monitor (GBM) [171] that prob the 8keV-30MeV
energy range with 12 Nal scintillators and 2 BGO plastic detectors and the Large Array
Telescope (LAT) 18], a pair-conversion telescope that observes from ~100 MeV-100 GeV.
However, the localisation for the Fermi events is large (>100 deg?), which complicates
afterglow detection.

The Swift satellite can detect GRB with the Burst Alert Detector (BAT) [22] in the 15-
150keV range. It consists of a detector array behind a coded mask that allows localising
the source with a typical 4 arc-minutes error disk. Then the gamma-ray prompt emission
is followed-up on shorter wavelengths from X-rays with the XRT detector and the UV-
optical with the UVOT telescope. Despite Swift did not detect the GW1790817 GRB, its
capabilities to reach arcminutes localisation based on the prompt emission and to have
early observations of a potential afterglow make Swift a good candidate for future MMA
observations.

In the upcoming year, the SVOM mission will be launched [258]. It will have similar
capabilities as Swift, with the ECLAIR instrument equipped with a coded mask for
prompt emission in the 4-150 keV band, allowing an arcminutes localisation and the
GRM. The satellite will also be equipped with GRM, a gamma spectrometer for photons
in the [15, 5000]keV range. In addition, there will be two telescopes, MTX in the X-
ray domain and the VT for the optical/near-infrared capabilities. SVOM is planned to
be launched in 2023, allowing a probable overlap with the O4 run of LIGO-Virgo, as
illustrated in Figure |1.9]
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1.3.2 GW-Kilonova joint observations
Kilonova follow-up

Kilonova observations can bring decisive information about the merger that GW alone
would not. In addition, they can also lead to breakthroughs in fundamental physics
topics such as cosmology or nuclear matter behaviour in a dense medium. In addition,
this section described the kilonova in its most usual understanding. However, other pos-
sible emissions could be observed during a BNS merger. Decompressed neutrons ejected
rapidly at the early stages of the collision may not be captured and decay in the lay-
ers outside the merger producing an early UV emission |24} 182|. However, finding this
emission would require very early detection of the kilonova within hours after the GW de-
tection. Another early emission possibly observed is due to the re-heating of the merger.
At a later time, X-ray re-brightening could be emitted by the central compact remnant.
Fall-back accretion could also be responsible for X-ray emissions, as it is detailled in [175]
and references therein.

All these considerations indicate the importance of constituting a large and diverse kilo-
nova sample. Using GW-based MMA follow-up is the most promising method, consid-
ering the lack of kilonova associated with short GRB. Constraining observations require
early detection, and late follow-up, especially in the NIR, well-sampled light curves and
spectroscopic observations. It will help evaluate the merger characteristics, from the
ejecta mass to the nature of the post-merger remnant object, and bring constraints on
important fundamental topics. Although there are many observational constraints in the
kilonova follow-up, this will be detailed in Chapter 3.

Post-merger information

There are four possible outcomes after the merger of two neutron stars. For heavy
binaries, the merger remnant promptly collapses into a black hole in less than a mil-
lisecond. This happens for mergers of total mass above 2.6 - 3.9 My depending on the
EoS of neutron stars [175]. If there is no prompt collapse, the remnant is a neutron star
whose fate depends on its mass and the mechanism opposing gravity. If the neutron
star is stabilised by differential rotation, the remnant is called hypermassive neutron star
(HMNS). Energy is dissipated efficiently by the differential rotation, matter accretion,
and GW emission [222} 223]. Consequently, an HMNS will not last for more than ten to
hundreds of milliseconds before collapsing into a black hole. A neutron star stabilised by
solid rotation is called supermassive neutron star (SMNS). The SMNS will spin down by
angular momentum losses until it collapses into a black hole. The energy is dissipated
via less efficient processes than the HMNS, such as magnetic dipole radiation or GW
emission via non-axisymmetric deformations. These mechanisms are less efficient for en-
ergy dissipation, hence, the SMNS last longer than an HMNS. The lifetime of an SMNS
is in the hundreds of milliseconds to several minutes range. The last outcome of a BNS
merger is a stable neutron star that will remain indefinitely and never form a black hole.
This happens for low mass BNS mergers and in likely rare occurrences - less than 3% of
the cases [165, [L75].
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The nature of the post-merger remnant is encoded in the GW signal at frequencies supe-
rior to kHz. Although, the current GW detectors are not sensitive enough in this domain
to determine the post-merger nature. On the contrary, kilonova emission contains signa-
tures of the resulting compact object that are observable via the transient color evolution.
Consequently, kilonova observation in the MMA context is a privileged way to determine
the post-merger remnant nature. For a BNS leading to a prompt collapse to a black
hole, the ejecta will be lighter (<1072Mg) and lanthanide-rich [84} [115]. Consequently,
the merger will result in a red and relatively faint kilonova, peaking in the NIR at 23-
24 mag at 100 Mpc [21]. Such a case would be difficult to detect considering the few
instruments able to reach this depth in the NIR domain. In a merger with an HMNS
transient remnant, the colliding stars interface produces heated and neutrons poor mat-
ter in the ejecta, which emits a bright blue component in the UV-optical domain for ~1
day, reaching 20 mag at 100 Mpc. In addition, a redder emission is followed at latter
times, lasting for ~1 week [180, 175|. A longer-lived remnant - an SMNS or a stable
neutron star - produces heating of the ejecta via the central engine spin-down [177|. It
raises the luminosity of the blue component, although the energy injection mechanisms
parameters or the collapse time are unknown, leading to high uncertainties about the
transient brightness. The different emission scenarii are summarized in Figurdl.12] ex-
tracted from [175].

In addition to the post-merger nature, detecting a kilonova in coincidence with the
GW could help to distinguish between BNS and NSBH mergers. As EM counterparts are
more likely to be emitted for low-mass black holes, the nature of the binary companions
can be difficult to distinguish using GW signal only. In the case of an NSBH producing
a kilonova, the ejecta mass can be significantly larger than for a BNS [216], producing a
kilonova brighter by ~1 magnitude [175]. As the ejecta is produced by the tidal disruption
of the neutron star, the main contribution to the emission comes from the accretion disk.
Consequently, the blue component emitted by the disk outflow is located behind and
obscured by the tidal outflow, producing a redder kilonova compared to a BNS-powered
one.

Nuclear physics

Kilonovae are the location of intense r-process, responsible for heavy elements synthesis.
Consequently, a large kilonova sample could bring constraints to various topics in nuclear
physics. In particular, it could explain the observed abundances of heavy elements in
the stellar matter and constrain the FKoS of neutron stars, which is currently an open
question.

r-process

The r-process consists of rapid capture of neutrons by seed nuclei. Both ingredients are
emitted by the neutron star ejected and decompressed matter. A neutron-rich material
surrounds the seed nuclei, which capture the neutrons on a timescale 7, much smaller
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Figure 1.12: Overview illustration of the various outcome remnants for BNS mergers
(middle row) and their corresponding kilonova emissions (bottom row). The blue com-
ponent of the kilonova is materialised in blue, the red kilonova in red and the purple
corresponds to the putative UV precursor due to free neutron decaying in the outer layer
of the ejecta. For spinning remnants, the angular momentum is denoted €. This figure

is extracted from , .
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than the (-decay typical time 73 [43, [17]. The seed nuclei are enriched by numerous
neutrons, making them highly unstable, and then a -decay occurs before more neutrons
can be captured. This process requires neutron density n,, ~ 102%cm™3, high temperature
~10°K and starts after ~1s in the ejecta.

Heavy Elements Nucleosynthesis

Originally, kilonovae were proposed to explain the abundances of heavy nuclei synthesised
via r-process. The estimated mass of heavy elements produced via r-process per merger
is estimated to be [175]:

-1
(M,) ~ 1072 Mg <£§f_51> , (1.54)
to explain the galactic abundances. Here Rpyg is the rate of BNS detection by LIGO
and Virgo at design sensitivity. This makes the BNS merger a major source of heavy
element synthesis. Consequently, it was proposed to use kilonova as a probe for heavy
elements synthesis [181].

The quantity of r-process occurring in the merger can be estimated via the color evolution.
The red kilonova traces the abundance of lanthanides and actinides. Although, estimating
the quantities of the heaviest synthesised elements, beyond A = 195, requires ultra-late
times observations, at least several weeks after the merger. At this point, the radioactive
decays are due to specific nuclei such as ?*Ac, ??*Ra and 2*'Cf. These elements can
be identified as they produce un-ambiguous decay features in the bolometric lightcurve
[173,267]. Although this will require deep observations as the kilonova luminosity decay
rapidly, making these events accessible only to the largest facilities. The recently launched
James Webb Telescope could fulfil these requirements for future kilonova detections.

Constraining the neutron star equation of state

Quantum chromodynamics (QCD) is a quantum field description of the interactions
between quarks and gluons and constitutes the relevant framework for describing dense
matter in neutron stars [262]. Quarks are the elementary particles bound into hadrons via
the exchanges of gluons. Protons and neutrons are made of three valence quarks and are
the building blocks of nuclei. Although QCD is well tested, it is extremely complicated to
describe large-scale structures such as neutron stars. The latter reach extreme densities
close to nuclear saturation, where the baryons start to overlap. This starts at density
po ~10'g.cm™3. Beyond this density, nuclear matter starts to reach complex states. In
particular, beyond 10pg, quarks are de-confined, creating the quark-gluon plasma, well
described by perturbative QCD. On the other hand, between 2pg and 10pg, the dense
matter is not understood. These densities are found in the internal structure of neutron
stars, making them natural laboratories for studying the dense nuclear matter.

The crucial quantity to measure for unveiling the neutron star structure is the equation
of state (EoS) that describes the relation pressure-density of the star. As there is an
antagonist effect between the gravitational force and the degeneracy pressure stabilising
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the star, this EoS is measured via the mass-radius relation.

The GW signal emitted by a BNS merger can contain signatures of tidal deformation
of the neutron star, informing about the neutron star EoS. In addition, the EoS drives
the ejecta mass, consequently, detecting a kilonova, whose brightness is closely related to
the ejecta, also constrains the EoS. Moreover, the post-merger remnant information also
depends on the EoS, consequently, using the colour evolution is essential for estimating
the EoS. Eventually, the use of MMA to combine the information from the GW and the
EM emissions provides tight constraints on the EoS [59].

Cosmology

The Hubble constant Hy is a measure of the expansion rate of the local Universe. It is
linked to the luminosity distance Dy, at first order:

vy = HyDp, = ¢z, (1.55)

where Vi is the Hubble flow and 7 is the redshift [41]. The Hubble constant is a fun-
damental quantity for cosmology estimated using various experiments and methods. Al-
though a tension has emerged between some of these methods, in particular between the
estimation via the cosmic microwave background (CMB) [206], and the estimation using
of type la supernova as standard candles [215|. This tension between early probe (CMB)
and late universe probes (SN Ia) is either due to systematic effects yet to be discovered
or the smoking gun of new physics. In that context, multi-messenger observations could
help to solve this tension. There are various ways to estimate Hy with GW and their
electromagnetic counterparts. The GW detection gives an estimation of the luminosity
distance as the strain amplitude A is inversely proportional to Dy. Even without de-
tecting an EM emission, using galaxy catalogs to cluster galaxies to have a statistical
estimation of the redshift and extract Hy [199]. However, finding a counterpart in the EM
domain improves the Hy estimation. In particular, finding an optical domain, either a
kilonova or an afterglow, allows to precisely localise the source and identify a host galaxy
to evaluate the source redshift and compute the Hubble constant. Moreover, detecting
the GRB afterglow also allows estimating the source inclination. Otherwise, there is a
degeneracy between the luminosity distance and the inclination ¢ of the source [248| as,
at small angles, the GW strain amplitude is:

COSL

h .
ocDL

(1.56)

1.3.3 Multi-messenger searches during O3

During the last O3 run of LIGO and Virgo, several MMA searches were performed with
various messenger and through the whole EM spectrum. We give a rapid overview of
some of them in the gamma and radio domain and a search of coincident neutrino. For
the optical domain, kilonova searches are treated in detail in Chapter 3.
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GRB-GW searches

The LIGO-Virgo collaboration used candidate events produced by Fermi-GBM and Swift-
BAT published through GCNE] with complementary information from the Swift GRB
archiveE], the Swift/BAT catalog ﬁ[134| and the GBM catalog to make targeted GW
searches around the GRB trigger times [154, |L57]. Two searches were conducted, an
un-modelled search, looking for generic GW transients, and a modelled search, looking
specifically for CBC.
The modelled analysis aims at searching for GW170817/GRB170817A-like association
with the PyGRB pipeline |L02]. Therefore only short and ambiguous GRBs were analysed
this way. Six seconds of GW data are isolated around the GRB time trigger to create
an on-source window of -5s to +1s. This choice was guided by the GW170817 event, for
which the GW emission and the jet launching were separated by 1.7s.
The generic transient search is performed with X-pipeline [112] and aims at finding
GW-GRB associations produced by sources that are not necessarily CBCs, using time-
frequency maps. It includes core-collapse supernovae known as long GRB precursors or
instabilities in accretion disks (ADI) of rapidly spinning black holes. As there is a large
variety of possible sources, compared to the modelled search, the on-source time window
starts 600s before and ends 60s after the GRB trigger time. The width is chosen in order
to take into account different gamma emission mechanisms associated with a GW.
The distances probed by the two searches were estimated using GW signals injections
of the various astrophysical populations. For the modelled search, the typical exclusion
distance is 100-200 Mpc depending on the used model. On the other hand, the un-
modelled search rejected events up to ~90 Mpc for supernova-linked associations [157.
Despite no joint detection of a GRB and a GW during O3, the LVK collaboration used
the results from O1, O2 and O3 to constrain the rate of Fermi/GBM-GW associations for
the next O4 run using a Bayesian approach [157|. The prior is built using a cumulative
distribution rate C;’%bs (z,7vr, Lo) and PoclffB , the probability of observing a short GRB,
v, is the low-luminosity power index and Lg the low-luminosity cutoff. The likelihood is
constructed using the fact that one GW-GRB coincidence was detected during O2 and
none during O1 and O2. This provided a rate Rg%/_GRB of 170817-like joint Fermi-GW
detection for an O4 GW network with a 150 Mpc horizon for the LIGOs and 80 Mpc for
Virgo:

Ry _grp = 1047050y, (1.57)

Other GW counterparts searches

The LIGO and Virgo collaborations have analysed some FRB triggers produced by the
Canadian Hydrogen Intensity Mapping Experiment (CHIME) [160]. This instrument is
a recent radio telescope commissioned in 2018, located in Canada, made of four 20 m
x 100 m cylindrical parabolical reflectors. It is sensitive in the 400 - 800 Hz frequency

! https://gen.gsfc.nasa.gov/gen3 _archive.html
2 https:/ /swift.gsfc.nasa.gov/archive/grb _table/
% https:/ /swift.gsfc.nasa.gov /results/batgrbcat /
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band in a ~ 200 deg?. The CHIME sample analysed by LIGO and Virgo comprises
34 non-repeating bursts and 11 bursts produced by the three closest repeating sources,
all detected during O3a. This sample is based on the requirement of available data in
at least one interferometer, distance estimation and good data quality in CHIME. The
search methods are the same as for the GRB, an un-modelled search with X-pipeline
and a modelled search with PyGBR. The choice of the on-source windows are [-10, 2|s for
PyGBR and [-600, 120] for X-pipeline. They are larger than for GRB to account for the
lack of constraints on the FRB-GW association. Moreover, using injections, exclusion
distances were set on the tested models.

None of the p-value distributions shows any statistically significant coincidence, conse-
quently, no significant association between FRB-GW can be established. For the mod-
elled search, the median exclusion distances for BNS and NSBH with generic spins models
are 192 Mpc and 257 Mpc. The various injections span exclusion distances from 1 to
80 Mpc for the generic transient search, depending on the parameters used. Due to the
difficulty in estimating the FRB distance, the uncertainties span several orders of mag-
nitudes. FEventually, it prevented ruling out any models tested with this analysis.

On the LVK collaboration side, a search pipeline called LLAMA has been developed
to analyse Ice-Cube triggers [23|. For the O3a run, the Super-Kamiokande collaboration
conducted an independent search for high-energy neutrino coincident with GW signals
[2]. The method uses a 1000s on-source window centred on the GW triggers and searches
for spatially and temporally compatible particles. However, no confident association has
been established by the collaboration.

1.4 August 17", 2017

August 17", 2017, marks a milestone for MMA: the first joint detection of a gravita-
tional wave (GW) produced by the merger of two neutron stars and its electromagnetic
counterpart on the whole spectrum. The event is described from different perspectives
in the following Section.

1.4.1 Gravitational wave signal: GW170817

At 12:41:04 UTC, the network of gravitational waves detectors composed of LIGO Hand-
ford (H1) and LIGO Livingston (L1) and Advanced Virgo (V1) detected a ~ 100 s
long GW signal compatible with a binary neutron stars (BNS) merger, later named
GW170817. At first, the low latency searches detected the signal only in the LIGO Hand-
ford data. The LIGO Livingston data had a large noise transient, also called "glitch",
on top of the signal that had to be estimated and subtracted prior to the signal analysis.
This treatment is visible in the left panel of Figure [I.13] and the resulting signal repre-
sented in the Time-Frequency domain for the three detectors (LIGO-Virgo) is visible on
the right panel; these figures are extracted from the detection paper [139]. This event was

49



Dawn and rise of the Multi-Messenger Astronomy 1.4. August 17", 2017

the loudest ever detected at the time, with signal-to-noise ratios (SNR) of pr1 = 18.8,
pr1 = 26.4 and py1 = 2.0 for Handford, Livingston and Virgo, respectively, after noise

mitigation, for a total network SNR pper = \/:0%11 + p2L1 + pg/l = 32.4.

After the data cleaning, the source parameters were estimated, including the compact
objects’ component masses. They were evaluated to lie within [1.36,2.26] M, for the
heaviest and within [0.86,1.36] My for the lightest. The inferred masses, combined with
the longer duration of the signal compared to the < 1s duration of the binary black hole
mergers signals previously detected, were strong evidence for GW170817 being a binary
neutron stars merger (BNS) before any electromagnetic detection confirmation. The
source of the signal has been rapidly localised using only the LIGO data to a region of 190
deg?, then reduced to a 31 deg? using the data from the whole network. These estimations
are summarised in Figure [1.14] which was extracted from [159]. The estimated distance
was 40f51;4 Mpc, making this event the closest compact binary coalescence to this day.
This information was rapidly made public to astronomers as the likely presence of neutron
stars made observing an electromagnetic counterpart possible. It eventually led to the
detection of the electromagnetic transients produced by the merger, covering the whole
spectrum. Figure[l.13]summarises the various localisations by the instruments from both
gravitational waves and electromagnetic sides.

1.4.2 Gamma-ray counterpart: GRB170817A

In coincidence with the GW signal, the GBM instrument onboard Fermi satellite detected
a weak gamma-ray burst (GRB). The GBM instrument observed a 5 o excess in three
of its twelve Nal scintillators 1.74 + 0.05 second after the GW trigger. According to [92],
the GRB seemed made of two components, a first hard one lasting for half a second and a
second softer one lasting for several seconds. Despite this, based on the signal’s duration
and hardness, the GRB was three times more likely to be a short GRB than a long
GRB [92]. The localisation of the signal returned a 50% and 90% credible localisation
of respectively ~ 350 deg? and ~ 1100 deg? [148|. These results are summarised in
Figure |[1.14] This detection was done by an automatic search and outreached through
a GCN notice [237]. On the other hand, the INTEGRAL satellite, through its SPI-
ACS instrument, detected an excess with a SNR of 4.6, 1.88s after the GW trigger.
Eventually, the chances of a GW signal and a GRB signal with both these spatial and
temporal coincidences were evaluated as punretated = 9.0 X 1078 [148]. This unambiguous
association between the two signals led to a worldwide observational campaign to find
the electromagnetic counterpart in the other domain of the spectrum.

1.4.3 Optical counterpart: AT170817gfo

The joint announcement of the GW and GRB discovery started a broadband search for
the UV/Optical/IR counterpart by ground and space-based instruments [159, 235, (15|
228|. The One-Meter, Two-Hemisphere was the first team to report the identification
of a new bright transient in the i-band: AT2017gfo [65]. The detection image is visible
in Figure on the upper-right frame. It was taken on August 17 at 23:33 UTC,
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Figure 1.13: Summary of the gravitational wave detection. The left panel shows the
raw data from the LIGO-Livingston interferometer exhibiting a large glitch on top of the
GW170817 that delayed the identification of the signal as being of astrophysical origin. It
also shows the transient noise model that has been subtracted to improve the parameters
estimation and the sky localisation in particular. The right panel shows the GW signal in
the three interferometers. The chirp is clearly visible in both LIGO but not in Virgo, the
BNS being localised in one of Virgo less sensitive regions. These Figures were extracted
from the GW170817 discovery paper [139]
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Figure 1.14: Localisation of the gravitational wave signal GW170817 (extracted from
[159]). The light green region is given by the LIGO data only. The dark green area is
obtained when Virgo data are used and span a 31deg?. The blue region corresponds to
the IPN triangulation of GRB170817A detected by both the FERMI-GBM instrument
and the INTEGRAL-Anti-coincidence Shield (SPI-ACS). The two right panels show the
images of the Swope telescope that led to the discovery of the optical signal linked to the
BNS 10.9h after the trigger (top) and the latest pre-discovery image of the field of view
acquired by DLT40 20.5 days prior to the detection (bottom).

10.87h after the GW trigger. The astronomers used the 3D spatial information to list
the known galaxy in the volume, ranked according to their stellar mass and star forma-
tion rate. The optical transient was detected with a magnitude ¢ = 17.057 4+ 0.018 mag.
Located at o(.JJ2000) = 13"09™48°.085 + 0.018, §(.J2000) = —23°22/53".343 + 0.218, in
the galaxy NGC4993 at a luminosity distance of 40Mpc. Five other teams independently
reported the detection of AT2017gfo, and they are visible in Figure bottom pan-
els. Over the following weeks, the transient was observed by telescopes ranging from
0.4m to 10m covering UV, optical and near-infrared with photometry and spectroscopy.
Observations exposed a significant magnitude difference between daily image acquisi-
tion, indicating a rapid luminosity decline with a fading of 0.6 mag per day in the i,
y and z bands according to [49]. Along with the photometric measurements, spectra
of the newly discovered transient were acquired 30 minutes after the first image with
the LDDS-3 spectrograph mounted on the Magellan-Clay 6.5m telescope and the Magk
spectrograph on the 6.5m Magellan-Baade telescope. The spectrum revealed an unusual,
though not unprecedented blue, featureless continuum within the 4000-10000 Aband. In
the following days, various instruments acquired additional spectra. They showed a rapid
flux decay in the blue wavelengths and a lack of absorption lines that would be observed
for a supernova. Moreover, daily observations by the VLT /X-shooter showed r-process
nucleosynthesis signatures. The Hubble Space Telescope spectrum contained signatures
of lanthanides production within the ejecta. These characteristics were strong evidence
that this transient was the first identified kilonova.
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1.4.4 X-ray counterpart

Along with the follow-up of the UV, optical, and IR searches, several instruments per-
formed X-ray observations to find the GRB afterglow. The first upper-limits on the
X-ray flux was 8.6 x 10~ %erg.cm™2 in the 2-10keV band, provided by MAXI 0.19 days
after the GW trigger. No detection either for the Super-AGILE detector down to
3.0 x 107%rg.cm™2 in the 18-60 keV band after 0.53 days. Some deep pointed ob-
servations were rapidly performed by NuSTAR and Swift down to 2.6 x 10~ 4erg.cm=2
0.70 days after the GW emission, without any detection of the afterglow. INTEGRAL
and Chandra started their observations nearby the optical transient 6 and 2.2 days after
the trigger, respectively, without any detection. The discovery of the afterglow occurred
nine days post trigger by Chandra [242| in a 50ks exposure where an X-ray source is
visible at the previously detected UV /optical/IR source location as illustrated in the
bottom panels in Figure|l.15

1.4.5 Radio counterpart

After the merger, the fast-moving ejecta collided with the surrounding medium, creating a
radio emission that gave information about the geometry of the ejecta and the interstellar
medium. Despite the early observations by radio surveys such as the Australian Telescope
Compact Array (ATCA) one day after the BNS signal or the Long Wavelength Array
(LWA1) 6.5 hours, 6 days and 13 days after the GW170817 detection, no confident
observations of a radio counterpart could be associated to the event down to 200 Jy
at the 25Hz and 100Jy at 45MHz. The radio afterglow discovery occurred on 2017
September 2 and 3 (16 days after the GW trigger) by the Very Large Array (VLA) at 3
GHz and 6 GHz [99} 9] via two independent observations as visible in Figure [1.15] bottom
panels. Radio observations are still ongoing to monitor the evolution of the afterglow
as it is still visible for the largest instruments such as ATCA and brought information
about the jet structure emitted by the neutron stars coalescence. The monitoring of the
X-ray and radio afterglow is still ongoing [164, 208, [20, [246} 98|, 69].

1.4.6 Neutrino emission

BNS coalescences are predicted to emit neutrinos at different energy bands from MeV to
TeV-EeV. The Ice-Cube detector has searched the lower energy range. A supernova-like
neutrino burst targeted search has been performed in a £500s time window around the
trigger time. In addition, a follow-up search was extended to 14 days after the merger
without any detection from Ice-Cube. On the other hand, the ANTARES collaboration
probing for higher energy neutrinos (GeV-TeV) conducted a similar analysis without any
detection. The same results stand for the Pierre Auger observatory that searched for
Ultra-High Energy (UHE) neutrinos - with energies superior to 107V [159].
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Figure 1.15: Summary of the 170817 observations. The upper left panels show the GW
chirp; the middle corresponds to the GRB lightcurves from FERMI-GBM and INTE-
GRAL; the right one exposes the spectrum acquired by different optical ground-based
spectrographs. The middle panel gives detailed timelines of observations and discovery
of the different counterparts to the gravitational signal. The dots correspond to typ-
ical observation of the source, with areas scaled by source brightness. The solid lines
correspond to the time when the source was detectable by at least one facility in the
corresponding band. The bottom panels show the optical images of the discovery im-
ages acquired by the different facilities that independently observed AT2017gfo. On the
right are the images of the X-ray counterpart detection (upper) and the radio afterglow
(bottom). Figure extracted from [159].
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1.5 Scientific outcomes of GW170817

The GW170817 event was a major discovery for many domains of astrophysics. The
multi-messenger and multi-wavelengths observation not only allowed us to evaluate many
physical properties of the merger itself but also allowed insights into several fundamental
topics.

1.5.1 Inferences on the merger

The BNS merger has been widely studied via multi-messenger observations, and a sum-
mary of the results gathered from them is presented in Table extracted from [175].
After the GW signal detection, the EM counterparts detection confirmed that at least one
of the binary companions was a neutron star and allowed to reach a point localisation for
the source. The GRB detection, along with the X-ray and radio afterglows, constrained
the viewing angle and the jet structure. At first, several scenarii were considered for
the jet: either a top hat jet, which was the usual way to model a jet, a structured jet
viewed off-axis or a jet surrounded by a cocoon, a wide-angle outflow expanding quasi-
spherically with radial velocity stratification [148] [191]. However, the very late times
afterglow observation showed a peak luminosity at ~150 days post-merger, which ruled
out the top-hat hypothesis. Later, the detection of an apparent superluminal motion
of the radio flux centroid |187|, together with the compact size of the radio image ~2
mas [90|, strongly favoured the structured jet model. This structured jet was estimated
to have a relativistic core with an opening angle 0.,re = 3 — 5° and a wider component
with 0. > 10° [247, 191]. These observations also constrained the GRB viewing angle
of the jet, confirming the jet was off-axis with an angle 0GB ~21° [247, [187, [191] or

0GEB ~30° [97], depending on the used model. The off-axis jet conclusion was a privi-

leged explanation of the burst faintness.

For the optical emissions, the kilonova showed a two components behaviour as de-
scribed in [175]. This is visible in Figure[L.16] extracted from [253|, that collated all the
images acquired during the AT2017gfo follow-up in the UV-optical-NIR bands. During
the first days, the blue bands (B, V, g) dominated the apparent magnitudes. After ~2
days, the redder bands (from r to K) were brighter and completely dominated after 5
days. The kilonova follow-up returned a merger viewed from an angle of 0y;e,, ~30° |76,
192|, which was consistent with the results obtained with the GRB emission and the
constraints from the GW signal[145|. The spectrum of the kilonova in the 1.5um and 2.5
pum showed typical features from Cs, Te, and I presence, indicating nuclear synthesis via
light r-process. The bolometric luminosity Ly, could be explained by the synthesis of
many isotopes. The fit of the two components model yielded an ejecta mass in the [0.02,
0.06]Me and an electron fraction Y, within [0.15, 0.35] [175]. The three components
(blue, red, purple) fit in Figure [1.16]from [253] yielded Me; ~(0.02, 0.047, 0.011)M, for
each component, and velocity of ve; ~(0.27, 0.15, 0.14)c. The electron fraction was in the
[0.25, 0.35] range in addition to regions with Y, < 0.25 where the r-process synthesised
lanthanide elements with A>140 up to A~195.
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Figure 1.16: UV-optical-IR lightcurve of AT2017gfo based on data gathered by [253],
along with the best fit model of three component kilonova (red-purple-blue). This figure
is extracted from [253].

As the total ejecta mass was superior to 0.02Mg, it required more than just a dynamical
component, based on the predictions by simulation of BNS merger [175]. Moreover, the
red kilonova required to have a disk outflow to appear. The blue kilonova origin was
less clear, the current explanation involved a shock heated dynamical ejecta with high
velocities Ve; ~0.2-0.3 ¢ and Y, >0.25. However, the relatively high mass of this ejecta
Mpiye ~0.01 Mg was disfavored by numerical simulations. Another hypothesis for the
blue component was that a wind emerged from an HMNS remnant before the collapse.
Simulation of a magnetar with B~1-3x104G could explain the ejecta mass and velocity.
The latest explanation for the blue kilonova involved an HMNS remnant producing spiral
density waves explaining the ejecta parameters [193].

The GW detection allowed to evaluate the size to R1,6:10.8f%7km, assuming a 1.6Mg.

1.5.2 Fundamental physics

Beyond the merger characterisation, the multi-messenger observations of GW170817 gave
insights on several topics. It was the first detection of a binary neutron star merger
and consequently was a significant discovery for GW astronomy. By itself, the GW
observation gave essential results in various domains. For compact object astrophysics,
it gave information about the population of extra-galactic neutron stars and the rate
of BNS in the local universe. The BNS rate was estimated to be Rgyg ~100 Gpc~!
yr~! which implied that BNS mergers are a significant source of r-process, according
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Table 1.1: Key Properties of GW170817. This Table is extracted from [175] and refer-
ences therein.

Property Value
Chirp mass, M. (rest frame) 1.188f8:88§M@
First NS mass, M, 1.36 — 1.60M (90%)
Second NS mass, M, 1.17 — 1.36 M (90%)
Total mass, Mot = My + My ~ 2.74%04, M,
Observer angle to orbital axis, O 19 — 42° (90%)
Blue KN ejecta (Amax < 140) ~ 0.01 — 0.02Mg
Red KN ejecta (Amax =, 140) ~ 0.03 — 0.06 M,
Light r-process yield (A < 140) ~ 0.04 — 0.07Mg
Heavy r-process yield (A 2 140) ~ 0.01Mg
Energy of GRB jet ~ 10% —10% erg
ISM density ~107°—-1073 cm—3

to Equation [I.54] However, the uncertainties on Rpyg did not allow us to determine
whether BNS are the dominant source of r-process. The GW signal constrained the tidal
deformability of the neutron stars using a set of EoS models. It was estimated to be
in the [280, 310| range, depending on the GW model used for the parameter estimation
[145]. This signal allowed several tests of the General Relativity. Constraints on the GR
dynamics of the source, in paticular the post-Newtonian coefficients used to produce GR
waveforms, are set based on the GW170817 signal |135].

The confident association of the GW signal and the GRB170817A confirmed the long-
suspected link of the binary neutron star mergers with at least part of the short GRB
population. The observed delay between the GW and GRB emissions gave unprecedented
occasion for fundamental physics tests and jet formation. In the former case, the 1.7s
delay set tight constrains the speed of gravity:

—3x107% < % < 4+7x10716, (1.58)
f

The GRB-GW association placed new bounds on the violation of Lorentz invariance. In
an effective field theory, the relative group velocity of GWs and EM waves are described by
differences in coefficients for Lorentz violation in the gravitational sector and the photon
sector at each mass dimension d. The analysis did not show any violation and tightened
the constraints previously obtained by other tests of the Lorentz invariance. It was also
shown that the result of the GRB and GW combination was better than the previous
limits based on BBH observations [148|. The equivalence principle has been tested using
the Shapiro effect, which predicts that the propagation time of massless particles in
a spacetime curved by a gravitational field is slightly increased compared to the flat
spacetime case. The deviation from the Einstein-Maxwell theory was parametrised by a
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parameter v, which takes a value vg)s for the electromagnetism and vgw for gravity in
case of a deviation. The GW170817 event set the following upper limits:

—2.67% <~yew —vEm < 1.276, (1.59)

indicating no violation of the equivalence principle. This was an improvement compared
to the previous tests performed with the Cassini probe [148].

A cosmology study based on the coincident observation of the kilonova and the GW signal
evaluated the Hubble constant Hy and evaluated it to be Hy = 70fé2km s~ Mpc™!.
The posterior distribution leading to this value is plotted in Figure [1.17] extracted
from [56]. This value was compatible with the values estimated by the SHOES and
Planck collaborations. However, this study did not solve the tension between the two
previous values, but future observations will help reduce the uncertainties. In particular,
increasing the kilonova sample will give results precise enough to arrive at the SHOES
or Planck levels [64].
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Figure 1.17: The solid blue line is the posterior distribution for Hy based on the kilonova
detection in coincidence with the GW170817 signal. The dashed vertical line is for the
68% interval and the dotted one represent the 95% interval. The green area is the H
estimation made by the SHOES collaboration, and in orange is the estimation from the
Planck collaboration. This figure extracted from [56].

1.6 Was GW170817 a lucky event?

As we have seen, the multi-messenger observation of GW170817 was a significant success
and raised high expectations for the following O3 observing run. However, several prop-
erties indicated that GW170817-like observations would be much rarer than expected.
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The closeness of the BNS - 40 Mpc - is unusual, especially considering the distance of the
LIGO-Virgo BNS alerts published during O3 [14]. The median distance was 200 Mpc,
significantly reducing the optical emission and the amount of time during which the tran-
sient is observable. In addition, the O3 BNS event skymaps size was much larger - 100
up to 10000 deg? - than the ~30 deg? of GW170817. This introduced new observational
difficulties compared to the 2017 event. Based on the O2 results and the GW network
configuration of the first half of the third observing run, the rate of 2017-like kilonova
observation is set to one per 12 year |184].

Moreover, the binary orientation allowed the detection of the gamma emission, indicating
a slight viewing angle. This condition is also necessary to detect the X-ray and radio
afterglow. The latter could also be dominant in the optical domain and prevent the
observation of the kilonova.

Overall, the estimated rate for a complete MMA observation as GW170817 is larger than
one every 100 years. Consequently, GW70817 is considered a really lucky event, unlikely
to happen again in years.
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CHAPTER 2

GW-BASED MULTI-MESSENGER
ASTRONOMY

Following what happened in 2017, gravitational waves will likely be the first messenger
received for the next transient multi-messenger event. Maximising the chances of having
another 170817-like event requires a rapid analysis of the gravitational waves (GW) data
to have early information to plan the follow-up observations. The information extracted
from the GW signal, such as the sky localisation, needs to be as precise and reliable as
possible so that astronomer community can use them for their observations. Hence, the
LIGO-Virgo collaborations play a crucial role in transient multi-messenger astronomy.
This chapter will present the methods used to find signals rapidly in the interferometer
data and the early sky localisation of the GW signal, with a focus on the localisation
algorithm’s accuracy.

2.1 Searching for GW in low latency

The searches for transient GW are separated into two main categories: modelled and
unmodelled. Moreover, both types can be done online or offline, however, as we are
interested in the follow-up of transient GW events, we only describe online searches.
They are performed in low latency, with efforts made so that an alert is distributed
within minutes once a candidate is identified. The expected timing is similar or better
to what was achieved for GW170817, which is visible in the middle panel of Figure [1.15

2.1.1 Unmodelled searches

Unmodelled searches look for for generic transient signals in the data that create power
excesses in the Time-Frequency plane. The common pipeline used by the LVC is Coherent
Wave BurstF_-I (cWB) [119]. It creates a Time-Frequency map with a data segment and uses
a wavelet basis to find pixels containing energy in excess. If they fulfil some neighbour-
hood criterion, the pixels are clustered. Each cluster is assigned a ranking statistic based
on a maximum-likelihood computation, a signal-to-noise ratio and a significance. Various
types of signals can be found with cWB, and some of these, such as Supernova or binary
black holes (BBH) mergers, can launch multi-messenger observations. A nearby super-
nova would emit a GW burst and be observable by neutrino detectors and ground and
space-based telescopes. Long-duration GW signals produced for example by instabilities

!https://guburst.gitlab.io
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in a rapidly spinning black hole accretion disk. Short signals produced by cosmic string
events are also sources expected to be detectable by the current detectors. cWB can also
detect short BBH signals, and was respounsible for the discovery of GW150914, the first
GW ever detected [138], |137]. During O3, cWB detected 10 CBC events confirmed by
other pipelines. It also produced online alerts for GW bursts, however, they were all
retracted [151].

2.1.2 CBC searches

Compact binary coalescences are currently the only sources of GW detected by the LIGO-
Virgo collaboration (LVC). They were expected to be a significant GW source, conse-
quently, the LVC designed dedicated pipelines to search for them. These algorithms
are based on matched-filtering techniques and a set of CBC waveforms, a so-called tem-
plate bank, and both are described in the following sections. The collaboration uses
several pipelines for collaborative online analysis, each one using a specific approach to
matched-filtering:

. GSTLAI_E] uses matched-filtering in the time domain.The potential GW signals are
ranked using their log-likelihood ratio. Their significance is estimated with Monte
Carlo methods [46].

e PyCBC Liveﬁ is a low latency adaptation of the PyCBC algorithm |35, [249], using
matched-filtering in the frequency domain to produce triggers and a coincident
analysis between them to identify candidate events. PyCBC Live constructs a buffer
of false coincidences with time slides of the past five hours of data. The GW
candidates are assigned a rank and a false alarm rate (FAR) by counting the number
of fake coincidences with a higher ranking than the candidate [194, 71].

e MBTAOnline uses matched-filtering in the frequency domain but splits its analysis
into a low-frequency band and a high-frequency one. The typical frequency cut
is fc ~ 100Hz and allows reducing computational costs by shortening template
duration in both bands at the expense of lower sensitivity. Separating the analysis
into bands has two main advantages: (i) reducing the template bank size, (ii)
reducing the cost of Fast Fourier Transform (FFT) thanks to down-sampled data.
MBTAOnline constructs a background of coincidences with time slides of the triggers
of the past three hours. The significance of a candidate is estimated with this
background [6].

e SPIIR uses a time-domain matched-filtering but decomposes the waveforms of the
template bank into a series of exponentially increasing monochromatic sinusoids to
approximate the signal and filter the data and generate candidate events. Triggers
from the previous week are time-shifted a hundred times to create a background
distribution and assign significance to the candidates [108].

2 https://git.ligo.org/lscsoft /gstlal
% https://pycbc.org/
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In the following section, we will focus on the example of PyCBC Live as it is used for this
thesis.

2.2 PyCBC Live

PyCBC Live is an on-line adaptation of the PyCBC algorithm |35, 249|, designed to find
CBC signals within interferometers data. It is based on matched-filtering that allows
finding signals whose shapes are known. As we described in Section CBC signals
have a typical shape called chirp, which is visible in Figure [I.3] For BBH, the chirp can
be simulated with analytical models for the inspiral and ringdown phases and numeri-
cal relativity computations for the merger phase. For BNS, only the inspiral phase in
simulated via analytical models, the merger and ringdown phases happen at frequencies
that are too high to be detected by the current detectors. This section describes the
implementation of the PyCBC Live search for CBC signals. We describe the template
waveforms generation, the matched-filtering principle, the design of the set of waveforms
used for the search and the identification of the credible candidates distributed as public
GW alerts.

2.2.1 Waveform

A CBC signal can be described by a set of parameters that gives a template waveform
htemplate- The parameters used for the description can be separated into two categories:
intrinsic parameters that are linked to the objects producing the signal and are indepen-
dent of the observer, such as the masses my and mo and the component spins S; and
So. On the other hand, the extrinsic parameters are observer-dependent, including the
inclination or distance, for example. Some parameters are summarised in the following
equation:

right ascension

!
) declination
D distance extrinsic
to arrival time parameters,
inclination angle Ocx
0= | ¢ polarization angle (2.1)
Ve coalescence phase
my first component’s mass S
, intrinsic
mo second component’s mass
, . parameters,
S1 first component’s spin 0
S second component’s spin m

Only the intrinsic parameters are used for generating the waveforms for the current
searches. Similarly, this parameter space could be enlarged by adding more parameters
affecting the signal, such as the tidal deformations of neutron stars or the binary eccen-
tricity. However, including extrinsic parameters from Equation or others would make
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the search much more computationally expensive without a significant gain in detection
efficiency for a search [225] and would require many more resources to achieve low latency
performances.

PyCBC Live uses waveforms simulated with two different approximants. BNS and low-
mass NSBH are described with the TaylorF2 model [174], that is a post-Newtonian ap-
proximants (based on the weak field and slow motion approximations) in the frequency
domain for point masses with aligned spin in quasi-circular orbits. The high masses
NSBH and BBH are simulated with the SEOBNRv4 [38] model, based on an effective
one-body approximation for spinning point masses in quasi-circular, non-precessing or-
bits.

For both types of models, the chirp GW strain amplitude h(t) in a given detector can
be written as |L1]:

ht) = <1Mpc> Avaipe(M, p)(t = to) “1e™ (0, (2:2)
Deyy
where M and p are respectively the total and reduced mass of the binary. U(f, M, ) is
the GW phase that depends on the time t—tg and Ajnipe (M, 1) is a normalised amplitude
that only depends on the binary intrinsic parameters.
For a post-newtonian model the previous equation is wrtiten as :

1
B GM to—t \ 1
00 =~ (zpe) (sm)  *coston+ 20t —t0 ). (23
where:
M = 2P Mo (2.4)

is the chirp mass. % is the binary merger time that is defined as the time when the GW
frequency becomes infinite in the TaylorF2 approximation. ¢ + ¢(tg — t, M, u) is the
orbital phase of the binary and (g is the termination phase, that is related to the phase
at coalescence ¢, in Equation 2.1}

Fy 2cost
200 = 2¢. — arctan — ———, 2.5
PO = Hpemal nF+1+COSQL (25)
where F | are functions of the sky position (c,d) called the antenna patterns of the
interferometer that we describe in Section The quantity D.;¢ acts as an effective
distance of the binary to the interferometer defined as:

1 2,\?
Dess =D |F2 (“OSL) + F2 cos? L] . (2.6)

2

It is related to the luminosity distance D of the binary and to geometrical factors of
the binary, the inclination ¢ in particular. For an optimally oriented source, directly
overhead and orbiting in the plane of the sky (i.e. face-on and ¢ = 0), the effective
distance D.fy = D. Otherwise, Dcoyy > D and a degeneracy between the distance and
inclination emerges that makes the source appear further away than it really is when the
signal is observed by a single interferometer.

64



GW-Based Multi-Messenger Astronomy 2.2. PyCBC Live

2.2.2 Matched-filtering
Principle

Matched-filtering (MF) is an efficient method for finding a known signal hidden in noise
implemented by correlating the detector output with a template representing the ex-
pected signal. MF aims at constructing the time series of the signal-to-noise ratio (SNR),
which is defined in Equatlon [2.13] Local SNR peaks correspond to potential GW candi-
dates at the point J in the search space defined in Equation However, finding all the
local maxima of SNR(¥) is too difficult considering the number of parameters and var-
ious tricks are used to deal with this large space and are described in the next paragraph.

PyCBC Live is based on the FINDCHIRP algorithm [11], a frequency domain filtering
that correlates the data and the template filter via Fast Fourier Transform (FEFT). This
algorithm (i) computes the matched-filter response, (%) discriminates the astrophysical
signal and the transient noises using a chi-squared test and (7i) selects the candidate
events using chi-square and filtering outputs.

The GW detector strain data are denoted here s(t), and they are either made of noise
only s(t) = n(t) or of a signal on inside the noise s(t) = n(t) + h(t). The matched-filter
technique is based on the following inner product:

(5, h) — 4 /OOO ‘W i (2.7)

where S, (f) is the one-sided power spectral density (PSD) of the noise, which is a measure
of the detector sensitivity. It allows to define the output of the correlation of the data
with a filter template Aiempiate(t):

x(tg) = 4R /OO 5 templa};(f)]too e?mifto qf. (2.8)

where tg is the termination time. Using FEFT in the FINDCHIRP algorithm allows
scanning for all possible ¢y termination times as a change in ¢y will translate into a phase
shift in theMF output. The remaining unknown parameters are the amplitude of the
GW strain data, the intrinsic parameters of the binary and the termination phase .
The amplitude is directly related to the effective distance, and thus the MF output can
be normalised. Under the stationary phase approximation, the FFT of Equation is
given by [220, (67, 207]:

~ 1Mpc .

where Aqjvpe(M, i) is a normalised amplitude that only depends on the binary intrinsic
parameters. By convention all the templates used by PyCBC Live are normalised at
Dcsy = 1 Mpc. For the post-newtonian approximation, the waveform in the frequency
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domain is written as the FFT of Equation
. 1/2 -7/6
()" (2 () (&) Ve

c3 ?D.yy c3

where W(f, M, p) is the GW phase that depends on the frequency f and the total and
reduced masses of the binary.

The filtering depends on the intrinsic parameters of the binary, which are explored by
constructing a template bank. The method for designing the PyCBC Live bank is de-
scribed in Section 2.2.31

The unknown phase ¢ is found by maximising the MF output x(ty) over ¢p. Rewrit-
ing z(tg) as x(to) = @re(to) cos(2¢0) + Tim(to) sin(2¢g), with z,c im(to) are respectively
Equation evaluated at pg = 0 and ¢o = 5. Deriving z(to) with respect to ¢o and
evaluating at maximum 2@¢ = arg(zye + iTim), we find: 2%(to)|s, = 22 (to) + z2,,(t0)-
This can be summarised by a complex MF output such that:

iL* _ _ .
template(f)]to 0.0 OeZMfto df. (2.11)

Sn(f)

2(to) = relty) + imim(to) = 4 /0 pital

Using Equation evaluated at D.ry = 1 Mpc, a normalisation constant is computed
for each template of the bank, indexed with m, such that:

2 ‘iLIMpc,m(f)P 7 7
Om = 4/ — df = <h1Mpc,m|h1Mpc,m>- (2'12)
Sn(f)
This allows to build the SNR time series p2,(¢) for a given template h,,, with m its label
in the bank:
~ 2
[(slhm) |?

Zm|? 1 s m mift
p%‘t)::o%l - iy 11 £él(f§f)e2 M= ey @)

Computing the SNR time series and identifying peaks above a defined threshold allows us
to find the GW candidate signals. This quantity follows a x? distribution with two degrees
of freedom, corresponding to the two phase quadrature and non-centrality parameter that
corresponds to the optimal SNR ngt:

) _4/whw>

Port = Jo Sull)

It approximately corresponds to the average SNR a binary would have in a detector if

the template waveform used for the detection is the same as the signal waveform. The

p? following a x%(dof = 2, pgpt) distribution gives (p?) = 2 + pgpt. This is represented

in Figure 2.1} and we can distinguish three regimes for this function. The first regime

corresponds to pgpt < 2, which correspond to undetectable signal. The second regime

with pgpt ~ 2 where signals are present in the data, but are weak and not confidently

detectable. And a third regime where 2 < pgpt, which is equivalent to p? ~ ngt for
which the signals are strong and clearly detectable in the data.

‘ 2

(2.14)
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I
— X2(2 dof, pgpt)
102
Y Undetectable | Weak Strong
Signals Signals Signals
10t
107! 109 10*
pgpt

Figure 2.1: x? distribution of the SNR amplitude returned by the MF computation.
There are three regime identified: no signal visible, weakly detected signals and strong
signals detection.
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Estimating the PSD

A detector’s power spectral density (PSD) S,,(f) is a measure of its sensitivity. As such,
it weights the matched filtering output of Equation PyCBC Live estimates the PSD
with Welch’s method [260]. The PSD is computed by taking the last minute of data,
dividing it into N 4s intervals that overlap by 50%. These segments are passed through
a Hann window and converted to the frequency domain. For each segment, an average
periodogram of the windowed data is computed:

2

P,lk] = __2AF AtNZ_ls [j]w[jle” 2 R/N (2.15)
% E;V:_ol wQ[j] §=0 7

where The PSD is extracted by median averaging the Ny P, to remove the outliers:

S[k] = median{ Py[k], P1[k], ..., Pn.-1[k]} (2.16)

2.2.3 Template bank

Matched filtering requires templates covering the space of the intrinsic parameters of
the binary to find GW signals. For computational efficiency purposes, the template
placement is such that it optimally covers the search parameter space. The leading idea
is to keep the total number of templates as low as possible without missing signals because
of the mismatch between the model and the GW signal. The match between a template
h(6) with parameters 6 and a close neighbour h(f + df) with parameters 6 + df is [201]:

— — — —

M(6,df) = (h(0)|h(F + d)). (2.17)
At leading order, it can be written as:

oo 1
M(0,df) =1 - 5

*M
HOHOHY

> 9" dg” (2.18)

where p, v € [0,p—1] and p is the number of intrinsic parameters describing the template.
Here agﬁ% can be seen as the parameter space metric denoted as g,,, and the previous

equation becomes:

—

» 1
M(0,df) = 1 = 3 g, dodo". (2.19)

It is then possible to define a parameter called minimal match (MM) which controls the
spacing between the models such that M > M M. The MM fixes the acceptable SNR
loss when changing from one template to one of its neighbours. The usual value is 97%,
and this was the value chosen for the O3 template bank used by PyCBC Live. According
to [50], a bank is optimally designed if the number of templates IV, is minimal and if, for
any signal, there always exists at least one template in the bank such that:

min maz (30", h(6")) > MM, (2.20)

o'n )
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where 0! is the set of p parameters describing a template, p € [0,p — 1], 1 is the index
of the template in the bank ¢ € [0, N}]. For PyCBC Live, there are four parameters for
constructing the bank: the two binary companions masses and spins, which correspond
to the intrinsic parameters of Equation [2.I]Then using the minimal match value, the
templates are placed in the parameter space covered by the template bank.

There are three methods for bank placement. The first one is purely geometric and takes
advantage of the fact that the coordinate system based on the chirp times 7y, 73, defined
in Equation is flat [50]. For a binary system with component objects of masses m;
and mo, the chirp times are:

5 5
T0 — 7(7TMfL)_§

256 f1Ln (2.21)
e 8fL77(7TMfL)_%’

where fr, is the lower frequency cutoff the template, M = mj + mo is the total mass
of the binary and n = mymgy/M. For a flat 2D space, the optimal way of placing the
templates to cover the plane is a hexagonal lattice similar to Figure [2.2] For cases where
the templates include the merger and ringdown phases, the parameter space is no longer
necessarily flat, and the templates are placed in a stochastic way [101]. This procedure
works by randomly generating positions in the parameter space and discarding them if
the overlap with the other templates is too large - i.e. if it is larger than the MM. The
last method is a hybridisation of the geometric and stochastic methods. The first step
is to generate a seed template following the geometric algorithm and then complete the
holes with stochastic processes.

During the O3 run, the bank included the component objects spin projections along
L [71] for a total of ~400 000 templates. Thus, the template placement requires a
hybrid geometric-stochastic method described in [218, 217] with a minimal match of
97%. The parameter space explored by PyCBC Live includes BNS, BBH and NSBH.
For BNS and NSBH binaries, the neutron stars have masses between 1 and 2 Mg and
a dimensionless aligned-spin parameter < 0.05. These bounds account for the masses,
and largest spins observed in pulsars [162]. For black holes, the magnitude of the spin
is < 0.998, accounting for the spins observed in X-ray binaries [169]. The total mass of
the binaries is < 100Mg for equal mass, weakly spinning templates and < 500M, for
templates of high-mass-ratio, high-aligned-spins binaries.

2.2.4 Identifying Gravitational Wave candidates

PyCBC Live splits the data into 8s-analysis strides for which the PSD is computed and
the SNR time series is estimated for the whole template bank. To do so, PyCBC Live dis-
tributes the template bank over ~150 computational nodes to parallelise the computa-
tion and meet the low-latency requirements. In the O3 configuration, a node identifies a
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Figure 2.2: Hexagonal lattice in the 1y, 73 plane, where each point is a template waveform
location in the plane. The ellipses represent the iso-match for a minimal match of 95%,
smaller than the currently usual 97% MM. This Figure is extracted from [50].

single-detector trigger every time the SNR time series rises above a 4.5 threshold. Each
computational node keeps the 30 triggers with the highest SNR found in an 8s data seg-
ment. The nodes send them in a head node, which receives O(10%) triggers per detector
per 8s data stride.

The data produced by a detector can be considered Gaussian at first order, however, it
also contains transient non-gaussianities that may produce high SNR peaks. They are
called glitches, and they can originate from various sources such as scattered light as
visible in the upper-central panel of Figure [238]. Another glitch example is visible
in Figure [I.13] on the upper-left panel, as a large spike on top of the GW170817 signal.
This glitch complicated the analysis of the GW170817 at first and had to be subtracted
before further analysis of the LIGO Livingston data.

Glitches in the data produce high SNR peaks but do not fit a GW waveform. Thereby,
PyCBC Live performs a goodness-of-fit test by computing the following quantity:

¢ = 5 S sl = (hulhi) 222

where a template h is split into p frequency bands. x? follows a reduced x? distribution
with 2p — 2 degrees of freedom and a non-centrality parameter that is large for transients
that do not match the template waveform h. Based on this goodness-of-fit, the SNR is
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Figure 2.3: Time-frequency maps of six examples of glitches observed in Virgo data.
Glitches are gathered by family based on their time -Frequency morphology. The first
plot shows a power-line glitch also detected by Virgo internal magnetometers. The second
map shows a series of glitches caused by scattered light induced by seismic activity. A
thermal compensation system instability causes the third glitch. This system is used in
Virgo to prevent mirror deformations due to the high-powered laser. The fourth plot
presents an airplane event with a clear Doppler effect. The fifth event is due to a glitch
in the laser stabilisation loop. The last glitch with an undefined shape is due to a seismic
event up-converted to higher frequencies. This Figure is extracted from [238] and is based
on an anterior version of Virgo, with data from the VSR2 observing run.
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re-scaled to p, according to x? [19, [10]:

__p for x7 <1
p:

p [% (1 + (X%)g)}_% otherwise (2.23)

The re-weighting is design to remove any significance from glitches based on the chi-
squared test. Then, when different detectors have acquired data, a coincident analysis is
done for each pair of observing detectors (H-L, L-V and H-V with H: LIGO Hanford, L:
LIGO Livingston and V: Virgo) based on the two detector ranking statistics developed
in [195):

G2 = 5+ i+ 2in (0°(9)) (2.24)

where (i, j) is one of the detector pairs, and p®(6) is the prior probability of a trigger
with a set of parameters f to be of astrophysical origin. p° (5) has been constructed with
Monte-Carlo simulations and is based on the phase difference Ay and the arrival time
difference At agreement between two interferometers detecting a signal. Noise events are
expected to be uniformly spread in the (Ap, At) in the but not a real signal, allowing

for discriminate between them [195].

2.2.5 Significance of a GW candidate event

After identifying a trigger coincident in a detector pair, PyCBC Live estimates its signifi-
cance compared to background noise for consideration by astronomers. PyCBC Live em-
pirically computes a background distribution with times slides. For a given pair of
instruments, the data from a detector are time-shifted by a delay superior to the light
time-of-flight between the two instruments to create un-physical trigger associations.
Then the ranking statistics in Equation [2.24] are computed for these associations. This
procedure is repeated with steps of 100ms to generate a background sample as large as
possible. The background created by the past 5 hours is kept in a rolling buffer stored
on the computational head node. Each time slides with the past five hours allows to
create five hours of coincident triggers artificially, leading to a total artificial observing
time Tepine ~100 yr. Tt enables finding triggers with a false alarm rate (FAR) down to
1 in 100 years. Keeping a five hours buffer allows adapting to changes in the detector
state on this time scale. Then, the algorithm computes the number ny(p.) of triggers
in the background with a higher ranking statistic p. than the candidate. This gives an
estimation of the false-alarm rate:

Foltm (2.25)

Tcoinc

When there are triggers coincident in more than two instruments, the FAR are combined
to evaluate the significance of the candidate event by constructing a p-value for each
other detectors and turning it into a FAR [71]. The triggers passing a FAR threshold
of 1 per 2 hours are sent to the Gravitational-wave candidate DataBasdﬂ (GraceDB) and

* https://gracedb.ligo.org/
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used to construct public alerts.

During O3, the total amount of time between detection of a binary coalescence and its
submission to the database was ~10s, from which ten additional seconds comes from the
data calibration and distribution to the computing cluster, and another ten seconds after
the submission for the computation of critical information such as the spatial localisa-
tion [194, 71]. The whole PyCBC Live procedure is summarized in Figure which is
extracted from the O2 description of the pipeline [194].
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2.3 Low latency spatial localisation

2.3.1 Localising a GW
Detector angular response

As we described in Section [I.1.1] in the traceless and transverse gauge, a plane GW
is described by a tensor with two polarisations hy and hy. For a GW whose incident

direction is n, its strain amplitude hiTjT can be written in the polarization basis (e;.;, eixj)
as:

WD = hyel + hyel, (2.26)
where:
el—-; = lll] — m,—mj (227)

e = lim; — lym,.

The unit vector [ and 7 are chosen to form an orthonormal, right-handed basis with 7.
Considering now a basis (a,b), aligned with the detector arms, the signal s(¢) observed
in the instrument is written as [212]:

s(t) = Fi(2)hy (1) + Fx (2)hx (1), (2.28)

where F  are the antenna pattern of the detector and are written a:

1 ij

Fi(n) = 5(%%‘ — bibj)e? (2.29)
. 1 ij

FX (n) = i(aiaj — bibj)exj.

These two functions describe the angular response of the detector. Based on them, we
see that the tensor of the metric perturbation A7 is projected onto the detector arms.
The antenna patterns are represented in Figure in the usual spherical coordinates
(0,¢), with 6 € [0,7] and ¢ € [0,27], with the vertical axis is taken to be orthogonal
to the detector plan. For unpolarised GW, the directional function F},,s of the detector

can be computed as:
Frms =/ F2 + F2. (2.30)

This function is represented on the right-hand side plot of Figure It results in a
detector whose response is almost uniform on the sky but contains four blind spots. They
are visible on the representation of F.,,s in a Mollweide projection as the blue regions in
Figure [2.6] They correspond to the two bisectors of the detector, where it is completely
insensitive. However, this response also implies that a detector alone has no possibility of
precisely localising the GW source. The antenna patterns are normally time-dependant,
but as the typical duration of a transient GW signal, which is of the order of 0.1-10s
at most for a BBH, is much shorter than the time scale to have a significant change in
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(rms)

Figure 2.5: Antenna pattern of a GW detector, with F.; on the left, F in the centre and
Firms on the left. The more yellow the contour, the stronger the response of the detector.
The black lines represent the instrument arms. This Figure has been reproduced from

78]
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the angular response of the detector that is around ~1h. However, this will not be true
anymore for future detector such as LISA.

ec (deg)

Figure 2.6: Mollweide projection of the antenna pattern of the Virgo interferometer on
the 2022/07/22 at 10:00 UTC.

Source localisation

Although it is not possible to localise a short transient with only one detector, as there
is a network of three detectors, four when KAGRA will start acquiring data, it is pos-
sible to use triangulation to identify the source position. As illustrated in Figure
the time delay between two sites creates an annulus of possible source position on the
sky. The more instruments detect the signal, the better the constraint. For a triple
coincidence, the credible region is reduced to two regions in mirror of each other with
respect to the plane containing the three instruments corresponding to the intersections
of the three annuli. Adding the constraints on signal amplitude and phase consistency
reduces localisation to only one of these regions. The typical size of a localisation regions
depends on various parameters, including the source distance and orientation and the
number of detectors that detected the event. We used the O3 skymaps produced for
the GSTLAL, MBTA and PyCBC Live pipelines as a by-product of this work to show
the variety of the localisation regions area. The results are presented in Appendix [A]
and for confident events detected during O3b, the typical 50% area ~400 deg? (1500
deg?) according to Tabl Bayestar is the algorithm responsible for the low latency
sky localisation using a Bayesian approach. It estimates the credible region from where
the source originates, along with its distance, to create skymaps distributed to other
observing communities. This information is of utmost importance for any follow-up in
the electromagnetic domain.
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HL
HV
LK
KV

Figure 2.7: Source localisation based on timing triangulation for the network composed
of LIGO-Hanford (H), LIGO-Livingston (L), Virgo (V) and KAGRA (K). Each circle
represents the region of constant time delay between two network instruments. For
clarity, the HK and LV combinations are omitted. For a four-detectors observation, there
is a unique intersection region denoted S on the plot. This figure has been extracted from
[158].
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2.3.2 Bayestar

After the identification of a candidate event by PyCBC Live (or any other pipeline), an
estimation of source sky-localisation, a so-called skymap, is produced via the Bayestar
algorithm [225] and publicly distributed. Bayestar uses a Bayesian framework to pro-
duce a prompt estimate of the probability distribution of the luminosity distance, right
ascension and declination parameters and turn it into a skymap. The algorithm has
been designed with two main constraints, (7) being rapid to allow a quick outreach of the
information, (7) being accurate. Bayestar computes a skymap within ~1-10s depend-
ing on the computational resources, with results comparable to a full joint parameter
estimation that takes hours up to weeks to complete.

Bayes Theorem

In a Bayesian framework, the parameters 0 are inferred from the data y to create a
posterior distribution p(@]y) describing the probability distribution of the parameters,
given the observations. The Bayes theorem provides the relation between the posterior
and a likelihood p(y|0):

_ p(¥10)p(0)

p(0ly) o)

) (2.31)
where p(0) is the prior distribution that describes the previous information about the
parameters, either based on previous observations or known constraints on the parame-
ters. The p(y) can be seen as a normalisation factor.

For Bayesian inference, when only a subset 8 of the 8 model’s parameters are relevant
for the analysis, the A remaining ones are being integrated over. The marginal posterior
distribution is computed as:

ply) = [ PYIIHE R gy (2.32)

This is what is done within Bayestar as it estimates the spatial parameter «,d and
D from Equation and considers the other parameters, such as masses or spins, for
example, as nuisance ones.

Constructing a likelihood

To achieve the computation rapidly, the algorithm takes advantage of several insights.
First, as visible in Equation 2.1} the parameters describing a binary coalescence can be
separated between intrinsic (masses, spins) and extrinsic parameters (distance, Ra, Dec,
...). Equation [2.9) can be re-written for a detector j as [225]:

hi(f;0) = e_sz(to_dj'n)%e%% % (1+ cos? ) R{C} —i(cost) S {C}} H(f;6:),
(2.33)
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where H(f;6;,) is the part of the waveform that only depends the intrinsic parameters
and for f > 0:
(= e~ 20 (F+,j(a’6’ to) —{-Z'FX’J‘(()(,(S, to)), (2.34)

where d; is the position of the detector j in units of light time travel. The quantity
r1,; = 1/0; is a fiducial distance at which a detector i would detect an optimally oriented
binary with an SNR of 1. It is similar to Equation [2.12] as:

b ’H(f, éin) i
S;(f)

0? =4 df. (2.35)

0

The waveform in Equation 2.33] can be separated into one part that depends only
on the intrinsic parameters, denoted H(f;8;,), and another part which only depends
on the extrinsic parameters. This separation comes from the fact that the masses and
localisation uncertainties are uncorrelated. This is because the relevant quantities for
triangulating a GW signal are the arrival time differences and phases, along with the
ratio of the amplitudes. Averaging these differences and ratio over the detectors remove
the correlation between them and the intrinsic parameters. A rigorous demonstration of
this is given in Appendix A of the Bayestar paper [225|. Bayestar takes advantage of
this separation to avoid the inference of the intrinsic parameter set 8;,. Instead, it uses
point estimates provided on the intrinsic parameters by the detection pipeline through
the template waveform that produced the candidate signal, reducing the problem’s di-
mensionality.

The search provides the SNR time series through matched-filtering, along with the
template parameters, which are the main ingredients for the localisation. The whole
SNR time series is used to extract the time of arrival 7;, amplitude p; and the phase ¥;.
The time series of each interferometer j can then be turned into a Gaussian likelihood
to apply a Bayesian analysis:

o 1., 1 A ——
p (Dj, A5, 7ilpjs Vjs Tj) o exp [—20§ - 5pj2 + pipiR{eVal(F)} |, (2.36)

where, 7; = 7; — 75, 9 = 9 — 7; and a;(7;) is the template H(f;6i,) autocorrelation
function defined as:

A 2
1 |H (5 6)
2/0 Si(f)

a;j(t; Oin) e2imIt qf. (2.37)

9;

Priors

To construct the arrival time prior, Bayestar uses Earth-fixed coordinates of the detec-
tors n; and arrival times 7;, average-weight over the detectors by timing uncertainties to
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obtain (n) and (7). Then, these means are subtracted to have weighted coordinates:
nj<—nj—<n>, 7A'J(—7A']—<7A'>

With those coordinates, the arrival time prior is chosen such that is is uniform in [-7,77,
with 7' = max(|n;|/c) +5ms. The other priors used for the localisation are the following:
J

e Polarisation: 1) is uniform in [0, 27]
e Inclination: cos(¢) is uniform in [-1,1]

e Distance: D follows a power law D™ in [0, Dyyaz), the default m = 2 corresponds
to a prior uniform in volume. The casem = —1 corresponds to a prior uniform in
the logarithm of the distance.

Dinaz = $max(ry,;), where 7y ; is the same fiducial distance as in Equation [2.33
J

Using the priors and the Bayes Theorem of Equation [2.31] the marginal posterior is
evaluated as:

o [T

1 .
exp | —5 Z pi+ Z pipiR{eVa*(7;)} | D™dp.dD dtgdcosudip. (2.38)
j i

HEALPIX Sampling

After evaluating the posterior distribution, the skymap is encoded using HEALPIX [94],
a data structure designed for all-sky mapping. This process is iterative and adaptive.
First, the whole sky is divided into 3072 pixels of 13.4 deg?. The probability density
is evaluated at the centre of each pixel, and then the pixels are ordered by growing
probability. The top 25% of them are then subdivided into daughter pixels; then, the
probability is evaluated at each centre of the new pixels, see Figure This process is
repeated seven times and ends up with a tree structure describing a mesh of pixels and
pixel resolution, which is turned into a Flexible Image Transport System (FITS) image
and distributed.
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GW-Based Multi-Messenger Astronomy 2.4. Testing Bayestar’s self-consistency

Precision and Accuracy

Bayestar precision is estimated by computing the area of the localisation. Usually, the
credible regions used for this estimation are the 50% and the 90% ones. The computation
starts by sorting the pixels by decreasing probability, finding the pixel index that allows
reaching the chosen cumulative probability, and multiplying this index by the area per
pixel returns the credible region’s area.

The accuracy of Bayestar is estimated by localising injected signals and finding the mini-
mal area that contains its true position. The quantity built this way is called search area.
The latter is estimated similarly to a credible area but uses the pixel index containing the
true location. Along with the search area, Bayestar computes a quantity called search
probability, defined as the cumulative probability held in the search area.

Self-Consistency

Considering the importance of Bayestar for low-latency follow-up observations, we tested
its self-consistency to ensure the distributed skymaps are reliable. We did it by perform-
ing a Percentile-Percentile-plot (PP-plot) test. It consists in making a cumulative his-
togram of the search probability for a population of injections. In the case of a consistent
localisation, the histogram is expected to be diagonal. In other words, for a consistent
analysis, one should find p% of the injections to have their true location contained in the
p% credible region.

Originally, Bayestar self-consistency was tested using GSTLAL injections and analysis.
It turned out that the PP-plot histogram lay below the diagonal, which meant that the
sky-localisation uncertainties were underestimated. Consequently, a hard-coded factor,
later denoted &, has been implemented and tuned with GSTLAL injections [225]. Its
value was and is still £=0.83 [225].

¢ acts as a Fudge Factor that pre-scales the SNR time series before performing the in-
ference and allows Bayestar to pass the PP-plot test. The effect of £ is to reduce the
SNR by using only 83% of its amplitude - i.e., an SNR=10 GW will have an effective
SNR=8.3 before the localisation.

After this implementation, the PP-plot of Bayestar was diagonal as visible in Figure[2.9
indicating a self-consistent analysis. However, why & was necessary has never been ex-
plained. In addition, the £ value has been tuned with GSTLAL, but is £ the same
for other GW detection pipelines such as PyCBC Live? This question has never been
addressed.

2.4 Testing Bayestar’s self-consistency

2.4.1 Motivation

Along with the timing information provided by the GW detection, the sky localisation
produced by Bayestar is one of the most critical pieces of information available for elec-
tromagnetic follow-up. Hence having reliable skymaps is an absolute necessity. Based on
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Figure 2.9: Percentile-Percentile plot for Bayestar for the 2016 network configuration.
The green curve is the result of the PP-plot test for LALINFERENCE [252|, the algorithm
responsible for the whole parameter estimation in the LIGO-Virgo collaboration. The
blue curve is the Bayestar results. Both curves are within the 95% statistical uncer-
tainties given by the shaded grey band, indicating self-consistent results. This figure is

searched posterior mass

extracted from [225).
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Figure the low-latency sky localization is self-consistent. However, another PP-plot
test performed with PyCBC Live injections, showed a deviation as visible in Figure 2.10]
taken from [194]. The green curve is the one that corresponds to the O2 and O3 configu-
ration for both the interferometer network and Bayestar. The curve above the diagonal
indicates an overestimation of the localisation uncertainties - i.e. the skymaps area is
too large on average. Although it is in the direction of a conservative estimation of the
uncertainties, it complicates the electromagnetic follow-up by increasing the chances of
accidental coincidences with unrelated electromagnetic transient sources within the GW
credible region. Furthermore, covering a significant part of the skymap will require more
observing time for follow-up telescopes.

For the following sections, we propose to investigate this effect by using simulated GW
signals and using PP-plot tests. We start by creating a controlled CBC population with
realistic distribution for the merger parameters. Then we injected the resulting signals
into noise samples and localised them with Bayestar to test its self-consistency under
various hypotheses using PP-plot tests. However, we are interested in the 2D spatial
reconstruction of Bayestar and we do not address the consistency of the 3D localisation
that includes the luminosity distance of the source to Ra and Dec.

2.4.2 Simulated Astrophysical populations

For testing Bayestar’s accuracy, we simulated BBH, BNS and NSBH populations sep-
arately to test whether the CBC type influenced its consistency. Moreover, the BNS
case is of particular attention as they are expected to systematically produce EM coun-
terparts and lead to important follow-up observations. Regardless of their nature, the
binary parameters are chosen as follows:

e 3D Position: Uniform in volume to match the default Bayestar’s prior on the
spatial distribution.

e Polarisation: Uniform in [0, 27]
e Coalescence Phase: Uniform in [0, 27|
e Inclination: cosine uniform in [-1, 1].

They are all chosen uniformly to match the observations that do not favour any behaviour
for these parameters. For the coalescence time, unless something else is stated for the
test, they are chosen such that they are separated by 500s starting from an arbitrary
time. Along with these binary parameters, the component objects of the binaries are the
following:

e Masses: Uniform in [5, 100]Mg for BH and a Normal distribution with parameters
(u=1.4Mgs, 0 = 0.1 M) for NS. The BH mass bounds are chosen to match the
definition of LIGO-Virgo collaboration used during the O3 run. For NS, the mean
of the distribution matches the Chandrasekhar mass of a NS.

85



GW-Based Multi-Messenger Astronomy

2.4. Testing Bayestar’s self-consistency

1.0 P
—— HL, no SNR series
HL, SNR series >
w 0.87 —— HLV, SNR series o7
) === Expectation ,’,
wn ,f
) ”
E 0.6 1 ,/’
=
E
= P
LE 04 T ,p//
[ '
.8 7
"L:é /I.a
“ 0.2 1 P
_,"‘/‘
0.0 4 . . : :
0.0 0.2 0.4 0.6 0.8 1.0

Credible region containing true location

Figure 2.10: PP-plot used to test the self-consistency of Bayestar with PyCBC Live sim-
ulations. The blue curve represents the two-interferometer configuration and Bayestar
using only the local maxima of the SNR time series to localise a candidate GW sig-
nal. The orange and green curves are made with different GW network configurations
using the whole SNR time series for creating the skymap, which corresponds to the
Bayestar configuration used during the O3 run. This figure is extracted from [194].
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e Spin z component: for both BH and NS, the spins follow a Normal distribution,
with © = 0. For BH, the deviation is ¢ = 0.1 and ¢ = 0.01 for NS, to follow the
population of objects detected by the LIGO-Virgo instruments [240].

The BBH waveforms are generated using SEOBRNv4 approximant, corresponding to a
full inspiral-merger-ringdown simulation with an effective one-body model [38|. For BNS
and NSBH, we used TaylorF4 approximant as waveform models, which correspond to a
post-Newtonian waveform for the orbital phase of a merger [42|. After the generation
of the binaries parameters, we computed the optimal SNR, defined in Equation for
each interferometer in the network (LIGO-Hanford, LIGO-Livingston and Virgo). We
also computed the optimal network SNR by quadratically adding the optimal SNR for
each detector.

2.4.3 Baseline Percentile-Percentile test

To verify whether the deviation observed in Figure was reproducible, we simulated
500 BNSs and 500 BBHs to perform a PP-plot test.

Before the analysis, we computed the optimal SNR of the CBC population to only keep
signals that had a network optimal SNR superior to 8 and an optimal SNR superior to 5.5
in at least one of the interferometers. Table 1 from [151] summarises the network SNR of
the publicly distributed alerts during O3, and SNR~8 is the lower bound for distributed
online GW candidate events. This allowed having 500 signals loud enough to be detected
and mimicking the selection effect a search would have on the triggers. Then every signal
was injected in an independent 600s long sample of Gaussian and stationary noise, using
simulated PSD@ that are plotted in Figure To have a configuration similar to O3,
we chose to use the same PSD for the two LIGO interferometers and a significantly less
sensitive PSD for Virgo. We used an internal PyCBC tool called pycbc_make_skymapﬁ to
perform the localisation.

pycbc_make_skymap takes the merger parameters to create the template waveform, per-
forms the matched-filtering to create the SNR time series, and passes it to Bayestar that
computes the injection skymap. Then, we extracted the search probability for each injec-
tion and used the distribution for the PP-plot test. For this test, we considered that the
Null hypothesis was that the localisation was self-consistent, i.e. the PP-plot is expected
to be diagonal.

After having produced all the skymaps and established the search probability cumu-
lative histogram, we performed a Kolmogorov-Smirnov test (KS-test) to compare the
results to the Null hypothesis [122|. This test allowed us to compare two distributions
and quantify their agreement thanks to two output values: the distance separating the
two distributions and a p-value quantifying the statistical significance of a possible differ-
ence. Under the Null hypothesis, the search probability is uniformly distributed in [0,1]
and produces a diagonal cumulative distribution. Therefore, we compared the simulation
results to a uniform distribution with the KS-test. Thus, the KS-test metric corresponds

% https://pycbc.org/pycbc/latest/html/pycbe.psd.html
6 https://github.com/gwastro/pycbc/blob/master/bin/pycbc_make_skymap
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Figure 2.11: Simulated PSDs used for the injections. In red is the PSD for the LIGOs,
and Virgo is in purple. In the the lalsimulation library [136], which gathers many
LIGO and Virgo code, these models are named aLIGOMidLowSensitivityP1200087 and

AdVEarlyLowSensitivityP1200087, see note [j]
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to the maximum distance of the PP-plot histogram to the diagonal. In the following sec-
tions, we consider that a KS-test p-value < 3 x 1073, corresponding to a ~3-o deviation,
is small enough to reject the Null hypothesis.

For the first batch of simulations, we used Bayestar in its O3 configuration, and
we assumed the true parameters were known for computing the SNR time series with
pycbc_make_skymap and for the localisation with Bayestar. Although this is not a real-
istic configuration, this test is easy to implement. The results for this configuration are
visible in Figure 2.12] as a PP-plot with BBHs in orange and BNS in blue. In Table
the p-values and their corresponding ¢ deviation are presented. For both CBC types,
the deviation is larger than 3-o, allowing us to reject the null hypothesis. The conclusion
for this is that there is an overestimation of the sky-localisation uncertainties under the
tested configuration confirming the results in [194].

CBC Type p-value Deviation

BBH 5% 107? 5.80
BNS 2x 10711 6.70

Table 2.1: Results for the 500 simulated BNS and 500 simulated BBHs. The p-values are
computed with a KS test that compares the search probability with a uniform distribution.
The deviation is based on the KS-tet p-value and can be considered large enough to be
statistically significant.

2.4.4 Finding bias origin

Figure results were in the same direction as the results previously found in [194].
Consequently, we searched for the origin of Bayestar overestimation of the uncertainties.
There were several possible causes, and we considered the following:

e Network configuration: Bayestar was created and tested before O2 when Virgo
was not sensitive enough to bring spatial information about a GW detection, con-
trary to the O3 run, when there was a three detector network. As Figure 2.10
exhibits a deviation for the three instruments configuration with LIGO-Hanford
(H1), LIGO-Livingston (L1) and Virgo (V1), but not for the H1-L1 one. Hence,
we simulated several network configurations with only two instruments, different
sensitivities and other Earth positions.

e Selection Cut: as explained in Section [2.4.2] a selection on the simulations based
on the optimal SNR was used. The fact that signals above a certain loudness are
localised could bias the estimation of the sky localisation uncertainties. Therefore
we tested other selection cuts before the localisation.

e Bayestar configuration: as explained in Section in order to pass the PP-
plot test for simulations detected by GSTLAL, a hard-coded factor & was imple-
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Figure 2.12: Baseline PP-plot for the simulated BNS and BBHs. The blue curve is the
cumulative distribution of the search probability computed with the skymaps of 500 BNS.
The orange one is for the 500 simulated BBHs. In the case of a self-consistent analysis,
the curve is expected to be diagonal. The grey shaded areas around the diagonal are the
1, 2 and 3-0 confidence bands, showing the variability expected from the finite number
of simulations.
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mented in the algorithm to re-scale the likelihood used for the localisation and
could bias the analysis.

We tested each hypothesis by simulating 500 BBH localised with Bayestar to perform
the PP-plot test, and we used a KS-test to evaluate whether the tested hypothesis could
explain the deviation in Figure [2.12] As for the first simulations, the template used for
the injection and the SNR time series computation is the same.

Network Configuration

In order to test the influence of the number of instruments on the sky-localisation, we
simulated two-interferometers network configurations with the same sensitivities as in
the previous section, where Virgo is significantly less sensitive than the LIGO detectors,
with the sensitivities of Figure There are three possible pairs in this case: H1-L1,
L1-V1 and H1-V1. The results for these tests are summarised in Table As all the p-
values returned by the KS-test allow us to reject the Null hypothesis, we concluded that
the number of instruments responsible for the localisation was not responsible for the
deviation previously observed. We notice that the p-value for the H1-L1 configuration
is significantly larger than for the two others, however, considering that the deviation is
still visible and that this is a relatively simple test, we did not investigate this more.

Network p-value deviation

H1-L1 4.1074 3.50
H1-V1 10-8 5.70
L1-V1 4.1077 5.00

Table 2.2: 2-interferometers configurations results.

We also tested the influence of the sensitivity difference between detectors. Currently,
Virgo is much less sensitive than the LIGO detectors. Consequently, we injected signals
with the LIGO-like PSD in red in Figure for all the instruments.

The possibility of a bias caused by the Farth location of the individual interferometer
has also been evaluated. Indeed, as the antenna patterns of the two LIGO are almost
aligned, the selection effects may bias the sky localisation by selecting events in a sky
region where II1 and L1 are more sensitive than Virgo.

We used three network configurations to address these hypotheses: one with H1-L1-V1
equally sensitive and two configurations that include KAGRA (K1), the future Japanese
GW detector. Although it has not taken part in the O3 run, its antenna pattern is neither
aligned with H1 nor with L1 nor V1, allowing it to test the influence of the detector’s
Earth location. It led to two simulated networks: H1-LL1-K1 and H1-V1-K1, with equally
sensitive instruments. The results for all those tests are summarised in Table[2.3] Again,
the p-values are small enough to reject the Null hypothesis. Thus, we concluded that
neither the sensitivity difference nor the detector location could explain the initial results.
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Network p-value deviation

H1-L1-V1 10~10 6.40
H1-L1-K1 3 x107? 5.90
H1-K1-V1 5 x 10712 6.90

Table 2.3: 3-interferometers configurations Results.

Event Selection

Ruling out the hypothesis involving the different network configurations, another possi-
bility we considered was the SNR cut described in Section As only loud events are
selected with this cut, one can imagine a more precise localisation on average, leading to
overestimating the uncertainties.

To evaluate this hypothesis, we used two optimal SNR cuts, one looser and a tighter one.

e Tight cut: SN Ryerwort > 10 and (SNR > 8 in H1 or L1 or SNR > 5.5 in V1).
e Loose cut: SNR,ciwork > 5.0 and SNR > 5.5 in at least one interferometer.

The results for these tests are summarised in Table The Null hypothesis is
rejected, and we concluded that the event selection is not responsible for the results in
Figure [2.12

SNR cut p-value deviation

Tight 7x 1078 5.40
Loose 1079 6.10

Table 2.4: Event Selection Results.

Bayestar ¢ parameter

Initially, the Bayestar version presented in [225| mentioned a hard-coded fudge factor,
denoted the £ parameter. As described in Section ¢ allowed Bayestar to pass the
PP-plot test. However, the deviation in the PP-plot was in the direction of underesti-
mated uncertainties. Several hints made £ a reasonable candidate to explain the bias
observed in the simulations:

e The ¢ tuning was made using the GSTLAL pipeline, whereas we made the previous
simulations with PyCBC. As Bayestar takes the point estimates of the intrinsic
parameters directly from the detection pipeline, in principle, £ may have to be
tuned differently from pipeline to pipeline.

e At the time of the publication, only the point estimates at the maximum of the
SNR time series were used. On the contrary, the version used for these simulations
and during O3 builds its likelihood with the whole SNR time series. Hence, this
difference could also require a re-tuning of .
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Figure 2.13: PP-plot for three separate populations of GW source after removing the &
parameter effect in Bayestar. The BBHs are in orange, the BNS are in blue, and the
NSBHs are in green. This time the deviations are inferior to or equal to 3-o, consequently,
we can not reject the Null hypothesis. The BNS case is sort of borderline here, as it is
just on the threshold we set.
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In the current version of Bayestar, the £ parameter has a value of 0.83. It has the

effect of re-scaling the SNR time series to 83% of its value to construct Bayestar’s like-
lihood. We re-compiled the code after setting & = 1, which removed its influence on sky
localisation. We generated three separate populations of 500 BBH, 500 BNS and 500
NSBH to test whether £ influence could depend on the GW source type.
The results for these simulations are summarized in Table [2.5] and the PP-plots are vis-
ible in Figure For those three simulated populations, the p-values returned by the
KS-test are not small enough to reject the Null hypothesis (i.e. the Bayestar analysis
is self-consistent). Hence, we concluded that £ explains the deviation observed in Fig-
ure 2,121

CBC Type p-value Deviation

BBH 0.2 1.30
BNS 3x 1073 3.00
NSBH 0.2 1.30

Table 2.5: Results of the KS-test for the simulations testing £ influence.

Although these results explain the initial deviation, they also raised new questions
that must be addressed to have reliable skymaps for the next observing runs. We can
also notice that the simulated BNS show a p-value close to the threshold we set earlier.
In the following sections, we investigate the £ effect and origin, but not directly this BNS
case as the deviation is not significant.

o Why was & necessary in the first place?
o [s & still necessary with the current network configurations and Bayestar version?

o [s€ still necessary with PyCBC? Or just with GSTLAL?Y

2.4.5 ¢ parameter effect

Intending to understand the effect of & on a skymap, we simulated a BNS signal with opti-
mal SNR ~ 10 and injected it into a 600s fake Gaussian noise sample. Then Bayestar was
run on this data segment changing the & value each time. The resulting skymaps are
visible in Figure 2.14] The smaller &, the larger the credible region is dilated, but the
credible region shape stays the same, and no systematic shift in the localisation is visible.
The credible region area variation can be significant as the 50% and 90% regions area
vary by a factor ~ 2 for £ in the [0.75, 1.0] range. The skymaps dilatation happens be-
cause £ makes the effective SNR used for the localisation smaller than the SNR returned
by the detection algorithm to correctly estimate the uncertainties. To fix the ideas, the
GRANDMA network of optical telescopes, described in the next chapter, had a typical
coverage of 200deg? per alert during O3. In comparison, the 50% credible regions move
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from 551 deg? for a skymap produced with & = 0.75, to 190 deg? for £ = 1.0, as it is pre-
sented in Figure Consequently, the & tuning is important for follow-up observations
of GW alerts.

2.4.6 Real Noise Influence on Localisation

Addressing why the reason £ was necessary in the first place is crucial because it could
hide a fundamental issue with Bayestar or with the search pipelines leading to significant
corrections to the algorithm. The Bayestar paper [225] provides some hints in Section
IX.D that could explain the & implementation. The template bank discreetness, an effect
of the search or the correlation of the uncertainties with the intrinsic parameters are
given possible explanations. In this section and the following, we will test some of these
ideas.

This section describes the test performed to evaluate the influence on the localisation of
the numerous glitches we described in Section and the non-stationary character of
the data produced by a GW detector. In the previous simulations, we simulated Gaus-
sian and stationary noise. Thus, before going any further, it was necessary to verify if
this was causing any significant bias in the localisation. If a glitch appears on top of a
GW signal, the localisation will be ruined, as it happened for GW170817, where a loud
glitch in Livingston data had to be removed before any analysis. However, the question
addressed here is whether those glitches statistically affect localisation. We simulated
populations of BBH and BNS in the same way as we described in Section and
injected them into publicly available data from both O3a and O3b. The main difference
is the choice of the injection time made by picking a random time from O3 and keeping
it if 600s of data were available in the three detectors around that time. As sensitivity
and glitch rate between the two halves of O3 significantly improved, we did two separate
batches.

We injected 1000 BBH signals and 1000 BNS for both O3a and O3b. Among them,
908,/1000 BBH and 921/1000 BNS were loud enough to be localised with O3a data. For
03D it was 912/1000 BBHs and 940/1000 BNS. The results are summarised in Tables[2.6]
and Figure shows the PP-plots for the injected BNS and BBH for O3a data seg-
ments. For both O3a and O3b, we observed a deviation similar to Figure 2.13]for £=0.83,
but not for £=1.0. These results are consistent with little to no effect on the PP-plots
from the non-Gaussianities. Consequently, we concluded that £ was not required because
of the glitches in the data. Based on this conclusion, we only use simulated Gaussian
noise for studying Bayestar for the next tests.

CBC ¢ Deviation CBC ¢ Deviation

BBH 0.83 > 100 BBH 0.83 7.00
1.0 1.00 1.0 3.30

BNS 0.83 > 100 BNS 0.83 > 100
1.0 0.40 1.0 0.50
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event ID: 0 eventID: 0
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Figure 2.14: Skymaps of a BNS with SNR~ 10 for various values of £&. The star in the
images corresponds to the true location of the GW source. The area of the skymaps
corresponds to the 50% and 90% credible region.
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Table 2.6: Results of the KS-test for the simulations testing glitches and non-
stationarities in O3a data on the left and O3b on the right.

Simulated CBC injected in O3a data

1.0

0.8

0.4

Expected
—— BBH: £=0.83

- BBH: £=1.0

—— BNS: £=0.83

—— BNS: £=1.0

3-0 Confidence Band
2-0 Confidence Band
1-0 Confidence Band

Fraction of Simulated Signals

0.2

| |
%90 0.2 0.4 0.6 0.8 1.0
Cumulative probability for the true location

Figure 2.15: PP-plot BNS and BBH injection in O3a data. The blue and green histograms
are for the default £=0.83 for BBH and BNS, respectively. The orange and red histograms
are produced with a é&=1.0 for BBH and BNS, respectively.

2.4.7 Jittering Localization Parameters

As stated in Bayestar’s paper, one of the explanations proposed to explain why £ was
initially necessary is the discrepancy between the simulated signals and the template
waveform selected by the matched-filtering algorithm. In our previous simulations, we
used the same waveform for both the injection and the localisation. To relax this, we
performed additional simulations where we jittered the intrinsic parameters (masses and
spins) before using Bayestar so that it would mimic the effect of an online low-latency
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search. For this case, we simulated only BNS, for they are the most promising CBC
for having EM counterparts, making their low-latency localisation critical. In addition,
none of the previous tests showed any significant difference in behaviour between BNS
and BBH localisation.

We injected simulated signals in 600s segments of Gaussian noise. Then, we randomised
the component spins by using a number chosen uniformly in [-1,1], under the assumption
that an online search does not reconstruct the spins. For the component masses, we
randomised the mass ratio q defined as:

m

g=—,m1 > ma, (2.39)
mao

Optimal SNR VS. Chirp maﬁses diffgrence

e PyCBCLive detections

0.002

0.000 P wiat .

—0.002

Mc, injection ~ Mc, trigger [Mo]

—0.004

—0.006

15 20 25 30 35
Optimal Network SNR

Figure 2.16: M injection — Me,trigger distribution for triggers recovered by a PyCBC
Live search on BNS simulations. These results were used to realistically randomise
the M..

where mqo are the binary component masses, and the chirp mass M., defined in
Equation 2.4 Then we used them to compute the localisation template waveform
component masses.

For the mass ratio q, we choose a value in [1, 3| to stick to the LIGO-Virgo definition
of neutron stars (i.e. objects with masses in [1, 3|Mg. Treating the chirp mass M, was
more delicate as this is a parameter very well reconstructed by a search, in particular for
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BNS, see [34]. To realistically jitter the chirp mass, we used the results obtained with an
actual search performed on BNS injections described in Section We used the results
it produced to compute the standard deviation ogeqren Of the M injection — Me trigger
distribution that is shown in Figure [2.16| Based on this, we added a random number
to the injection chirp mass following a Normal distribution with parameters ¢ = 0 and
0 = Ogearch- After that, we computed the skymap using several values for £ evenly
spread in [0.70, 1.0], plus the default 0.83 value. For each £ value, we ended up with a
search probability distribution on which to apply a KS-test.

The PP-plots resulting from these simulations are shown in Figure 2.17] and contrary to
previous results, here, £ was necessary to have a diagonal PP-plot. The deviation was
significant for £&=1 and sagged below the diagonal, similarly to the original observation
made in [225|. This result explained, at least partially, why the £ was required in the first
place. It compensated for the difference between the component objects true masses and
spins and the template’s intrinsic parameters returned by a match-filtering algorithm. In
addition, we noticed that the £ value minimising the deviation to the diagonal is 0.85,
close to its default value of 0.83, which also makes the plot diagonal. This indicated that
the current £ value still holds.

2.4.8 Jittering Chirp Mass

Continuing the investigations for understanding the & parameter role in the localisation,
we next checked the influence of the masses uncertainties on the localisation. Bayestar is
based on the assumption that the two are independent, though we observed that the
uncertainties on intrinsic parameters influence the localisation. Hence, similar to the
previous simulations, we randomised the chirp mass prior to localisation but kept the
symmetric mas ratio fixed at the true value and used these two quantities to compute
the component masses used for the template waveform. The template’s waveform was
modified by adding a random number drawn from a normal law such that V(g = 0,0 =
Osearch X @), where a € [0,0.5,1.0,1.5,5,10,20]. For each « value, the KS-test with
the minimal deviation was estimated by testing the same values for £ as in the previous
section. The & value minimising the deviation was considered optimal.

The results are shown in Figure [2.18] and they show that £ is not required for small
values of o but becomes necessary for « 2 5. Consequently, except for unrealistically
large differences between the injected and reconstructed chirp masses, the assumption
of the independence of mass and localisation uncertainties made by Bayestar holds.
Moreover, we simulated only BNS whose chirp mass is reconstructed very precisely by
matched-filtering techniques [34], making this assumption even more robust.

2.5 End-to-end simulation with PyCBC Live

The previous simulations have helped identify the £ as a sensitive parameter for the self-
consistency test. In particular, we observed that it was necessary to compensate for the
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Figure 2.17: PP-plots obtained after randomising the template’s intrinsic parameters

with respect to their true values prior to the signal localisation. The £ value minimising
the KS-test is 0.85, with a deviation similar to £é=0.83.
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Jittering Parameter VS. Optimal &
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a

Figure 2.18: ¢ minimising the KS-test deviation with respect to the o parameter con-
trolling the chirp mass randomisation.

discrepancy between the injected waveforms and the template used for the localisation.
During an actual observing run of LIGO and Virgo, this difference between the GW
signal and the template returned by the search algorithm will inevitably arise because
the true parameters of the binary are unknown. Hence, to prepare the incoming O4
run and have reliable skymaps available for low-latency multi-messenger follow-up, we
set up an instance of PyCBC Live at a local cluster called Virtual Data. We used this
instance to perform a more complete test of the influence of an online search on GW
sky-localisation.

2.5.1 On-line search with the O3 bank

The instance locally set up was made of 170 worker nodes containing the template bank
waveforms, performing the filtering of the data and finding the triggers. They were
transmitted to the head node that clustered and ranked them to identify the candidate
GW signals. Each node contained 4 GB of memory, half of which were filled by the
assigned templates. The head node had 60GB of memory containing the background
triggers constructed with the past five hours of data, used for a candidate GW signal
false alarm rate estimation as presented in Section [2.2.5]

All the analyses performed with the local PyCBC Live instance were done using 1000
BNS signals injected in Gaussian noise, following the results from Section The
BNS were separated by 250s so that there is no possible overlap, and the injection rate
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is not high enough to bias the PSD estimation. The total amount of simulated data
represented ~3 days of data analysed with PyCBC Live.

First, we analysed the frames using the O3 bank generated using a mixed geometric-
stochastic method as presented in Section PyCBC Live produced 653 candidate
events. We associated a trigger with an injection when its geo-centre time was less than
40ms apart from the injection time. We ended up with 493 confident associations. Then
we used Bayestar to localise the detected injections, and we used the resulting skymaps
for constructing the PP-plot in Figure [2.19] The triggers were used to compute the
Osearch used in [2.4.7 along with the PP-plot.

The plot is diagonal for £=0.83 but lies below when £=1. This is consistent with results
from both [225] and Sections [2.4.7 Moreover, we estimated the 50% and 90% credible
region (CR) for each value of £ and computed the cumulative distribution of the area, see
Figure[2.20] The behaviour is similar to what was observed on a single injection in [2.4.5]
the area of the CR grows when & decreases.
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493‘Simulated B‘NS injected in gaussian noise
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- & = 1.0 : Deviation = 7.20

1.0

0.8

0.4

Fraction of Simulated Signals

0.2;

0.9 0.2 0.4 0.6 0.8 1.0
Cumulative probability containing true location

Figure 2.19: PP-plot distribution for the injections recovered by a complete run of PyCBC

Live on simulated data. The blue curve corresponds to the usual 0.83 value for ¢, and
the orange one is for £ = 1.
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2.5.2 Template bank influence on localization

As we described in the previous sections, the £ parameter is necessary because of the
discrepancy between the intrinsic waveform parameters and the true parameters of the
binary. Consequently, one can consider that a sparser template bank would increase the
discrepancy between the intrinsic waveform parameters and the binary ones. To test this
hypothesis, we used the PyCBC Live instance to analyse the previous simulated data with
other template banks to test their influence on localisation.s We only injected BNS and
reduced the template bank explored parameter space to non-spinning BNS. We controlled
the sparseness of the bank using the minimal match (MM) parameter described in Sec-
tion We generated three different banks, one much sparser than the O3 bank with
MM=90%, one with the same MM of 97% and the last one finer with MM=98%. These
banks were generated using the purely geometrical placement, described in Section [2.2.3]
and presented in Figure , with a PyCBC tool called pycbc_geom_nonspinbankm. The
template of these banks had both component masses in the [1,12|Mg with 3.5 order
post-Newtonian waveforms.

The candidate events recovered by PyCBC Live were associated with an injection in the
same way as in Section [2.5.T] and localised with Bayestar. We performed the usual PP-
plot test for several values of £ and found the optimal one by minimising the KS-test
deviation. The results for the different template banks are summarised in Table

Minimal match Optimal £ Deviation

90 0.89 0.90
97 0.89 0.70
98 0.89 1.20

Table 2.7: Template bank optimal &.

First observation, the optimal £ does not vary with the MM, implying that the bank
sparseness has little to no effect on the localisation.

Second observation: the optimal value is 0.89 for all the template banks, which differs
from the usual 0.83. We suspect this difference is due to the parameter space covered by
the banks. Compared to the O3 bank, these banks are not exploring spins for neutron
stars. As seen in Section [2.4.7] and [2.4.8] £ is compensating for the difference between
the injection waveform and the template passed to Bayestar. Hence, the larger the
parameter space, the larger the difference is, and the smaller £ is.

2.6 Conclusion on Bayestar Accuracy

Previous work on PyCBC Live had shown that the Bayestar localisation may not be
entirely self-consistent. We investigated the importance of the low-latency localisation

" https://github.com/gwastro/pycbc/blob/master/bin/bank/pycbc_geom_nonspinbank
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of the GW signal for follow-up observations. For this, we simulated CBC signals, used
Bayestar to localised them, and tested various hypotheses with the pp-plot test.
We summarised the tested hypothesis in the following:

e Network configuration - Number of interferometers, the sensitivity of the detectors
and Earth position

e Selection cut

e Effect off the £ parameter

e Influence of the glitches and non-stationary effects of the interferometer data
e Influence of the template bank.

They allowed identifying the £ parameter as a critical parameter for having self-consistent
localisations.

Then we investigate the reason why this correction was necessary for Bayestar and by
testing the following hypothesis:

e Discrepancy between the waveform template intrinsic parameters and the binary
parameters

e Discrepancy between the waveform template component masses and the true binary
masses.

We gathered evidences that ¢ was necessary to compensate for the difference between
the source parameters and the waveform parameters used for the localisation.

We also performed an end-to-end search with PyCBC Live to check whether the previous
analysis was holding for a realistic search. We also tested the influence of the template
bank design on GW localisation. We gathered evidence that the bank sparseness had
little to no influence on the localisation uncertainties. The £ tuning required to have a
diagonal pp-plot appears to depend on the parameter space explored by the search. The
larger this space is, the more the true GW and the template parameters reconstructed
by the search can differ, and the smaller £ must be to correct for this.

Perspectives

Future works on Bayestar’s accuracy would include a refined tuning of the & parameter,
especially before the upcoming O4 run. A Mock Data Challenge (MDC) is ongoing within
the LIGO Virgo Collaboration (LVC). It consists of the low-latency analysis of GW signal
injections in Gaussian noise and a replay of the O3 data with injection within. These
data are analysed by various detection pipelines, including PyCBC Live, for testing and
development purposes. They are producing triggers that could be analysed in the same
way as we did for our end-to-end analysis with PyCBC Live. These triggers would allow
testing whether & must be tuned differently between pipelines with realistic production
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conditions.

PyCBC Live will include new features for O4 that could potentially influence the template
waveform choice during the low-latency production of triggers. As we already discussed,
the template’s agreement with the true parameters of the binary, and we should test the
influence of these features on the localisation and check whether they do not require a
re-tuning of &.

The last point we did not address is the 3D sky-localisation which is also influenced by
&. A similar PP-plot test could be performed to evaluate its influence.
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CHAPTER 3

OPTICAL FOLLOW-UP OF
GRAVITATIONAL WAVES

In the first chapter, we described the kilonova as thermal transients powered by r-
process and why they are essential for gravitational waves-based multi-messenger as-
tronomy (MMA). Although there are several kilonova sources, neutron star-black hole
(NSBH) mergers or supernova, binary neutron star (BNS) mergers are the most promis-
ing source of MMA observations, according to the only example confidently identified so
far: AT2017gfo. However, they are essential for multi-messenger astronomy, considering
all the physics topics they could impact with more observations. This chapter starts with
a description of the observational difficulties associated with kilonovae. Then we describe
how the GRANDMA network tries to address these challenges. After this, we will de-
scribe the Muphoten photometry pipeline developed in this thesis work and currently
used by the collaboration. Eventually, we will describe GRANDMA the various optical
follow-up campaigns. The LIGO-Virgo third observing run O3 follow-up campaign and
the two observing campaigns GRANDMA performed to prepare for the upcoming O4
run.

3.1 Kilonova observational difficulties

After the success of AT2017gfo follow-up observations, the GW and electromagnetic
communities hopped for numerous new observations during the O3 run. Nevertheless,
no discovery of a kilonova occurred during the O3 run, despite the tremendous efforts put
by many optical facilities. This absence of new observation results from the numerous
observational difficulties linked to kilonova, complicating their detection, identification
and follow-up. These challenges can be classified into two categories: intrinsic difficulties
arising from the physics of the transient itself, and extrinsic difficulties, coming from the
methods available for detecting and characterising them.

3.1.1 Intrinsic difficulties

Kilonovae are very specific transients whose behaviour varies a lot compared to usual
optical signals such as supernovae. The AT2017gfo counterpart to GW170817 can help
us to understand the main constraints the emission mechanisms imposes on observations.
First, despite being relatively close to Earth, 40Mpc, AT2017gfo peaked at a weak
magnitude ~17 mag in the r-band. During the O3 run, the median distance for binary
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neutron stars alerts was 200 Mpc [14]. Consequently, any kilonova emitted during
these putative events would peak at ~21 mag, as illustrated in Figure B.1] showing
the r-band peak magnitude evolution with distance for an AT2017gfo-like transient.
Similar magnitudes should be expected for the only clearly identified BNS of the O3
run, observed at 159fggMpc [150]. This faintness imposes deep observations to detect
the optical counterpart using large facilities (aperture > 1m).
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Figure 3.1: r-band peak magnitude of AT2017gfo for several distances based on the com-
piled data from [253|. The purple dashed line represents the typical magnitude reached
by one-meter class telescopes in ~1 minutes exposure in good observing conditions.

Moreover, AT2017gfo luminosity decayed very rapidly, especially in the UV domain. It
was visible for only one to three days with magnitudes less than 23 for the bluer bands,
whereas in the near-infrared (NIR) - IR bands, the transient was observed for a month.
This kilonova typical color evolution comes from the different ejecta components, as we
presented in Chapter 1. However, based on Figure showing AT2017gfo lightcurve in
the r-band for several distances, a BNS occurring at 200 Mpc will produce a kilonova
with a magnitude around 21 mag a day after the merger. Consequently, this only
leaves chances for telescopes with apertures superior to 1 meter to detect the kilonova
emission with usual exposure times ~1 minute. This rapid decay implies having a rapid
reaction after the GW detection for the observing facilities. In addition, small aperture
telescopes require longer exposure to reach 21 mag, reducing the number of frames they
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can acquire in one night.
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Figure 3.2: r-band magnitude of AT2017gfo for several distances based on the compiled
data from [253|. The dashed line represents the typical magnitude reached by one (pur-
ple) and two-meter (brown) classes telescopes in ~1 minute exposure in good observing
conditions.

The AT2017gfo transient had an unusual color evolution compared to commonly ob-
served optical transients (Supernovae or GRB afterglows): during the first days, the
kilonova was blue until it peaked in the red-infrared bands for several weeks. This evo-
lution is visible in Figure extracted from [235] where the spectral energy distribution
starts with smaller magnitudes in the blue wavelengths (0.5-1 pm) at 0.5 and 1.5 days
post-merger, indicating a blue transient. Then, the redder wavelengths (2 pm) start
dominating the distribution after 3.5 days, indicating a reddening phase. After 8.5 days,
the red wavelengths completely dominate the distribution, indicating a red transient and
the extinction of the kilonova blue component. This specific color behaviour implies
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that kilonova candidates must absolutely be followed with several bands. Simulated
lightcurves of AT2017gfo-like transients observed with the ZTF facilities showed that
the g and r filters best differentiate kilonovae from other candidate counterparts |229].
Adding a NIR band, such as i, to the two previous filters is even better but requires more
observations.
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Figure 3.3: Spectral energy distribution (SED) of AT2017gfo for the ~12 first days of
the transient follow-up. Each curve is the SED of the kilonova and is labelled by its
corresponding time in days after the GW trigger. The curve color roughly corresponds
to the kilonova color. The transient exposes a clear evolution from blue (0.5-1.5 days) to
red color (after 3.5 days). This figure is extracted from [235].

These inferences have to be mitigated as kilonova are expected to be very diverse, de-
pending on the viewing angle, the presence of a central engine or the source emitting it
(BNS or NSBH) that could end up with a brighter transient than AT2017gfo- see [175]
and chapter 1. In addition, a possible recent discovery of a kilonova associated with
a long GRB could potentially add more input for constraining observations 213, 266].
However, as there is no GW data for this event, it is difficult to use it for constraining
optical observations for the next O4 run. Overall, with only one kilonova example associ-
ated with a GW emission, these conclusions drive the design of follow-up infrastructures,
as we will discuss in the following section.
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3.1.2 Extrinsic difficulties

The previous arguments explain the kilonova elusiveness, but on top of these difficulties,
observational challenges arise from our methods for detecting them. Currently, the best
efforts are based on external triggers, particularly GW observations. They have the
immense advantage of giving a precise time for the merger, a distance estimation and
a sky localisation, although the latter can be crude, as we have discussed in chapter 2.
Triggers from gamma-ray bursts satellites - Swift or Fermi, for example - may also lead
to kilonova observations. However, some candidates were identified later [93] 245| 243],
in light of AT2017gfo results, and a recent candidate has been associated with a long
GRB detected by Swift [213| 266]. The latter still lacks GW observations that would
have helped dissipate doubts about the emitting source. Moreover, this claimed kilonova
is similar to AT2017gfo and does not inform much about their diversity. The last point
is most likely related to the fact that we only have one example of such a transient.
Consequently, we are looking for what we already know. Using GW could help solve
this by allowing the discovery of new examples significantly different from AT2017gfo.
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Figure 3.4: Cumulative distribution of the 90% credible region of the O3 GW event. The
dashed lines correspond to the predictions made by LIGO and Virgo before O3 in [158].
This figure is extracted from [14].

However, with the use of GW comes specific issues complicating the observations. The
most prominent is how poorly localised the GW sources are: a sky-localisation can
cover hundreds up to thousands of square degrees. Figure extracted from [14] shows
the cumulative distributions of the 90% credible region for the GW triggers distributed
during O3, resulting in a median area of ~8000 deg? for BNS. These large uncertainties
have several implications. First, they are difficult to cover, especially if no observing
strategy is established before the run. Second, many unrelated optical transients will
be spatially compatible with the neutron stars merger localisation. Most of the time,
discarding the contaminants such as supernovae, novae or solar system objects must be
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Constraint Solutions

Faintness Deep observations

Rapidly evolving Rapid reaction between the trigger (GW or GRB) and
first lights

Color Evolution Multi-band observations (at least g and r for detection)

Coordination between telescopes

Localisation area Pre-established follow-up strategy to avoid duplication
Important observing time
GW detection rate Careful alert selection

Multi-band observations
Characterisation Spectroscopic observations
Well sampled lightcurves

Table 3.1: Summary of the main observational constraints for kilonova observation based
on GW triggers and their solutions.

done based only on photometric information as spectroscopic capabilities are much more
limited. Indeed, considering the faintness and distance of the BNS we detect, only the
largest optical facility can reach such depths and acquire spectrum. Consequently, only
the most likely EM counterparts should and will be followed-up. In that case, it likely
is context-dependent. If the GW is well localised or if a GRB is detected coincidentally,
the number of candidates will be limited enough to be agnostic. If the GW is similar to
03 cases and poorly localised, the search will be limited to AT2017gfo-like candidates,
compatible with it in terms of faintness, decay time and colour evolution.

During the upcoming O4 run of GW observations, the expected detection rate, including
all types of sources, is one event per day. In particular, most events are predicted to be
BBH that are not expected to produce EM counterparts. Consequently, the events have
to be carefully selected, as trying to follow all of them would require too many resources.
So far, we have described how to detect and identify a kilonova associated with a GW,
but additional complications arrive after a detection. The characterisation of a kilonova
requires well-sampled lightcurves to have significant constraints on the models. For
example, in the case of AT2017gfo, despite the extensive follow-up campaign and the 714
images acquired, it is difficult to distinguish whether there are two (blue + red) or three
(blue + purple + red) colour components [253]. We must expect fewer images taken for
future detections considering the greater distances we observed for BNS candidates in
03, leading to fainter transients.

3.1.3 Addressing Observational Constraints

Table summarises the different constraints arising from the kilonova searches. Be-
tween the O2 and O3 runs, astronomer communities addressed these two ways. On the
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one hand, some individual facilities can do the follow-up by themselves. In this case, the
optimal instrument design is a large field of view instrument - more than one square de-
gree - that can rapidly cover a significant part of the GW sky localisation. However, it is
difficult to have an instrument with both a large aperture and a large field of view (FoV)
for technical and cost reasons. The Zwicky Transient Facility (ZTF [167]) is one of these
instruments with a 47deg? FoV and a ~21 mag depth. It serendipitously followed-up sev-
eral GW triggers during O3 and used archival data to identify candidate counterparts.
The other way to address the challenges proposed by the GW EM searches is to use
existing facilities and gather them into a network. This choice has been made by several
collaborations such as GROWTH|60], MASTER|161] or GRANDMA [13| |14]. GOTO
[230] is a network of identical telescope units with large FoV and a ~20 mag depth built
to follow up GW.

In the next Section, we present GRANDMA a network of telescopes aiming at following
GW alerts to find and characterise EM counterparts, along with its infrastructures and
strategies.

3.2 GRANDMA

3.2.1 Meet GRANDMA

In April 2018, the Global Rapid Advanced Network Devoted to the Multi-messenger Ad-
dicts (GRANDMA) was created by gathering existing facilities, including robotic tele-
scopes. It currently (Spring-Summer 2022) includes 33 telescopes spread in 23 observa-
tories with photometric and spectroscopic capabilities. The collaboration regroups more
than thirty groups and institutes worldwide that can start observations any time to find
the EM counterparts.

The instruments of the consortium are highly heterogeneous and consist of both large
and narrow fields of views telescopes mounted with filters covering near UV to NIR.
GRANDMA has access to the TAROT network |[196] with three small robotic telescopes
(~18 mag in 60s), the two FRAM telescopes |1} |113 211] (~17 mag in 120s) and the
OAJ-T80 (~21 in 180s). They are large FoV instruments used to cover the area of the
GW skymaps and find the counterpart as early as possible. There are also narrow FoV
instruments with various apertures that can target specific galaxies or perform deep ob-
servations in case a confirmed counterpart is detected.

Another strength of the GRANDMA network is the various backgrounds of the ~100
scientists participating in it. It includes transient astronomy specialists knowing how to
plan, perform the observations and interpret them, GW astronomers guiding the selec-
tion of the most interesting alerts and able to interpret the information distributed at
low latency by LIGO and Virgo.

3.2.2 Observational strategy

As we have seen in Section kilonovae are extremely challenging to observe, and meet-
ing the requirements demands preparation and coordination between the instruments.
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Figure 3.5: The O3b configuration of GRANDMA. The color indicates the observational
strategy of the facility - see Section This figure is extracted from

Consequently, GRANDMA has two operational modes: a blind search when instruments
observe to find the counterpart and a follow-up mode to characterise a confirmed coun-
terpart. The latter is fairly simple: any available instrument that observes, regardless
of the faintness of the counterpart. Effectively constraining models requires lightcurves
sampling as fine as possible. Hence, monitoring the source as much as possible can help.
Even a non-detection helps to constrain the merger parameter by setting upper limits on
the ejecta mass or the lanthanide fraction based on the images limiting magnitude, for
example.

For the blind search, GRANDMA uses two strategies to make the best use of its capa-
bilities and optimise the chances of detecting a counterpart. The strategy adopted by
individual telescopes highly depends on their FoV: large ones tile the GW sky-localisation,
and narrower ones observe galaxies likely to be the GW source host.

Galaxy targeting

The idea driving the galaxy targeting strategy is to suppose that the merger occurs in a
host galaxy that can be identified based on the distance and sky-localisation provided
by the GW alert. Based on these, small FoV telescopes are assigned a list of spatially
compatible galaxies to observe to check whether an unknown source appeared. This
technique allowed the AT2017gfo discovery after the BNS signal was detected in LIGO
and Virgo [159].

Within GRANDMA, the identification of potential hosts is made using the MANGROVE
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catalogﬂ [79], which is a refinement made after 2017. It identifies galaxies spatially
compatible with the GW localisation and ranks them based on their position within
the skymap and stellar mass. For the former, galaxies on a pixel of the GW skymap
with a higher probability of containing the source are considered more likely to be the
host. The second is implemented as identified short GRB host galaxies are known to
be more massive than long GRB hosts as detailed in [78| and references therein. The
galaxies stellar mass is estimated based on their NIR luminosity. MANGROVE is built
on a crossmatch of the GLADE [72] and ALLWISE [68| catalogues. The first gives
information in visible and NIR bands - B, J, H and K, and the second gives information
in IR wavelengths. The 3.4um band, in particular, is a known proxy for stellar mass and
insensitive to dust extinction. This resulting ranking is illustrated in Figure made
on an a posteriori study of the GW170817 event spatial localisation.

Ppos

0.004
0.003
0.002

0.001

—0.000

Figure 3.6: GW170817 skymaps with galaxies spatially compatible with the 50% (dashed
line) and 90% (solid line) credible region. Green squares represent the FoV of 207 -
typically the size for which galaxy targeting strategy is designed for. Ppos corresponds
to the grade attributed to the host candidates based on the position only, NGC 4993 is
AT2017gfo host. This figure is extracted from [79].

Tilling

For larger FoV instruments - typically more than one square degree - the best use of the
observing time is called tilling. It consists of covering the GW sky localisation map with
observations and looking into the frames to see whether a new transient appeared. The
main difficulty here is to have coordinated scheduling of the observations to :

e Avoid multiple observations of the same region

"https://mangrove.lal.in2p3.fr
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e Give the regions with a higher probability of containing the source to the instru-
ments with the best sensitivity

In GRANDMA, this scheduling was done with the gwemopt|61] algorithm during O3. It
works by a hierarchical tile assignment to create individual observation plans distributed
to the instruments. The best tiles are given to the most sensitive instruments and then
removed to attribute the following tiles to the following instruments. Despite the overlap
minimisation of the observations, this algorithm does not consider the observing condi-
tions for its scheduling. Consequently, the most probable region may not be observed
if a telescope can not perform any observations because of the weather or a technical
issue. To address this issue, we define some golden tiles, corresponding to the few tens of
per cent of the cumulative credible region. These tiles must be observed in priority and
are attributed to several observing facilities to improve the observing cadence in case of
counterpart detection. For the upcoming O4 run, the gwemopt algorithm will be replaced
by a new upgraded algorithm.

3.2.3 The O3 infrastructure

Coordinating the observations requires a centralised infrastructure. In GRANDMA, this
central system is called Interface and Communication for Addicts of the Rapid Follow-up
in multi-messenger Era (ICARE). It fulfils several roles for the collaboration :

e Receive the GW alerts and produce the related observation plans sent to the dif-
ferent facilities.

e Send the observation plan to the collaboration rapidly via standard reports based
on VOEvent.

e Monitor the status of the observatories to check the weather, technical issues or
maintenance.

e Monitor the messages from other collaborations’ GCN to know if candidates are
identified or ruled out.

e Receive and store the images and results produced by the collaboration.
e Distribute the results of the collaboration via the GCN system.

These goals are addressed with various tools, all publicly available. We discussed MAN-
GROVE and gwemopt in the previous sections. We used a web interface to monitor
internal status and external information during the O3 run. For the incoming O4 run,
these tasks will be done via a new, improved interface called Sky Porta]ﬂ [255].

The data reduction - detection of transient and luminosity extraction - is done by multi-
ple codes developed in parallel. For detection, we use gmadeiﬂ, a machine learning-based

*https://skyportal.io/
®https://github.com/dcorre/gmadet
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algorithm. For O4, a new detection pipeline called stdpipe[ﬂ, also able to perform pho-
tometry measurements, is developed. It will be described later in Section For
photometry analysis, we also developed the Muphoten pipelineﬂ that is described in the
following section. It constitutes an important product of this thesis.

3.3 Muphoten

3.3.1 Motivation

Following-up rapid transients usually involved several optical facilities, allowing the pro-
duction of finely sampled lightcurves. AT2017gfo is the epitome of this situation, for
which tens of independent telescopes participated in one of the largest worldwide follow-
up campaigns. However, as noted by [253|, the photometry measurements performed by
independent teams can eventually lead to discrepancies in the data set, not because of
actual physical processes but because of the various methods used. Those lightcurves
provide critical information for physical inferences on the mechanisms occurring in the
kilonova, such as the number of optical components, transient viewing angle or the post-
merger remnant nature. Consequently, reliable photometry datasets are necessary and
require a homogeneous estimation of the transient magnitude.

GRANDMA network was in a similar situation before the O3 observing run of LIGO-
Virgo: it required a method to deal with the diversity of instruments, in particular in case
of a kilonova detection. Consequently, we decided to implement a photometry tool for
the collaboration dealing with GRANDMA images in a consistent way, rapidly enough to
bring information about the transient nature with good precision. Without spectroscopic
information, we rely only on photometry to classify a candidate counterpart (supernova,
kilonova, flaring variable star, etc.), which is crucial for deciding whether continuing the
follow-up is necessary.

The tool we developed to meet the requirements imposed by the use of a heterogeneous
network is called Muphoten. The following sections describe its main features and the
tests we performed on a known transient followed by GRANDMA to asses for its per-
formances. Muphoten constitutes a significant part of this work and is currently used as
one of the official data reduction pipelines of the GRANDMA collaboration.

Muphoten is a Python based package using libraries such as Photutils [40] and
Astroquery [91]. It also relies on external C codes: Sextractor |31], Scamp [2§],
Swarp [32|, PSFex |29] and HOTPANTS [25|. The pipeline works on pre-processed im-
ages (dark or bias subtracted, flat-fielded) for which an astrometric solution is known.
Although the results Muphoten yields are less precise than a code dedicated to a specific
instrument, the process is generic enough to be used by any optical facility. In addition,
the precision obtained in transient astronomy is mechanically poorer than for other do-
mains, for the targets are observable for a short time. Hence, the precision reached by
Muphoten is sufficient for its role in time domain astronomy.

*https://gitlab.in2p3.fr/icare/stdpipe
Shttps://gitlab.in2p3.fr/icare/MUPHOTEN
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3.3.2 Pipeline Overview

Muphoten aims at extracting the magnitude from images acquired by optical instruments
This computation requires finding a relation between objects’ magnitude in the image
and their magnitude in a photometric band. This process is called the photometric
calibration of an image. This section describes the main steps for calibrating images.
For illustrating the different steps in this section, we used two images, one from KAIT
taken in the Johnson-Cousins B-band and another by IRiS in the Sloan g-band.

Background subtraction

The first step for calibration is to estimate the image’s background level to help detect
image sources and improve photometry precision. To do it, we mesh the images in N
square boxes Bo, whose size must be larger than the typical size of stars but small enough
to catch the background variation across the image. The first criterion avoids star flux
subtraction that would ruin the photometry. The last criterion allows a better estimation
of the local background and then a better estimation of the stars’ flux. The background
estimation inside the boxes is done with one of the estimators available in the code. The
default estimator is the one used in Sextractor, which is written as follows:

B N s N =N
2.5 Bo; — 1.5 Bo; it B%-Bo) g3
Bo:*

Z (3.1)

~ N .
Bo, , otherwise,

where BNO?T and BAOZ]-V are respectively the median and mean pixels analog-to-digital units
(ADU) counts in the i*® Bo box. For all the following sections, this is the estimator
used for the analysis. With the estimation in all the Bo boxes, we create a background
image that is eventually subtracted from the raw image. This process is illustrated in
Figure for the two test images with the background images in the central column
and the background-subtracted image in the right column. Similarly to the background,
the root mean square (RMS) is estimated in the Bo boxes to create an RMS map of the
image.

Source Detection and Photometry

The next step for calibration is to identify sources - such as stars and galaxies - in the
image and compute their magnitudes. Muphoten uses the background and RMS maps
previously created to create a 2-0 threshold map following the equation: background +
2x RMS. Then, we flag the pixels with a count superior to the values in the threshold
map. We cluster pixels above the threshold if they are contiguous in any of the eight
directions. We consider that at least four contiguous pixels constitute a source.

For computing the source position and photometry for some methods, we require the
source n’-order raw moments. For a source S constructed with the previous method
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Figure 3.7: Images of the follow-up campaign of SN2018cow (see Section taken by
KAIT (upper row) and IRiS (bottom). The left column is for the raw images; the middle
one is the background estimated with the method described in Section [3.3.2] The right
column shows the background-subtracted images. The blue dots are stars detected by
the algorithm and crossmatched with a reference catalogue - Pan-STARRS here. The
black lines mark the SN2018cow location.
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made of N pixels with positions (x,,v,), p € [1,N], the n'"-order raw moments are
defined as:

M;; = ZZxéygI(azp,yp), (3.2)

Tp  Yp

with I(zp,yp) the ADU count of the pixel at position (z,,y,) and the moment’s order
n =1+ j. Based on that definition, we can see that My corresponds to the total flux in
the pixels associated with the source.

Computing the position of a source can be done with the zero (Mpyg) and first-order
moments (Mg, Mp1). This computation is analogous to the computation of the centre
of mass of a physical system of total mass m. The i*" coordinates z;, i € x,y, 2, of the
latter is given by the formula: z; = pr % In that analogy, the total mass m of the
system corresponds to the total flux Mpg of the source, and the infinitesimal mass m,
corresponds to the ADU intensity of a pixel. Eventually, we have the following equations

for the source position, or source centroids, in the image:

(5) = Ganfain) =

Eventually, using the source centroid (Z,7) of the source, we construct the central mo-
ments defined as :

pij = Z Z (zp — x)z(y;;w—ooy)JI(xp, yp)’ (3.4)

which are translational invariant.

Using only the flux computed with the pixels gathered at the previous step would lead
to an underestimation of the total flux, especially for faint sources. Consequently, we use
aperture photometry to compute the source flux. The user can choose a method among
the three photometry methods available in the code:

e Fixed aperture : The point spread function (PSF) of the image is estimated in
the image with PSFex [29]. We compute sources flux in circles centred on source
centroids estimated following equations The circle radius is the same for all
the sources, and the PSF is multiplied by a user-selected value. The coefficient is
chosen depending on how crowded the frame is: the radius can not be too large
to avoid the presence of another source in the circle that would pollute the flux
estimation.

e Isophotal Photometry: The fluxes are estimated in elliptic apertures whose
semi-major and semi-minor axis lengths and orientations are computed using the
second-order moments of the sources. Based on Equations there are three of
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them:
My 9
— — 3.5
27 Moo (3.5)
Mo 9
=22 3.6
Ho2 Moo ( )
My
= _—_— —77. 3.7
Hi11 Moo Yy ( )

They are then used to compute the covariance matrix:

<M20 Nn)' (3.8)
M1l Ho2

The covariance matrix eigenvalues are computed as:

\ — M20 = po2 \/M% + (p20 — po2)?
2 2 ’

(3.9)

from which we deduce the ellipse semi-major a = Max()\) and semi-minor axis
b = min(A). In addition, the angle © between the eigenvector, associated with a,
and a horizontal axis is written as:

1 2
O = — arctan (Lbll) . (3.10)
2 H20 — Ho2

It corresponds to the ellipse orientation. To avoid underestimating the source
flux, we multiply the semi-major and semi-minor axis a and b by a user-selected
coefficient. These computations are illustrated in Figure [3.8] with a and b as red
arrows and the extended ellipse in a blue-dashed line.

e Kron photometry: The fluxes are determined following the method described in
[124]. The ellipses orientation, semi-major and semi-minor axis a and b are esti-
mated with the second order moments in the same way as for Isophotal photometry.
Then an elliptical aperture ¢ is defined by multiplying the parameters a and b by
six that contain N pixels p. Then the unscaled Kron radius r; is computed such

that:
ol (2,
_ ZpEE P ( P yp)j (3.11)
Zpéa I(P? Yp
where 7, is the elliptical radius of the pixel p at position (zp, y,) in the image
defined as:
7“2 = cxa(xy — T)° + cxy(a, — T)(yp — ) + cyy(yp — 9)* (3.12)
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The cxx, cxy and cyy parameters are the ellipse parameters defined as:

cos?® sin?O
_l’_

crr = —3 PR (3.13)
1 1
cxy = 2 cos(0) sin(O) <a2 — b2> , (3.14)
sin2@  cos’O©
cyy = — 5 + PR (3.15)

The flux is integrated within an elliptical aperture with semi-major axis A = a X 1y,
and semi-minor axis B = b X 7.

The fluxes for all the sources are computed in analog-to-digital units (ADU) and turned
into instrumental magnitudes :

Mins = —2.5logo(flurapy). (3.16)
’_a”‘—_—hh\\ _."'--.
sl= AT
~ il 5 e\ THETA IMAGE
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Figure 3.8: Extraction of the shape parameters of an elliptical source. In this figure,
A IMAGE corresponds to the semi-major axis a, B IMAGE to the semi-minor axis
b and THETA IMAGE to © in the text. The a and b parameters are extended by a
factor of 3 to have the dashed blue ellipse. This figure is extracted from the Sextractor
documentation [30].

Photometric calibration

The instrumental magnitude m;,, is not a quantity one can use directly for computing
a transient magnitude. It depends on the telescope characteristics (FoV, the telescope
aperture), the exposure time and the observing conditions. Consequently, we use a
reference catalogue for which the object magnitudes in the image are known. The relation
between the reference and the instrumental magnitudes my,s is used to create a model
from which to deduce the final photometric calibration. For all the sources, we use the
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centroids computed with Equation and the image astrometry to find the sources
sky positions and crossmatch them with a reference catalog. A detected source and a
catalogued object are associated if their sky position differs by less than five arcseconds.
This process is illustrated in the right column of Figure [3.7] where the detected sources
that had a counterpart in the reference catalog are shown with blue dots. There are four
catalogs available, whose choice depends on the filter used to take the frame and the
observed sky portion. The references are:

e Pan-STARRS (PS) [48]: it is the default reference for any image in the northern
hemisphere as it scans the whole sky above -30° in declination, in five bands covering
visible to infrared - gps, Tps, ips, zps and ypg

e Sloan Digital Sky Survey (SDSS) [36]: is a survey scanning the sky in five bands
covering UV to NIR: o/, ¢/, v/, i’, and 2’. We use it to calibrate images acquired in
a UV filter, usually v/ or U, in the northern hemisphere, as Pan-STARRS does not
cover this part of the spectrum.

e Gaia [219]: is an all-sky survey covering the visible wavelengths with three bands
G, Gpp and Grp. We use it to calibrate images in areas not covered by PS or
SDSS.

e USNO-B1 [186]: is an all-sky catalogue with two bands, B1 and R1, covering the
visible spectrum. We only use it for cases where the three others are not usable.

The PS, SDSS and Gaia filters transmission curves are visible in Appendix[B] It happens
that the filter used to take the image is not in the photometric system of the reference
catalogue (i.e. the filters used by the survey), and then it is necessary to correct the
calibration for this. The most common case is when we use PS or SDSS surveys to
calibrate images acquired with the old, but still widely used, Johnson-Cousins (JC)
photometric system: UBVR.I.. PS or SDSS catalogues both use the standard Sloan
bands: v/, ¢’, r’, ', 2/, and y. In that case, we use the Landolt transformation equations to
calibrate the JC bands. These equations were established by observing well-characterised,
standard stars from the Landolt catalog [128], located around the equator so that any
observer on Earth can observe them. The SDSS and PS surveys transformation equations
are established with the extended and more recent Stetson catalog [123] 232}, (114} 221].
If Gaia is used for calibration, as it does not have standard bands, we use equations
provided by the collaboration to have magnitudes in the standard Sloan and JC system
[47]. For USNO-B1, which does not use standard bands, we use equations given by the
GROND collaboration, [95]. Nevertheless, the photometric results with USNO-B1 will
not be very trustworthy because of the catalogue uncertainties. Thus, USNO-B1 is only
used when none of the other catalogues can be used.

The last case happens when the image is acquired without any filter (also called clear
band) or with the L-band that covers the whole visible spectrum with cuts in UV and
NIR wavelengths. For unfiltered images the result will highly depend on the camera’s
quantum efficiency (QE) and will be challenging to interpret when QE is not well known.
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Although using clear or broadband filters, such as L, observations are interesting for
GRANDMA when the network is in search mode. As no filter narrows the flux, it
increases and the chances of detecting a faint transient improve. For clear and L-band
images, Muphoten adds the gpg and rpg-bands fluxes and then turns it into a magnitude
for calibration:

Myjeqr = —2.5logyq (10704%7Ps 4 10704xars) (3.17)

These two bands cover the visible spectrum, which gives an approximate transformation.
If PS is not usable, we calibrate those images with the G-band of Gaia as it covers the
visible wavelengths.

If the catalogue contains flags about the photometry quality of the objects or if there is
an internal classifier of point source VS extended source, we use it to improve the final
calibration. We only keep objects with reliable photometry and point-like sources as the
transients we follow are point sources.

Eventually, the model implemented in Muphoten consists of a linear relation between the
instrumental and the catalogue magnitude:

Mcalibrated = a X Minstrumental T 2D (318)

The two fitted parameters, the slope a and the zero-point zp, are the relevant quantities
for photometric calibration as visible in Figure [3.9] showing the photometric calibration
of the two test images. Based on them and given an instrumental magnitude of an
unknown object, we can compute its calibrated magnitude. The model is rather simple,
but it provides satisfying results, as it will be presented in Section However, it only
provides results in the natural system of the instrument that acquired the image, not in
the standard Sloan or JC systems. A colour term must be added to the model if there is a
significant discrepancy between the natural and standard filters. This improvement will
be implemented in Muphoten in the future to improve the precision of the measurement.

Host Galaxy Subtraction and Transient magnitude Extraction

With the calibration we now have, we can compute the transient magnitude. There are
two cases: if the transient is not inside a host galaxy, we can use the same photome-
try as for calibration and Equation to find its magnitude. Otherwise, we use the
HOTPANTS software [25] to subtract a template image without the transient inside. For
Muphoten , the template can be either an archive image from the same instrument ac-
quired before or after the detection after the transient disappeared. However, for the
latter case, the transient must be completely invisible. Otherwise, too much flux is sub-
tracted, which biases the magnitude estimation. According to [253|, this happened in
the analysis of the AT2017gfo kilonova in [109} |15, [226]. Another option implemented in
Muphoten to create a template image is to download Pan-STARRS images covering the
same FoV as the analysed image. Then we co-add them to create a mosaic image that
we re-scale to the same pixel scale as the studied frame with the Swarp algorithm [32].
Eventually, we subtract this template with HOTPANTS to have a difference image.

After the subtraction, the transient is searched for in a radius of 10 pixels around its
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Figure 3.9: Calibration for the two test images from IRiS (left) and KAIT (right). Each
point corresponds to a detected source in the image crossmatched with Pan-STARRS.
The fit parameters used for the calibration are the slope a and the zero-point zp.

expected position with the same method as described in Section [3.3.2] Eventually, we
use the instrumental magnitude and the calibration Equation to have the transient
magnitude.

3.3.3 Error Budget

For this thesis, Muphoten estimates the errors from the four effects described in the
following list. However, late discussions led to the conclusion that the error estimations
must be re-evaluated. As the following computations were used for all the analysis
described below, there kept as it is for this work.

e Poisson noise in the transient : The uncertainties on the ADU count Nyynt are
given by the Poisson distribution : Neount = vV Neount - 1t results in an uncertainty
on the instrumental magnitude :

2.5

In 10/ Neount

¢ Poisson noise in the background : We compute the number of ADU Nyackground
in the background image computed in Section at the transient location using
same aperture as the one used for the transient itself. The uncertainty is also
following the Poisson distribution, resulting in :

2.5

Obackground = .
7 In 10\/ Nbackground
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e Calibration : We compute the calibrated magnitude using Equation [3.18] and a,
zp and m;,s bears some uncertainties. The two fit parameters uncertainties are
computed with the covariance matrix. We finally get :

O calibration = \/m?nséaQ + 52])2 + a26m12n5 (321>

e Photometric transformation: We propagate the error due to the photometric
system conversion when this is required. They are given in [123] for PS, in [221]
114] for SDSS, in [47] for Gaia and in [95] for USNO-B1 and are denoted o4ransfo-
For clear images, we propagate the catalogue magnitudes errors in the ¢’ and 1’
bands in the following way:

gb’f‘ 2 ¢g
Otransfoclear = || —————50m?2 + —————=dm?2, (3.22)
ansfo,clea \/(¢r+¢g)2 T (¢r+¢g)2 g
with ¢4 the flux observed in the ¢’ and 7’ bands.
Eventually, we quadratically add all the uncertainties :
Otot = \/5m12ns + Ul%ackground + Jgalibration + Ut27'ansfo' (323)

3.3.4 Additional Features
Limiting Magnitude Estimation

In the case no transient is visible in the images, we implemented a limiting magnitude
estimation method. A non-detection can occur in two cases: when the transient is too
faint to be detected and when GRANDMA is in blind search mode seeking an EM
counterpart to a GW. For the former, the limiting magnitude information helps set
an upper limit on the flux emitted by a transient. In the latter, having these upper
limits also helps constrain some parameters of the GW event, such as the ejecta mass or
the lanthanide fraction in the equatorial plan, as we will describe in Section and
illustrate in Figure [3.18

In Muphoten , the limiting magnitude is estimated using the Pan-STARRS survey. We
start by detecting all the sources in the image using the same method as in Section
Then we search in the PS catalogue for all the known objects in the same FoV as the
studied frame. Then, we build the ratio of detected objects in the frame to the object
in PS per magnitude bin as illustrated by the vertical green line in Figure When
this ratio drops below a user-given threshold, we consider that the limiting magnitude is
reached. The default value for this threshold is set to an arbitrary 50% value. However,
internal discussions in GRANDMA during the last campaign (see Section |C) led to the
conclusion that this value was over-conservative. This is visible in Figure [3.10] where the
red vertical line corresponds to the limiting magnitude estimated with a 10% threshold.
For both images, setting the threshold to 10% shifts the estimation by ~2 mag, which
is consistent with results from other images. Consequently, the future default value for
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the threshold will be set at 10% of detected objects compared to PS to have the limiting
magnitude.

The major drawback of this method is that it relies on PS. Hence it can be used as
soon as PS is complete. The limiting magnitude of PS is around 21 mag in its bands.
However, most GRANDMA instruments reach their limits in the [17,20]mag interval.
Consequently, Muphoten’s method is adapted for the GRANDMA network. In particular,
the instruments used for tilling strategies, such as the TAROT network [196] or FRAM |1,
113 211] are in this magnitude range. Consequently, we can confidently use PS for those
instruments during an observing run. In particular, as our method is easily implemented
and automated, it fits well the large numbers of images that must be analysed from these
large FoV telescopes observing large sky areas. In addition, prospects are ongoing to
implement new methods for limiting magnitude estimations independent of the catalog
depth.
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Figure 3.10: Limiting magnitude for KAIT (left) and IRiS (right). The bin width is 0.2
mag, and the threshold for estimating the limiting magnitude is materialised as a solid
black line and the limiting magnitude by a vertical dashed grey line.

Quality Checks

A network following up a transient for weeks produces many images. Considering the
heterogeneity among the instruments and observing conditions, we implemented two
quality checks to reject poor-quality images.
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e PSF veto: For a given telescope, we compute the full-width at half maximum
(FWHM) of the PSF with PSFex for all the images acquired in a given filter of
the same transient see Figure Then we reject all the images that deviate
by more than 3-o from the median of the PSF distribution. This criterion allows
keeping homogeneous datasets in terms of observing conditions. Moreover, it helps
to reject images taken by robotic telescopes that had an issue with their tracking
system. It usually leads to images where stars are not dot-shaped but form tracks
in the frames. It makes the PSF FWIM very different from normal images and
consequently rejected using this check.

e Photometry veto: To test our photometric calibration, we select a star in the
vicinity of the transient. Then we use the calibration we computed in Equation
to compute its magnitude and compare it to the catalogued one. Whether the
results are incompatible, we reject the image. Moreover, if the user can set a
threshold on the error acceptable for the check star magnitude and reject the frames
beyond this limit. It removes poor-quality images that would pass the first criterion.
In Figure [3.12] for the KAIT telescope (upper plot), we used a 0.15 mag threshold
but a 0.10mag one for the IRiS instrument (bottom plot).

3.3.5 First test and application: AT2018cow
Motivation

To test the processes implemented in Muphoten , we used a transient named AT2018cow
- later called SN2018cow - also known as "Cow" [204, 210, 166, 125, 227, 121}, [70} 203|
183] 1105, 87]. We chose this one as it was observed by different GRANDMA instru-
ments in various optical bands over several weeks. This test case was similar to what
would happen if the collaboration was monitoring a confirmed GW optical counterpart.
Moreover, the Cow belongs to an emergent category of transients: the Fast Blue Opti-
cal Transient (FBOT), and is considered the first and archetypal example. Since then,
numerous others have been discovered, such as the "Koala" [106]. Their usual features
are the brightness, the blue color, and a short rising time (~ days) with a hot, blue
and featureless spectrum. Although their origin is still unclear, their unusual properties
are compatible with the tidal disruption of a star by a compact binary companion - a
black hole or neutron star [176l [204]. Some of these observational properties are close
to the kilonova ones, making FBOT good candidates for testing GRANDMA follow-up
capabilities. Furthermore, the Cow was located in a host galaxy, whose luminosity was
significant compared to the transient luminosity, especially at a late time, and had to be
removed. This situation allowed us to test the Muphoten subtraction procedure.

We used images of the Cow acquired by five different telescopes, three belonging to the
GRANDMA consortium. The latter are: TAROT-Chili (TCH), a 25cm robotic tele-
scope that we already discussed in Section Katzman Automatic Imaging Telescope
(KAIT), a 76 cm telescope that usually studies supernova [133], and Initiation a la
Recherche en astronomle pour Les Scolaires (TRiS), a 50cm instrument. The two other
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Figure 3.11: PSF FWHM time series for the KAIT B-band (upper plot) and IRiS ¢’-band
(bottom plot) datasets produced during the follow-up of SN2018cow by GRANDMA.
The black dashed line represents the PSF FWHM distribution median. Blue dots are for
images passing the PSF quality check - i.e. images for which the mean FWHM differs
by less than 30 the median - and red crosses are the rejected images.
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Figure 3.12: Lightcurve for a reference star located at Ra=243.9749°, Dec=22.2937°.
The upper plot is for the B-band KAIT images set, and the bottom plot is for the ¢'-
band of IRiS. The calibration was done with the Pan-STARRS catalogue. For KAIT,
which is not equipped with the Sloan filter, we used the relations in to get B-band
values. The red crosses represent the rejected images in the plots.

132



Optical follow-up of gravitational waves 3.3. Muphoten

Table 3.2: Summary table of the instruments that followed up the SN2018cow transient.

Telescope Diameter focal ratio Field of View Filter Sampling
- m - arcmin - arcsec/pixel
KAIT 0.76 f/8.2 6.67 x 6.67  clear, UBVRI 0.8
TCH 0.25 /3.2 1,8 x 1.8 deg? clear, griz 3.2
IRiS 0.50 /8.2 24 griz 0.7
LT 2.0 /3 10 x10 BV, ugriz 0.15
KPED 2.1 f/4.864 44x44 UBVRI, gr 0.26

instruments used for this study are the Kitt Peak 84-inch Telescope equipped with the
EMCCD demonstrator camera (KPED) [62] and the Liverpool telescope (LT), a 2m tele-
scope whose data were publicly available [231]. We summarised all the characteristics
Table [3.2]

We analysed data from those instruments and compared our results to published
lightcurves to check that Muphoten behaves correctly and is able to retrieve them. In
particular, as we had access to the same LT and KPED images as [204], we used them
to check if the photometry was done correctly. On the other hand, as the GRANDMA
instruments (TCE, KAIT and TRiS) data were not published, we used them to check that
Muphoten can create independent, consistent photometric datasets with heterogeneous
instruments. In particular, the field of view, diameter and sampling spanning values
over an order of magnitude was one of the major complications in reducing GRANDMA
data. In addition, we combined all the data produced by Muphoten, either based on
images already analysed in the literature (LT and KPED instruments) or based on the
new images brought by GRANDMA (KAIT, IRiS and TCH), to extract some temporal
properties of the AT2018cow transient.

Overall, the Cow that was rapidly evolving, located in a host galaxy, and followed by
several independent and heterogeneous instruments constituted a fairly general configura-
tion, with many similarities with the AT2017gfo one. This generic configuration allowed
us to test whether the pipeline met the requirements it was designed for.

AT2018cow discovery and properties

The Cow was detected by the ATLAS survey [241], a 0.5m telescope aiming at detecting
transients, on 2018-06-16 10:35:38 in an ATLAS-specific orange o-band with magnitude
0 =14.744+0.1 mag and no previous detection on MJD = 58281.5 down to o ~ 19.5mag.
This indicated an unusually fast rise time, one of the FBOT principal characteristics. It
is located at a(J2000) = 16"16™00.22° and §(J2000) = +22°16'04.8". This position was
coincident with the dwarf starburst galaxy CGCG 137-068, located at 66 £ 5 Mpc and
with an offset of 1.7kpc from the galaxy’s centre.

At first, the Cow was announced as a cataclysmic variable (CV) by [227]. After 2.6
days, an LT spectrum [210, [204, [125] revealed a featureless, hot (3 x 10° K), blue
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transient, ruling out the CV hypothesis. The Cow has been detected across the entire
electromagnetic spectrum, except in gamma-rays |70, 121]. The optical flux peaked
at L = 4.10%erg.s™!, to decline as t72. At later times - 15 days post-detection -
the spectrum showed narrow He emission lines indicating shock interaction with the
ejected material and the circumstellar environment [87, [74]. The X-ray light curve
shows several episodes of re-brightening attributed to burst-type events rather than
periodic activity [125] suggesting a central engine [166]. A recent study reported 225Hz
quasi-periodic behaviour in the X-ray lightcurve [203]. The millimetric [105] and radio
[183] counterparts of SN 2018cow were detected at early times and are relatively bright.
They are emitted by the shock between a polar ejecta and a dense circumstellar medium.

Observations and Muphoten configuration

IRiS observations in the g band started on 2018-21-06 and lasted until early September
2018. We subtract a template frame taken by IRiS on 2018-09-07. It corresponds to
one of the last images of the dataset in which the transient is not visible anymore.
KAIT observed the Cow in the B-band from 2018-20-06 until 2018-08-08, and we used a
template image acquired on 2018-08-07 for subtraction. The LT started its observations
on 2018-19-06 until 2018-10-01 in the g-band and from 2018-20-06 until 2018-09-30 in the
B-band. We used a Pan-STARRS frame as the template image as the transient can be
visible even at late times. KPED observed the Cow from 2018-20-06 until 2018-07-07 in
the g-band. The Cow was still very bright (~17 mag) when KPED took its last image,
hence we used a Pan-STARRS template for subtraction. TCH observed from 2018-21-06
until 2018-06-24 in g, and a Pan-STARRS image was used for subtraction for a similar
reason as KPED.

To perform our photometric analysis with Muphtoten, we chose the Sextractor estimator
for all the images used for this test. The calibration was done using Pan-STARRS stars
for the five telescopes. We used the isophotal photometry of Muphoten with an extension
factor of 5, see Section As the B filter of KAIT and LT are not in the Sloan
photometric system used by Pan-STARRS, we use equations from Table 2 in [123] for
handling the conversion.

Vetoes

The number of images we analysed for the follow-up of SN2018cow is summarised in
Table [3.3] We did not keep images without Cow detection for final results. KPED and
TCH observed the Cow when it was still bright (< 17 mag) and detected it in all the
reduced images. KAIT have 68 images without detection because of the small aperture
and the short exposure time of 60s. There is no detection in IRiS images after 35 days
due to its small aperture.

In addition, we also use the Muphoten quality checks to reject low-quality images to
improve the final lightcurves. For the veto based on a reference star, we used the following
threshold on the uncertainties to reject the images: 0.25 mag for TCH, 0.8 mag for KEPD,
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0.3mag for KAIT, and 0.15mag for IRiS and the LT - see Section [3.3.4 We reject
between 1 and 5 images for the TCH, KPED, IRiS and LT instruments. On the contrary,
for KAIT, the calibration was poorer as 50 images were rejected by this check. Most of
them were because the uncertainties on the star magnitude exceeded the threshold we set
to 0.3 mag. For TCH images, two had a star magnitude measurement incompatible with
the Pan-STARRS value. Visual inspection confirmed that the quality of these images is
poorer than the other TCH frames.

Based on the PSF FWHM time evolution, no images are rejected for TCH and KPED,
and between one and six are rejected for the remaining instruments. A visual check
confirmed that the images have poor seeing.

Table 3.3: Summary of the image used for the test of Muphoten. We also used the
quality check implemented in Muphoten to reject poorer quality images - these images
are counted in columns 4 and 5.

Telescope  Images Non- Rejected  Rejected Images
Processed Detection star Veto PSF Veto  Left
TCH 17 0 4 0 13
KPED 39 0 5 0 34
IRiS 111 17 2 2 90
LT —g 161 42 1 6 112
LT — B 63 17 1 1 44
KAIT 239 68 50 6 115

Uncertainties Discussion

As described in Section we consider three sources for the uncertainties in the
pipeline: Poisson, calibration, and background errors. Except for KPED, the dominant
uncertainties come from the calibration, as the signal-to-noise ratio is high enough to
make both Poisson and background uncertainties negligible. The lower Poisson and
background uncertainties of TRiS compared to the LT are due to the longer exposure
time of the first (300s) compared to the second (60s). KAIT calibration errors are
~ 0.2 mag because of the few detected objects in its field of view (typically ~ 10 sources;
see Figure, leading to higher uncertainties on the fit parameters. The latter argument
also explains why the calibration errors are larger for the LT than TRiS. For KPED, the
much larger error bars are due to a short exposure time (10s) that leads to a low ADU
count and thus to a large Poisson and background errors. Moreover, the lower number
of detected sources ~ 20 increases the calibration errors.

Results

The final lightcurves are presented in Figure for the B (bottom plot) and g (upper
plot) bands along with the results published by Perley et al.|[204], Margutti et al. [166],
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Table 3.4: Mean errors for each component of the error budget discussed in Section [3.3.3
The values in that table are computed for images that passed the two vetoes described

in Sec. 3.3.4}

Telescope Poisson Error Calibration Error Background Error

- [mag] [mag| [mag]
TCH 0.009 0.12 0.002
KPED 0.31 0.32 0.52
IRiS 0.008 0.06 0.002
LT —g 0.01 0.08 0.006
LT — B 0.02 0.08 0.01
KAIT 0.03 0.2 0.01

Kuin et al. [125], and Prentice et al. [210]. Our results are in very good agreement
with results from various studies demonstrating the validity of the method implemented
in the Muphoten pipeline. Even with data from highly heterogeneous instruments, our
standardised method is able to produce self-consistent photometry datasets. In addition,
Muphoten method can produce photometry consistent with external measurements of
common images from the LT used in [204].

For the g-band in the last night IRiS detected the transient, the measurements show a
large dispersion around ~ 18.5mag, 32 days post detection. As these images passed our
vetoes, this is neither a quality problem nor a calibration issue. Visual inspection of those
images and the calibration fits do not reveal any issue. Consequently, we attribute this
dispersion to the template subtraction at a time when the transient magnitude is close
to the TRiS limiting magnitude. The faintness makes the measurements more sensitive
to small variations in subtraction among images of the same night. The B-band in blue
circles in Figure [3.13| comes from Kuin et al. and is based on Swift satellite observa-
tions. For these measurements, the galaxy flux was estimated in an image acquired 120
post-detection, then subtracted in the other frames. This process likely caused a host
contamination as the measurements lie above the other lightcurves.

Based on Muphoten results, we also derived some basic properties of the Cow that we
summarised in Table We interpolated the results with splines shown in cyan for
both lightcurves in Figure We computed the decline in magnitude between the
peak and 15 days after in both g bands and found Am = 3.5 + 0.5 mag. We derived the
interpolations to obtain decay rates in the B and g bands. The results are presented in
Figure They show a steep decay rate for ~ 30 days, followed by stabilisation to
a 0.10magday~! rate. These two results are in agreement with those found by [210].
In particular, the decay rate for the blue bands was very rapid, between 0.2 magday !
and 0.4magday~! during the first week. Moreover, the interpolations give a delay of
~ 3 £ 0.5 days in both bands for the luminosity to decay to half its peak value, in
agreement with [204].

We computed the colour evolution of the Cow (B — g) in the right-hand-side plot of
Figure 3.14] with interpolations of both light curves. During the 40 first days, the colour
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Figure 3.13: Lightcurves for the Cow in the g (top) and B bands (bottom) in the AB
system. The circles are the points extracted from the literature about the Cow (Perley

et al. [204], Margutti et al. [166], Kuin et al. [125|, and Prentice et al. [210]). The
diamonds are from this work.
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Table 3.5: Temporal properties of the Cow derived with the data produced by Muphoten .
All the values are consistent with the published literature about this transient.

Amy 3.5 £ 0.5mag Decline after 15 days rate for the g-band
Amp 3.5 £ 0.5mag Decline after 15 days rate for the B-band
T 30 days Time for the decay rate to stabilize for both bands
Tf 0.10 mag day " Final decay rate
Tiw  0.2-0.4magday! Decay rates during the first week
Tyo 3+ 0.5 days Time to reach half the peak luminosity in both bands
Try 18 £ 2days Time at which occurs the re-heating of the Cow

index decreases, except for two peaks at ~ 18 & 2days and ~ 31 4+ 2days. The peak at
18 days indicates an increase in the Cow’s temperature, consistent with the behaviour
described in [204]. After 45 days, the increase is likely due to a lack of data in the B-band.

To understand its nature, we compared the Cow lightcurves computed with
Muphoten analysis with other optical transients. The Figure plots the Cow ¢ light
curve and different known typical events: The kilonova AT2017gfo [253|, supernova tem-
plates of type Ia, Ibc, IIL and IIP (from Nugent templateﬂlgﬂ) and a model of a short
gamma-ray burst from [116]. The kilonova light curve is six magnitudes fainter than
the Cow, and its decay is too fast compared to the Cow to be the observed transient.
The short gamma burst model is too bright by five magnitudes, and the decay is too
slow compared to the Cow. During the first ten days, the decay of the Cow is higher
than 0.17 mag/day, which is not compatible with the ~ 0.1 mag/day rate observed for
Nickel to Cobalt-based supernova (see [51]), with a half-life of 6.1 days. This lack of
radioactive Nickel is consistent with what is currently known for the FBOT [176], whose
SN2018cow is the epitome. Beyond ten days, supernovae luminosity decay rates decrease
to ~ 0.01 mag/day (Cobalt to Iron), although the Cow maintains a decay rate higher
than 0.1 mag/day. These comparisons show how singular the Cow is compared to typical
cataclysmic events and must be considered an outlier among supernovae.

3.3.6 Conclusion on Muphoten

This section presented Muphoten, one of the GRANDMA photometry pipelines.
Muphoten aims to produce homogeneous photometric datasets. We used images of
SN2018cow from three GRANDMA and two external instruments to test our algo-
rithm. The results demonstrate that Muphoten is able to retrieve results produced by
other teams with the same set of images. In addition, the photometric measurements
from GRANDMA instruments show that Muphoten returns homogeneous measurements.
Based on this photometry, we can also derive some physical properties, summarised in
Table consistent with the literature. We concluded that the GRANDMA collabora-

®https://c3.1bl.gov/nugent/nugent_templates.html
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Figure 3.14: Left plot shows the decay rate of the B and g light curves only based on
Muphoten results. The decay rates are between 0.25 and 0.05mag day !, and compatible
with values [210]. The right-hand side figure shows the color index B — g evolution of
the Cow.

tion’s results with Muphoten are confidently usable to characterise followed-up transients.
Furthermore, some follow-up conditions of the Cow (the presence of a host galaxy, a blue
rapidly evolving transient, large follow-up campaigns by many different telescopes) were
close to what we expect for GW EM counterparts.

3.4 GRANDMA during O3

3.4.1 O3 overview

The O3 run of LIGO and Virgo took place between April 2019 and March 2020, and
GRANDMA performed a massive follow-up of the GW alerts. Collaboration members
participating in the campaign had to do monitoring shifts once a month. The sifter’s
role was to monitor GW alerts and external collaborations reports, contact the telescope
teams when a GW alert was received and report the results of the observations.

The run policy was to observe any possible alert, resulting in a 90% rate of follow-up
for GRANDMA (49/56 alerts). The reaction time between the GW alert and the first
images acquired was less than thirty minutes for 15% of the alerts and did not exceed
90 minutes for half of the alerts. The delay included the reception of the alert (~5 min)
and its digestion by ICARE to compute the observation plan and its distribution (~5
min). These performances were possible thanks to the TAROT [196] and FRAM |1, 113,
211| networks composed of large FoV, robotic instruments with an automatic scheduler
able to read the gwemopt plans. Moreover, the worldwide coverage of GRANDMA
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Figure 3.15: Comparison of the g-band lightcurve of AT2018cow with know archetypal
transients. We used different types of supernova template lightcurves from P. Nugent, the

AT2017gfo[253] and a bright short gamma-ray burst afterglow model taken from [116].

For the Cow lightcurve, we used the interpolation from Figure [3.13]
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allowed to always have facilities in a nighttime zone to perform observations. These
results demonstrated GRANDMA’s ability to have quick observations based on its
coordination, addressing the timing constraint imposed by kilonova follow-up.
Concerning the sky coverage, over the whole run, GRANDMA observed 9000 deg? with
an average ~200 deg? per alert. Half of the alerts had more than 100 deg? covered
by observations. Figure [3.16] summarises all the O3 observations based on the tilling
technique. These results show that GRANDMA can handle the GW’s large localisation
uncertainties. Although, they also demonstrate the crucial importance of correctly
estimated sky-localisation. In particular, we have seen in the previous chapter the
effect of the £ parameter that helps to have consistent localisation. However, the mean
coverage of GRANDMA is also comparable to the difference of median between values
of & around 0.83 - see Figure 2.20] This is another strong argument in favour of tuning
this parameter before the next run and the others.

At the end of O3, no counterpart to any alert has been identified, neither by GRANDMA
nor by other groups performing similar follow-ups. However, two GW candidates followed
by GRANDMA instruments are particularly interesting: S200213t and S191213g. The
following two sections are dedicated to the description of the related observations. Nev-
ertheless, at that point, Muphoten was not entirely developed yet, and no centralised data
reduction was available, even though some images were analysed with a primitive version.
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Figure 3.16: Summary of sky coverage by GRANDMA during the O3 run. The focus is
on large FoV instruments: TAROT, FRAM networks and the OAJ-T80 telescope. The
galaxy observations based on MANGROVE ranking are not shown here, but they also
represent a significant part of the observations. This figure is extracted from [14].
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3.4.2 Follow-up of S200213t

Among the 49 alerts followed by GRANDMA, S200213t was a weak BNS candidate
detected by the GstLAL online search|146| |151]. However, it is not in the final list of
the O3 GWTC-3 events, according to Table VII in [151], for it finally does not meet the
false alarm rate threshold imposed by the LIGO-Virgo collaborations, even though the
alert was never retracted. It was distributed as a BNS alert with a 90% credible region
(CR) of 2587 deg? and a most probable luminosity distance of 240 Mpc according to
the Bayestar algorithm. Later, a refined estimation revised the luminosity distance to
201 Mpc, and 2326 deg? for the 90% credible region [147].

Six of the GRANDMA large FoV instruments performed tilling observations: the three
TAROT telescopes, the two FRAM and OAJ-T80. The first images were acquired
by TAROT-Calern (TCA) 26 minutes after the alert. The others started observing
~15h after the GW alert. Overall, GRANDMA instruments covered 33% of the revised
CR. Along with the tiled coverage, three GRANDMA instruments - UBAI-T60S,
UBAI-T60N and VIRT - observed galaxies that MANGROVE ranked. The frames were
acquired in the R.-band with a limiting magnitude of 17 mag ~6 days post-trigger.
Moreover, several amateur astronomers participating in GRANDMA’s citizen branch,
Kilonova-Catcher, described in Section observed 29 galaxies for this alert. All
the observations are shown in Figure with coloured squares for the TAROT, FRAM
and OAJ tiled observations and coloured stars for the galaxies observed by UBAI
instruments, VIRT and the Kilonova-Catcher amateurs. According to the analysis
performed on OAJ images with gmadet, [14], no strong candidates were found within
GRANDMA images.

Although no counterpart was discovered for S200213t, the early and deep observations
allow us to evaluate the putative merging source parameters. Under the hypothesis
that TAROT (30% of the CR covered) or OAJ (18% of the CR) observed the source
position, it is possible to constrain the ejecta mass and velocity along with its lanthanide
fraction. The OAJ telescope observed in the r’-band for down to 20.1 mag, and TAROT
observed in the R.-band down to 18 mag. The kilonova red color is dependent on the
lanthanide fraction X4, in the ejecta. Consequently, with red filters R. and r’, we can
evaluate Xj,,. We analysed the ejecta properties (vej, Me; and Xj4p) using the non-
detection of kilonovae in our observations and the known distance of the event. To do
this, we employed a Bayesian toy model described in [63]. However, we are not able to
set upper limits on the ejecta mass, even for cases largely disfavoured by BNS numerical
simulations [77] where the ejecta mass is ~ 0.4Mg (compared to the 0.05 Mg estimated
for GW170817).

These non-constraining results were attributed to a luminosity distance five times larger
than GW170817, reducing the flux by ~ 25. Consequently, an AT2017gfo-like transient
would have had a peak magnitude ~ 21 mag in the r-band. These results are summarised
in Figure where the 90% upper limits on the ejecta mass are materialised with
horizontal dashed lines. They are likely prior-dominated, indicating non-constraining
observations.

142



Optical follow-up of gravitational waves 3.4. GRANDMA during O3

1170

Figure 3.17: Summary of the observations of S200213tBNS by the GRANDMA network.
The coloured square are the tile of the large FoV instruments : TAROT-Réunion (TRE),
TAROT-Chili (TCH), TCH, FRAM-CTA and FRAM-Auger. The stars represent small
FoV instruments observations of host galaxies candidates identified by MANGROVE.
The upper plot shows all the observations performed by the network. The bottom plot
shows a zoomed-in region of the sky representative of the network observation for this
alert. This figure is extracted from [14]
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Figure 3.18: Constraints on the lanthanide fraction X, of the BNS alert S200213t. The
thickness of the vertical bands represents the posterior distribution - the thicker, the
more probable the ejecta mass is for a given region of the parameter space. Horizontal
dashed lines represent the 90% upper limit on the ejecta mass. This figure is extracted
from [14]

144



Optical follow-up of gravitational waves 3.4. GRANDMA during O3

3.4.3 Follow-up of SN2019wxt

The weak GW candidate S191213g was detected on 2019-12-13 at 04:36:53 (UTC) as the
first O3b potential BNS event [143, |144]. Offline analysis by LIGO-Virgo resulted in its
absence in the final GWTC-3 catalogue for a similar reason as S200213t [151]. Neverthe-
less, at the time of its detection, this alert has been vastly follow-up by various groups,
including GRANDMA. Seventeen instruments of the collaboration received observation
plans. However, S191213g was detected at the end of the Western European night, with
observations limited to the Northern hemisphere instruments, which limited the opportu-
nities for early observations by GRANDMA. FRAM-CTA started observation 53 minutes
after the alert in the R.band. Overall, only 3% of the initial Bayestar sky localisation
was covered by tilling observations. In addition, some galaxies were also observed by
Kilonova-Catcher program participants. They observed 16 galaxies down to 17-18 mag
without filter to maximise the chances of detection. No candidate counterparts were
found within GRANDMA data.

On 2019-12-18, the Pan-STARRS survey detected a candidate counterpart PS19hgw -
later named SN2019wxt - located in the galaxy KUG 01524311 at a distance of 144 Mpc
[168]. Initially, both the localisation and the blue-featureless spectrum of the transient
made it a credible counterpart candidate. Eventually, a VLT-X-Shooter spectrum show-
ing Helium emission lines classified it as a type Ib supernova, ruling out PS19hgw as a
kilonova candidate [254]. Eventually, the LBT instruments later refined this classification
to a type IIb supernova [250].

GRANDMA also observed this candidate, and we decided to give some details about it
to demonstrate the network capabilities for candidate counterpart characterisation. The
Lisnyky/AZT-8 instrument did the first observations in GRANDMA without detecting
SN2019wxt down to 19 mag in the R.-band. Along with AZT-8, The Tingshua-NAOC
Telescope (TNT), the 2.16m telescope located in Xinglong and the Thai National Tele-
scope observed it in the B, V, u/, ¢/, v/, i’ and 2’ bands. Only the two last facilities
detected the transient using their own photometry method. Moreover, one Kilonova-
Catcher participant detected SN2019wxt in a Luminance filter with a magnitude of
18.80£0.23 mag. This image was reduced with an early version of Muphoten using a
template image for subtraction taken by the same instrument that took the first frame.
Some observations from GRANDMA and other groups, whose data were collected in
GCN, are gathered in Figure [3.19

We compared these lightcurves to pre-computed kilonova lightcurves modelled with a full
radiative-transfer Monte-Carlo algorithm, see [14] and references therein. Based on the
host distance, this analysis returns a 0.1M, ejecta mass, which is too large for a kilo-
nova. Moreover, a two components-like model cannot reproduce v’ and ¢’ bands excesses
observed for SN2019wxt. These two arguments disfavour the kilonova hypothesis, which
is consistent with the final classification by the LBT instruments. However, our timely
observations showed that SN2019wxt can originate from the explosion of a binary star.
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Figure 3.19: Light curves of SN 2019wxt for the seven bands used compared to kilonovae
models. The start time Tp corresponds to the GW trigger time 2019-12-13 04:33:36.000
UTC. This figure is extracted from [14]

3.5 Preparing O4 (I) : ZTF /Fink campaign
3.5.1 Motivation

The GRANDMA observational campaign during O3 is considered a success demonstrat-
ing the network’s ability to address the GW follow-up challenges. However, the run
lacks convincing optical candidates to follow, and only SN2019wxt was observed by
GRANDMA instruments, as we presented in Section [3.4.3] Consequently, the next data
acquisition run of LIGO and Virgo requires training and experience on the optical side to
maximise the chances of counterpart detection. On the other hand, the last years have
seen the apparition of optical-NIR surveys, and they can be used as a powerful tool to de-
tect more kilonova, either via GW triggers or by themselves. This include Pan-STARRS
[48], ATLAS [241], GOTO |230| and ZTF [167]. The Vera C. Rubin Observatory’s Legacy
Survey of Space and Time (LSST) will see its first light in a year from now [111]. Its
cadence, depth and large FoV will allow for serendipitous kilonova discoveries. However,
all those facilities work as surveys and transients characterisation can highly depend on
their cadence. It causes a coarse lightcurve sampling, which is problematic for kilonova
considering their fast decay. However, simulations demonstrated that developing a GW
triggers target of opportunities (ToO) program for LSST would not significantly impact
the survey and would raise the chances of kilonova detection [66]. Consequently, networks
such as GRANDMA can play an essential role in kilonova identification and follow-up.
Their observations allow for a more rapid classification, even without spectroscopic data
and fill cadenced survey lightcurves gaps, resulting in finely sampled, constraining data.
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These observations led to the organisation of a GRANDMA follow-up campaign of ZTF
alerts selected with the FINK broker [185]. The objectives of this campaign are:

o Test the characterisation/follow-up mode of GRANDMA

e Improve coordination between instruments

Test the capabilities of the amateur segment Kilonova-Catcher

Find photometric criteria to classify transient nature

Refine, test and characterise GRANDMA photometry pipelines: Muphoten and
STDpipe, which described in Section [3.5.4]

We chose to follow alerts provided by the ZTF survey for several reasons. First, it was
involved in O3 follow-up and will be involved in O4 with important tilling capabilities
thanks to its 47 deg? FoV. Consequently, it provides a lot of EM counterpart candidates
that GRANDMA could help characterise and classify. Second, ZTF is a prototype for
LSST that is expected to release ten million alerts per night whose classification and
distribution will be done via brokers, including FINK, an official LSST broker. These
brokers must be tuned and adapted by the users for selecting the relevant alerts. Conse-
quently, this campaign is an opportunity for both FINK and GRANDMA to train finding
kilonova candidates in optical surveys data. Tuning it to improve the kilonova classifica-
tion will eventually benefit the astronomer communities when LSST is ready and for the
04 run.

This campaign is called Ready for 04 [7], and lasted for six months, between 21 May
2021 and 21 September 2021.

3.5.2 The Kilonova-Catcher initiative

The Readyfor04 campaign heavily involved the citizen science program of GRANDMA
called Kilonova-Catcher (KNC). This program was created in 2019 to take advantage
of the vast amateur astronomer observing capabilities. They have an almost unlimited
observing time, giving a great capability for GW alert coverage and transient characteri-
sation. This program was also used during O3 to perform galaxy targeting observations,
as detailed in section No tilling was done due to the usual small FoV of amateur
instruments. KNC uses a web porta][] for participant registration, alert distribution and
image storage. The amateur network is illustrated in Figure[3.20/and currently gathers 77
instruments worldwide, although most are in Europe. A typical KNC instrument has a
limiting magnitude of ~18 mag, and some can reach ~20 mag with long exposure images.

"http://kilonovacatcher.in2p3.fr/ supported by the University of Paris and IJCLab
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Figure 3.20: Locations of the 77 telescopes involved in the GRANDMA citizen science
program Kilonova-Catcher. The blue dots represent the telescopes that participate in
Readyfor04. The red dots represent the rest of the network. This figure is extracted

from [7.

3.5.3 FINK and the alert selection

FiNk is a community broker dealing with large alert streams for time-domain as-
tronomy. It is designed for the incoming LSST and its ten million alerts per night and
developed with the ZTF survey. It is community-developed and driven by numerous
topics in transient sky physics, from solar system science to extra-galactic violent events.
Currently, FINK listens and collects the data stream produced by the ZTF image reduc-
tion pipelines. An alert contains basic information: transient magnitude, sky positions,
the timing of the detection and the information from the previous 30 days in case of prior
observations. Between 21 May 2021 and 21 September 2021, FINK dealt with 35,387,098
alerts that were sent through three quality filters:

e Machine-learning-based cut removing image subtraction artefacts - we kept alerts
with a RealBogus score superior to 0.55

e No bad pixels flagged in a 5x5 pixels cutout around the transient
e Difference between aperture magnitude and PSF magnitude less than 0.1 mag.

These filters removed ~70% of the alerts of the campaign, and the science modules of
FINK processed the remaining ones. The broker had enough information to classify half
of the alerts. Most were crossmatched with the SIMBAD database or corresponded to
objects identified in the Minor Planet Center. The remaining alerts were associated with
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Solar System Object (SSO), supernova, microlensing candidates, and alerts associated
with several labels - called ambiguous alerts.

The filters are designed to be strict enough to avoid having tens of thousands of candi-
dates, considering the alert flux, and select the most promising kilonova candidate. On
the other hand, they are agnostic enough to explore the parameter space as we lacked
constraining kilonova observations. The three filters we use are:

e KN-LC: A machine-learning-based filter that yielded 107 alerts during the period
e KN-Mangrove: A nearby galaxy criteria that yielded 68 alerts during the period

e KN-Slope: A luminosity decay rate that yielded 108 alerts - although this cut was
not used during the campaign.

e 100 1o 100 100 107
Number of alerts

Figure 3.21: Summary of the alerts for ZTF filtered out by FINK. The broker could
not conclude based on the available information for almost half of the alerts (Unknown
label). Most of the remaining alerts are objects with a counterpart in the SIMBAD
database (match within a 1.5 arc-seconds radius) and alerts associated with a known
object from the Minor Planet Center database referencing moving objects from the Solar
System). Other alerts are divided among supernova events, Solar System Object can-
didates, microlensing candidate events, or have an ambiguous classification - i.e. more
than one label at a time. Concerning KN candidates, we report here the candidates from
the three filters we implemented. This figure is extracted from [7].

KN-LC

As kilonova lightcurves are unusual compared to the usual optical transient, particularly
in terms of color evolution, we used a filter based on a machine learning classification
of the ZTF alerts. The lightcurves of the transient in the ¢’ and 7’ bands were decon-
structed in principal components to infer the kilonova nature probability. The number
of components extracted was a trade-off between classification accuracy and the amount
of time required to reach a classification - i.e. the more components, the more ZTF
measurements were required. At the beginning of the campaign, we used the only first
component, and after some time, we used two of them. This change allowed to reduce the
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number of false-positive from 28 alerts per month at first to only ten alerts per month.
The features extracted from the lightcurves were compared to kilonova models to assess
the transient nature with a random forest classifier. However, this approach relied heav-
ily on the models used to train the classifier, which may be biased, considering the poorly
constrained kilonova diversity.

The ZTF online data analysis included a neural network-based classifier to automatically
reject template subtraction artefacts or bogus [80]. Objects in the difference image were
assigned a score by the network and rejected if it was lower than a 0.5 threshold.

e The score from the KN binary random forest classifier must be above 0.5.

point-like object: the star/galaxy extractor score provided by ZTF must be above
0.4.

Non-artifact: the deep real/bogus score provided by ZTF must be above 0.5.

Object not referenced in the SIMBAD database (except extra-galactic origin).

Young detection: less than 20 days. This threshold is loose but sufficient to filter
long-trend or well-known objects.

This cut selected 107 alerts among the 12,556,539 processed during the six months of the
campaign, corresponding to 70 unique objects on the sky. FINK eventually classified most
of them as supernova after ZTF collected more data, even though some remained classified
as kilonovae. When using only one component for the classification, a crossmatch with
the Transient Name Server (TNS) that gathers information from various external facilities
yielded most of the candidates as Type Ia candidates (41/71). After the classification
changed, 29/36 of the candidates had no counterpart in the Transient Name Server as
other observatories followed them.

KN-Mangrove

Although the KN-LC filter helped classify the alerts, the two days delay in concluding
was too long for the kilonova timing constraints, as described in Section [3.I] An actual
kilonova would have been far too faint to be observable. Consequently, we implemented a
second filter to find early detection by associating a host galaxy to the transient, similar to
the galaxy targeting technique used for GW follow-up. Then, the presumed host known
luminosity distance was used to compute the transient absolute magnitude. Eventually,
we checked that the luminosity was compatible with kilonova models. The filter works
with the following criteria:

e point-like object: the star/galaxy extractor score must be above 0.4.
e Non-artifact: the deep real/bogus score must be above 0.5.

e Object not referenced in the SIMBAD database (except extra-galactic origin).
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e Young detection: less than 6 hours.

e (alaxy association: the alert should be within 10 kpc of a galaxy from the MAN-
GROVE catalogue. The 10 kpc offset was empirical and based on a discussion in
[27]). We also tested different values: above a 10 kpc threshold, there were too
many contaminants alerts, and below it, we would potentially have missed valid
transients.

e Absolute magnitude: the absolute magnitude of the alert should be —16 + 1 mag
(in both ¢’ and 7’ bands), based on the AT2017gfo kilonova.

e Non-Solar System Object: the alert must be at least 5 arcseconds away from any
known Solar System objects referenced in the Minor Planet Center database at the
time of emission.

The host association was done with MANGROVE galaxies up to 230 Mpc distance, for
it was the current BNS detection range of the LIGO-Virgo network.

Out of the 68 alerts filtered out with this cut during the six months of the campaign,
59 corresponded to unique objects on the sky. Based on these criteria, most remained
classified as kilonovae, although some were confirmed with the Transient Name Server as
supernovae or solar system object candidates. Overall, we found 51 /68 alerts without a
counterpart (i.e., no follow-up results were reported), 7/68 confirmed as supernova type
Ia, 4/68 as supernova type II, 3/68 as supernova type IIp, 1/68 as supernova type IIb,
1/68 as supernova type Ib, and 1/68 as supernova type Ic.

3.5.4 Readyfor04 overview

The Readyfor04 campaign took place between 21 May 2021 and 21 September 2021. We
followed 12 ZTF alerts at a rate of one alert per week. Six of them were selected via
the FINK filters, and the six remaining were chosen as early supernovae for practice. We
sent the alert only to amateur astronomers during the campaign’s first half. We invited
them to observe for 72h to evaluate the response time of the community, the number
of observers and the image quality. In addition, starting in July 2021, the professional
GRANDMA observers joined the campaign to increase the data sample size for pipeline
development purposes.

At first, we used the network in classification mode by observing the alerts to confirm the
detection and improve the FINK classification based on the added photometric points.
Then, we used a monitoring mode by following confirmed sources with as many bands
as possible to have a fine understanding of the flux evolution. In total, we achieved
participation by 26 amateurs and 11 different GRANDMA telescopes. The various fil-
ters used by professional and amateur observers are summarised in Figure [3.22] They
gathered usual standard filters from the Johnson-Cousins and the Sloan systems, along
with unfiltered images and non-standard filters from specific amateur setups.
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Figure 3.22: Filters used in the images taken during this observational campaign and
when a source is detected. Above are mentioned the fainter upper limits reached during
the campaign. The G-band here is not the usual g/ Sloan band but a similar one used by
one of the amateurs. We treated those G images as ¢’ frames. The L-band corresponds
to a broadband filter cutting NIR and near UV wavelengths, similar to an unfiltered
image. This figure is extracted from [7].

Data Reduction

This campaign was also an opportunity to test the reduction processes. Consequently,
Muphoten was used as an official pipeline of the GRANDMA collaboration with 37 tele-
scopes, which was one order of magnitude larger than the six instruments used for the
AT2018cow analysis. Although creating a consistent dataset for that number of instru-
ments was challenging, it was a realistic test for a GW follow-up campaign. In addition
to Muphoten , we also used another independent photometry pipeline called STDPipe. It
allowed to search for potential systematic biases within the reduction process.

STDPipe [117] is a set of Python routines for astrometry, photometry and transient
detection-related tasks. It is intended to quickly and easily implement custom pipelines
and interactive data analysis. It is designed to operate on standard Python objects:
NumPy arrays for images, Astropy Tables for catalogs and object lists, etc., and con-
veniently wraps external codes that do not have their own Python interfaces such as
Sextractor [31], Scamp [28], PSFex [29|, HOTPANTS [25] and Astrometry.Net [129]. It
supports the following steps of processing and analysing the images:

e Object detection with Sextractor and simple PSF photometry using simple model
fromPSFex or aperture photometry with Sextractor.

e Astrometry with either Astrometry.Net for blind solution or Scamp for refining
first solution.
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Photometric calibration using with any catalog available in Vizier - including pho-
tometric system transformation when relevant, see Section [3.3.2]

Image subtraction with HOTPANTS

Transient detection based on noise model in the difference image

Fake star injection for transient detection sensitivity estimation.

Plotting routine for visualisation purpose.

Based on this, STDPipe starts by removing cosmic-rays with astrocrappy [170], an
LA-Cosmic implementation [251], then detect the objects with Sextractor to perform
aperture photometry. The aperture radius is equal to the median image FWHM. The
background is locally estimated in an annulus between 5 and 7 FWHM units. The
astrometric solution is found with the Astrometry.net solver applied to the list of
detected objects. Pan-STARRS DRI is used for both astrometric and photometric
solutions. The latter is constructed using the closest filter for the PS filter set or
Jonhson-Cousins thanks to [123]. An instrumental colour term (B — V') or (gps - rps) is
derived if the telescope is equipped with Sloan filters. The zero-point is either a constant
value for all the stars if they are not too many or a second-order spatial polynomial if
there are enough stars in the frame. The subtraction is done with HOTPANTS using a
downloaded and mosaicked template from PS - similarly to what is done in Muphoten -
in the closest filter. Forced aperture photometry at the transient position on the
difference image and the magnitude is estimated with the calibration model previously
estimated. The limiting magnitude is computed at the transient position by converting
the background noise inside the aperture multiplied by 5 (so that it corresponds to 50),
then to flux and then to magnitude. When the object is not detectable in the image,
this value is adopted as an upper (detection) limit for its magnitude.

Converting the results of this analysis into a standard photometric system requires
knowing the transient colour. This information is computed either by combining several
simultaneous or quasi-simultaneous observations in different filters (and thus with differ-
ent colour terms) and then regressing for the colour from them or using some external
information. For this campaign, we interpolated the ¢’ and 7’ bands of ZTF. Then,
we estimated the transient colour at the image acquisition time. Then, we converted
to B—V or gps1 —Tps1, depending on the photometric system used to calibrate the frame.

On the Muphoten side, the data reduction was made following the description in Sec-
tion Although the template subtraction for both clear (i.e. image taken without any
filter) and L-band see Figure images was done with a PS template in the gpg-band.
Same for the B and V images. For R, images, we subtracted rpg template, and for I¢,
we subtracted an ipg template.
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Consistency of the analysis

Having two independent analyses in the collaboration had the tasteful benefits of allowing
the comparison of their respective results and finding systematic bias. As detailed above,
STDPipe used an interpolation of ZTF lightcurves to estimate the transient colour, con-
trary to Muphoten that assumed that the colour of the transient was the same as the aver-
age colour of calibration stars used in the analysis. It constituted the principal difference
between the algorithms and could have introduced a systematic colour-dependant bias in
the photometric datasets. We tested this by comparing the pipelines magnitudes for all
the images where the transient was detected. Eventually, we found that Muphoten and
STDPipe were mostly consistent, as shown in the upper panel of Figure The most
important differences appeared for clear images (frames taken without filter) where the
impact of atmospheric conditions or the instrumental photometric system are expected
to be maximal. This effect is visible in the lower panel of Figure where the clear
images magnitude difference distribution is centred around ~-0.5 mag.

Moreover, these images were treated differently between the two pipelines: in Muphoten a
g-band image was subtracted contrary to STDPipe where it was a r-band image, in ad-
dition to the systematic different colour treatment. The B-band also had a significant
systematic difference with a significant number of images in the +0.5 mag direction, ac-
cording to the lower panel of Figure This deviation was mostly due to one amateur
telescope for which the B filter was not exactly the usual Johnson-Cousins B-band but
a specific instrumental device that complicated the analysis. Overall, we may conclude
that our pipelines had no significant bias.

3.5.5 Observation Summary

This section gives an overview of the observation we performed with both GRANDMA
and Kilonova-Catcher networks. Figure summarises the observations of the alerts
followed by both professional and amateur astronomers. We gathered them by FINK filter
that selected the alert. The upper limits given in this Section are estimated following
the Muphoten method detailed in Section Overall, Muphoten analysed 415 images,
including the clear images, throughout the campaign. The transient being followed-up
was detected in 153 images acquired with a filter, and the measurements by Muphoten and
STDpipe were compatible for 150 of them. We did not include the unfiltered images in this
count as they are treated in a significantly different way between the pipelines. Among
the 415 images, only two were rejected by Muphoten vetoes. This rather low number is
due to the fact that ~20 images were removed from the dataset, for it was impossible to
launch the pipeline without having it crash due to data quality issues.

In order to constrain the transient nature, we used the Muphoten and STDpipe photo-
metric measurements to measure the decay slope of the transient. It was done using the
following procedure: we started by grouping the images with a 0.1 day precision. Then
we applied a linear fit with a maximum likelihood estimation approach to estimate the
slope between two different time bins. The slopes of the best fit, a,(t = n), were then
computed using data taken with r or R filters in a given time bin. Here we took the de-
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Figure 3.23: Comparison of the transient magnitudes estimated by two different pipelines.
The upper panel shows the distribution of normalised differences, which is mostly con-
sistent with the estimated error bars of individual measurements. The lower panel shows
the absolute differences for individual photometric filters used. This figure is extracted

from .
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tection time as the first observation of the transient by ZTF, denoted Ty. We computed
three slopes as in [7]:

1. agtp(t = n), the temporal slope of the transient light curve between the first
detection by ZTF at Ty and the time at which GRANDMA detected it by using
STDPipe.

2. apmur(t = n), the temporal slope of the transient light curve between the first
detection by ZTF at Ty and the time at which GRANDMA detected it by using
Muphoten.

3. azTr,(t = n), the temporal slope of the transient light curve between the first
detection by ZTF at Ty and the next detections by ZTF.

KN-Mangrove alerts

o /' TF2labdwdwo: observed by eleven amateur telescopes for a total of 42 images
taken between 0.7 days to 60 days after public detection (021-06-04 04:27:26 UTC).
No GRANDMA or Kilonova-Catcher instruments detected the transient. We found
a median upper limit of 17.940.8 mag in the v’ and R, bands. A KNC instrument
- T-CAT - acquired the deepest images 3.7 days post-trigger in the B and G bands
down to ~21 mag. The GRANDMA telescope VIRT took the latest image with
an upper limit of R. = 17.5mag. We concluded for this alert that the transient
was a miss association of a Solar System Object to a MANGROVE galaxy in the
background induced by the process described in Section [3.5.3]

o 7/ TF21abfmbix| - later renamed SN2021pkz, associated with the galaxy 2MASS-
12551554253477 at 38 Mpc. It was observed by 13 different amateur telescopes
and FRAM-Auger, for a total of 29 images taken between 0.7 and 50.8 days after
To (2021-06-11 05:14:49). Two days before detection, ZTF did not detect the source
don to g/ > 20.5. We detected the transient in 25/29 images taken in 6 distinct
filters between 0.7 and 29.7 days post-trigger. 17/25 measurements were compatible
for the two pipelines. From these measurements, we found a luminosity rising in
the r’-band with : agrp,(t = 0.7) = —0.7 £ 0.2 mag/day and avuy,(t = 0.7) =
—0.940.2 mag/day. With later measurements, we found for t = 1.7 : —0.54+0.1 and
—0.7 £ 0.1 mag/day for STDPipe and Muphoten respectively. This was compatible
with public data from ZTF at t = 2.0 days azrp, = —0.5 & 0.1 mag/day. This
example demonstrated the benefit of early measurements during the rising phase
of the transient, which is useful to guide the decision on spectroscopy observations
before night-time on the American continent. Indeed, a two days long rising phase
is not expected for a typical kilonova. The final classification of the source was a
supernova lal according to an independent spectroscopic measurement by the ZTF
Spectral Energy Distribution Machine (SEDM).

e ZTF21abultbr was observed by three amateur telescopes and by the Abastumani-
T70. Tt yields a total of 8 images between 0.6 day and 2.5 days post-trigger - Tg =
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2021-08-21 02:44:39.100 UTC. Fink KN-Mangrove filter associated the source to
a galaxy at 89 Mpc HyperLEDA /UGC04104. We detected the source with both
pipelines in 3 images in the R and G bands (here G is not the usual Sloan ¢
filter - see Figure from two distinct telescopes. The measurements from both
algorithms were consistent except for clear images. We found the following slopes
at t = 0.6 day: agtp,(t = 0.6) = —0.3 £ 0.4 mag/day and ayqu,(t = 0.6) =
—0.0 £+ 0.4 mag/day. The rate from ZTF public data at 3 days were t = 3.0 days
(aztp,(t =3.0) = —0.0£0.1 mag/day). We did not have enough data to conclude
about the transient nature. The source was independently classified as a supernova
LI after 21 days by the ZTF SEDM.

e 7ZTF21abxkven was observed simultaneously by four GRANDMA instruments:
Abastunami/T70, TRT-SRO, Lisnyky/Schmidt-Cassegrain, and FRAM-CTA.
Nine more distinct amateur telescopes also observed the source location. It yielded
17 images taken between 0.5 and 11.7 days after Tg = 2021-09-03 08:28:07. The
Fink KN-Mangrove filter associated the alert to HyperLEDA- UGC12816, located
at 80 Mpc. As ZTF never detected the source again, FINK classified this transient
independently as a Solar System object [185]. No instrument detected the source,
and a clear image taken 0.7 day after Ty by T-STSOPHIE had a 20.6 mag upper
limit. Eventually, the GRANDMA follow-up ruled out any possible existing KN
within 80 Mpc at T0+0.7 day.

o 7 TF21abxlpdl was observed simultaneously by three GRANDMA instruments -
Abastunami/T70, FRAM-CTA, and TRT-SRO - and seven amateur telescopes. We
have 15 images for this alert, taken between 0.5 and 13.9 days after the first public
detection. As the alert was sent the same day as ZTF2labxkven, the participation
was limited for both targets. KN-Mangrove filter associated the source to NGC
105, located at 79 Mpc. No images show the transient, and a clear image acquired
1.7 days after the alert using the T40-A77DAU has an upper limit of 20.7mag.
In summary, GRANDMA follow-up ruled out any kilonova up to 80 Mpc with
luminosity decay rate > 1 mag/day in the r’-band.

KN-LC alerts
Along with the KN-Mangrove, we followed up one alert selected by the KN-LC filter:

e 7/ TF21ablssud was observed simultaneously by four GRANDMA instruments:
TRT-SRO, Lisnyky/Schmidt-Cassegrain, Tibet-50, and UBAI-NT60 telescopes. In
addition, 17 distinct amateur telescopes also observed the source. It resulted in
141 images taken between 2.6 to 26.7 days after T¢=2021-07-16 21:11:45. Due to
how the KN-LC filter works, the alert was sent by FINK two days after the first
observation by ZTF with a kilonova score of 53%. Other scores delivered by FINK
were: Early SN (5%), Supernova SN Ia vs non-IA SN (73%) and SN Ia and Core-
Collapse vs non-SN (39%).
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Figure 3.24: Overview of the GRANDMA observations of the six FINK alerts followed
up by both professional and amateur astronomers. The FINK alerts come from two se-
lection filters of the initial ZTF flux measurements: KN-LC and KN-Mangrove. The
orange patches are the time-stamps for the alert sent by FINK for the source. Gold
vertical bars represent the release time of ZTF public data. Green vertical bars repre-
sent the GRANDMA data analysed with STDpipe and Muphoten. The circles present
our fading slope estimation using r’/R filters using only ZTF public data (gold) and
ZTF+GRANDMA data (green). Horizontal red bars materialise when we consider the
alert not a kilonova candidate anymore. SSO corresponds to Solar System Object, CV to
cataclysmic variable, and SN to supernova given by our post-observation analysis months

after - see figure [3.21). Figure extracted from .
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Observations started 0.6 days after the FINK alert. Both pipelines detected the
source in 66 images in various filters and in 17 clear images. With the GRANDMA
photometry datasets, we found a slope of 0.15+0.1 mag/day at t = 3.7 days for both
Muphoten and STDPipe. Based on the ZTF public measurement of ' = 17.2mag
delivered five days after the first detection, we found ayzry, = 0.15 + 0.1 mag/day
at t = 2.0 day and t = 5.0 day. Consequently, we ruled out a kilonova emission
by a BNS merger. In addition, the ZFT lightcurve fitting ruled out the supernova
and GRB afterglow hypothesis.

As this alert has been observed a lot with GRANDMA and KNC telescopes, we
plotted the lightcurves for several bands in Figure [3.25] Considering the closeness
with the galactic plane and the colour evolution, we estimate that ZTF2lablssud
was a cataclysmic variable - see Table [3.6

Practicing Alerts

The six remaining alerts were not selected via the FINK filters we implemented but are
early supernova candidates we proposed to observe for training the network observers.
This section summarises the results of those alerts.

e ZTF2labfaohe/SN2021pfs: classified as a supernova by external collaborations, see
Transient Name Server reference.

e ZTF2labbzjeq/SN2021mwb: idem.

o ZTF2labotose/SN2021ugl is a supernova IIb. These three sources distributed via
FINK were selected to test and improve data reduction GRANDMA capabilities.

e ZTF2labyplur was only observed by Tibet-50, a GRANDMA instrument. Four
images were acquired, starting 9.5 days after the first public detection, on 2021-
09-07 at 09:12:26. The KN-Mangrove filter associated the galaxy HyperLEDA-
PGC1115282 to the source. It was located at a 10 arcseconds angular distance
close to the limit of a positive association. However, FINK classified this object
independently as a Solar System object, probably attached to Solar System object
number 22327 [185]. The images taken by the Tibet-50 could not rule out the case
of a fast transient with an upper limit of ¢’ > 18.3 mag, at t = To + 9.5 days.

o ZTF2labsvirr was observed by six amateur telescopes and four GRANDMA tele-
scopes: Terskol/Zeiss-600, TRT-SBO, TRT-SRO, and Abastumani-T70. It resulted
in a total of 24 images taken between 1 and 59 days post-detection - Tg = 2021-
08-12 09:52:43. An associated alert from the KN-Mangrove filter was sent by FINK
with a 2.3 h delay, but distributed to GRANDMA as a practical exercise about
0.9 days afterwards. HyperLEDA /ESO540-025 is the galaxy associated with the
transient, located at 89 Mpc. Both pipelines detected the source in 19 images,
acquired by seven telescopes in B, V, r’ and R in addition to unfiltered frames.
The ZTF survey released its next measurement, g/ = 17.6 mag and r/ = 17.7
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Figure 3.25: ZTF2lablssud lightcurves with observations from ZTF and the 17
GRANDMA instruments. Before t = Ty + 10 days, data were mostly taken by ama-
teur astronomers. For ¢ > Ty + 10 days the data comes from GRANDMA professionals.
STDPipe and Muphoten measurements are in agreements for V| Ro, and Io bands. We
showed that the GRANDMA measurements are consistent with the ZTF ones, allow-
ing for filling in the light curve gaps. However, the use of non-standard filters by some
amateur astronomers (especially the B-band of the T-CAT instrument) can lead to dis-
crepancies between measurements up to 0.5 mag. This figure is extracted from [7].
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Table 3.6: Results of the simulations of transients with rapid evolution, in order to
validate or reject the concordance of each transient using ZTF data with the four models:
KNe (Ka2017), supernova (nugent-hyper), GRB afterglows (TrPi2018) and shock cooling
(Piro2021). Note that the Bayes factors are evaluated logarithmically.

Transients Ka2017 TrPi2018 nugent-hyper Piro2021 light curve

ZTF2labfmbix —12.38 —15.95 —9.18 —10.1 Supernova Ia
Z'TF21absvlrr —9.78 —16.73 —-9.91 —11.07 Supernova la
ZTF2labultbr  —2.73 -9.14 —5.24 —4.76 Supernova 11
ZTF2lablssud  —6.32 —11.58 —-9.83 —-9.41 Cataclysmic
Variable
ZTF2labfache —12.3 —10.98 —7.47 8.67 Supernova la
ZTF2labbzjeq  —8.22 —11.41 —7.49 —8.47 Supernova la
ZTF2lacceboj —16.52  —19.44 —14.52 —15.6 Supernova IIbh
ZTF21abotose  —6.37 —10.62 —7.41 —7.49  Shock Cooling -

Supernova, IIp

mag, two days post trigger. These values were consistent with both GRANDMA
pipelines. Based on these measurements, data showed a rising phase for the tran-
sient with a rate of —0.1 + 0.2 mag/day at t = 1.0 and —0.5 £ 0.1 and —0.7 £ 0.1
mag/day at t = 1.7 days. This was consistent with ZTF rate at t = 2.0 days with
a rate of azrr, = —0.5 £ 0.1 mag/day.

This behaviour was not compatible with an AT2017gfo-like transient. External
spectroscopic measurements by ZTF SEDM on Ty + 1 day classified the source as
a [supernova, Ia.

e ZTF2lacceboj/SN 2021yyg was observed by two GRANDMA instruments: Tibet-
50 and Terskol-600 telescopes. It yielded a total of 11 images taken after 1.4
days after the first public detection reported on 2021-09-14 11:04:25. We obtained
astp,r(t = 1.4) = —0.3 £ 0.1 mag/day, and apmu»(t = 1.4) = —0.4 £ 0.1 mag/day,
compatible with the ZTF measurement of azrr ,(t = 2.0) = —0.3 £ 0.1 mag/day.
This two-day rise in the r’-band ruled out ZTF2lacceboj as a kilonova emission
from a BNS. The Global SN Project (with LCO) classified the source as a supernova
ITp/ one day after the first public detection.

3.5.6 Oflfline source modeling

For constraining the transient nature, we used four lightcurve models |63]. Then we used
a regression to compare our results with each model and estimate the ideal model thanks
to the Bayes factor as visible in Table [3.6] taken from [7].
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3.5.7 Conclusion and Lessons

For the Readyfor04 campaign, we followed up twelve alerts from the ZTF survey fil-
tered with the FINK broker to search for serendipitous kilonova with the GRANDMA
network. Four of these alerts were classified as Solar System Objects; the eight others are
supernovae or cataclysmic variables. 11 GRANDMA telescopes and 26 amateur instru-
ments provided images we analysed with two independent pipelines for the campaign.
We demonstrated the capabilities of both GRANDMA and its amateur branch to follow
up and characterise optical transients.

This campaign was the first fully-fledged realistic test for Muphoten, and it allowed the
identification of some issues but also some points of satisfaction.

One of the main issues identified with the campaign was the difficulty of reducing the
images acquired in various non-standard filters used by amateur astronomers. Same for
the unfiltered images that were complicated to analyse according to the results in Fig-
ure [3.23] However, these broadband observations could be important for detection as,
when all other parameters are equal, they allow for deeper observations than filtered ones.
This pointed toward using these images for detection purposes in future campaigns. On
the other hand, based on Section discussion about the importance of color evolu-
tion of kilonova, observations in various filters are crucial for GW follow-up to constrain
the physical parameters of a potential kilonova. Consequently, even with non-standard
filters, filtered observations will be used during the O4 run. For some amateurs, espe-
cially the observers that reach 20-21 mag, the collaboration is considering funding new,
standard, narrow band filters.

The last point this campaign enlightens is the heterogeneity among observers on the
data quality. Some images were clearly impossible to analyse, and both amateur and
GRANDMA professionals need to gain experience in data quality checks before sending
their images to the network repository. For this issue, Muphoten vetoes are not of any
help as the code crashes because of the quality issues.

On the other hand, thanks to the amateur community, we achieved rapid follow-up with
a 16h delay between the alert and the first lights. The major part of this delay happens
since most amateur astronomers are located in France and ZTF in the USA. Future par-
ticipants from other continents will help improve this. Moreover, some observers reached
fairly deep observations down to 20.5 mag in clear images. These results met the kilo-
nova observation requirements based on the AT2017gfo characteristics and O3 BNS event
triggers estimated distance. In addition, many GRANDMA telescopes are equipped with
red filters (' and R.), which is essential for late-time kilonova characterisation.

We also demonstrated our ability to produce consistent photometry datasets with inde-
pendent methods. We showed that none of the algorithms contains a systematic bias
due to transient colour. In addition, it allowed improving Muphoten parameters for
GRANDMA instruments.

Our early observations also allowed for a more rapid transient classification than the
classification based only on ZTF data. This rapidity will be crucial during the O4 run to
guide the decision to trigger larger facilities and spectroscopic capabilities of the network,
which are valuable but limited resources. Overall, we consider that Readyfor04was a suc-
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cess, with promising GRANDMA and Kilonova-Catcherperformances for the upcoming
04 observing run.
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CONCLUSION

Multi-messenger astronomy (MMA) based on gravitational waves is a promising domain
for producing new results in several fundamental topics. In particular, the joint obser-
vation of binary neutron stars merger in the gravitational regime and the optical elec-
tromagnetic wavelengths lead to a better understanding of the compact object merger.
In addition it also bring further constrains in various fundamental topics such as dense
nuclear matter and cosmology. However, such observations require preparation on both
sides for having exploitable results.

We presented the PyCBC Live low-latency search that detects, characterises and dis-
tributes the GW candidate events. This pipeline and the others that do similar searches
are of significant importance for MMA as they provide early and crucial information
about the event, including indications on the source nature that helps to decide quickly
whether rapid electromagnetic follow-up is necessary. In addition, the signal-to-noise
ratio (SNR) time series the pipelines construct with matched filtering technique is used
to perform a fast localisation with the Bayestar algorithm. The latter creates skymaps
within seconds, which are distributed for allowing follow-up by other observers. This
makes Bayestar a central tool for MMA, which has to produce reliable spatial informa-
tion for maximising the chances of multi-messenger observations. However, we identified
a potential bias in the localisation that we attribute to a hard-coded fudge factor we
called £. It was initially implemented before the O2 observing run to make Bayestar
self-consistent with the GSTLAL pipeline as otherwise, the localisation uncertainties are
underestimated. £ works by rescaling the SNR time series provided by the search pipeline,
which dilates the area of the credible regions and makes the localisation self-consistent.
However, the tuning of £ has been made with GSTLAL with a network configuration
different from the current one. More importantly, the Bayestar paper [225] has not
provided a confident reason why £ was necessary in the first place. Consequently, we
investigated the £ origin. We gathered evidences that £ is required to compensate for
the discrepancy between the intrinsic parameters of the template waveform used for the
localisation and the parameters of the source binary. In addition, by doing an end-to-end
test with PyCBC Live, we also tested the influence of the template bank used for the low-
latency search on spatial localisation. We gathered evidence that the sparseness of the
bank has little to no effect on the localisation with Bayestar, rather than the parameter
space itself.

On the other hand, we also gave an overview of the optical follow-up of the GW land-
scape. We identified significant difficulties that are separated into two categories: intrin-
sic ones that are linked to the physics of this kind of transients (faintness, rapid evolution)
and extrinsic challenges that are related to their observation that heavily relies on GW
information (poor localisation, large number of observations for detection and charac-
terisation). The GRANDMA collaboration was created before the O3 run of LIGO and
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Virgo to address this difficulty. The collaboration has systematically followed up the can-
didate event publicly distributed by LIGO and Virgo to find counterparts and adopted
two types of strategy. Although no counterpart has been discovered, GRANDMA has
demonstrated that using an heterogeneous network of telescopes to search for kilonova
was a promising solution for GW optical follow-up. However, it also demonstrated that
specific difficulties arise with this type of network. In particular, the heterogeneity re-
quires a dedicated treatment of the data for having reliable photometric datasets. This
issue has also been identified with the observation of the AT2017gfo kilonova. The com-
pilation of observations and data from various independent teams showed inconsistencies
between groups datasets that could degrade the strength of the results based on them.
To address this, we designed a generic photometry pipeline called Muphoten that pro-
duces a consistent photometry dataset based on heterogeneous observations. It has been
tested with observations of SN2018cow, a supernova that belongs to an emerging class
of transient, the Fast Blue Optical Transient (FBOT), that shares some characteristics
with kilonova, especially the rapid timing evolution. The pipeline is publicly available
and currently used for the researches within the collaboration.

GRANDMA set up two observing campaigns to prepare for the upcoming O4 run of
LIGO and Virgo. The first was based on the follow-up of the Zwicky Transient Facil-
ity (ZTF) survey kilonova alerts with GRANDMA and its amateur branch, Kilonova-
Catcher. Muphoten, along with another photometry pipeline called STDpipe, were used
for the data reduction and using the results provided by the two codes, we demonstrated
that there was no systematic bias in the analysis. This campaign also showed that the
collaboration could observe within a few hours after detecting a transient. It helped for
having a better sampling of the transient light curves, enabling a better discrimination
of the transients nature. Most of the delay is due to the relative Earth positions of ZTF
(USA) and the GRANDMA instruments (Europe-Asia). We also showed the interest
of the amateur astronomer community for the follow-up of optical transient, despite the
non-standard and unfiltered observations bringing new and important difficulties for data
analysis. The other observing campaign was based on a follow-up of Swift GRB alerts
in order to find and follow the GRB afterglow emission. The data analysis is currently
ongoing.

Future works linked to this thesis would include developments on both sides of the analy-
sis performed for this thesis. For the low-latency spatial localisation, it would be essential
to check the behaviour of the £ parameter for all the pipelines involved in low-latency
searches for O4. This could be done using the results from the ongoing Mock Data Chal-
lenge (MDC) in the LIGO-Virgo collaboration that allows using simulated searches with
various pipelines on shared data. It would also be necessary to investigate whether £ has
to be tuned or not for each pipelines. In particular, PyCBC Live will include a new fea-
ture that aims at improving the template waveform selection for the detected candidate
events. Considering the influence of the agreement between the intrinsic parameters and
the source ones, this may affect the localisation via &.

For the optical follow-up analysis, Muphoten will be continuously improved for preparing
the O4 run. In particular, the GRB campaign has shown the importance of the limit-
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ing magnitude estimation for setting upper limits on the source parameter, such as the
ejecta mass. There is a review of the numerous methods used to estimate the limiting
magnitude, and the most reliable will be implemented in the short term. The most likely
direction of the benchmark of limiting magnitude estimation is to use fake stars injec-
tions, as it allows control of all the simulation parameters and does not depend on an
external reference catalog, as is currently the case for Muphoten.
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APPENDIX A

CONTRIBUTION TO THE GWT(C-3
CATALOG

Producing O3b skymaps

The third observing run of the LVC took place between 2019, April 15t and 2020, March
27" with a one-month stop after six months to upgrade the network. Despite no confi-
dent joint detection of a GW signal and an EM emission during the run, several studies
were performed off-line within the collaboration to find sub-threshold multi-messenger
events.

The GWTC-3 catalogue was created with the data of the three-run (O1, O2 and O3)
[151]. Tt includes events with a probability of being of astrophysical origin of at least
50%. The O3b run corresponds to a list of 35 events plus seven marginal events. The
data release also includes all the triggers that had a false alarm rate (FAR) of less than
2 per day, regardless of whether they had a probability of being of astrophysical origin
superior to 50%.

As part of this thesis work, we produced the O3b skymaps for all the off-line triggers
identified by the pipelines MBTA, GSTLAL and PyCBC. For the latter, there was two different
analysis, a broad one that searches for various types of CBC and an analysis focused on
BBH systems with total mass in the [10, 500]Mq, mass ratio q in the [3, 1] range and
component masses such that 5Mg < m; < 350 Mg and mo > 5 M. This analysis is de-
signed for a better sensitivity to BBH mergers constituting the most frequently observed
by the LIGO and Virgo interferometers.

The skymaps we produced were released as official products of the LIGO-Virgo col-
laboration [152|. For the MBTA and GSTLAL search algorithms we used Bayestar di-
rectly on the triggers stored on GraceDB to produce the skymaps. For PyCBC, we used
pycbc_make_skymap that takes the masses and spins given by the search to generate
a template waveform and create the SNR time series passed to Bayestar. All these
skymaps were produced using a £ = 0.83 value.

These skymaps are currently used for multi-messenger astronomy studies, in particular a
joint search of coincidences between Fermi-GBM sub-threshold gamma-rays bursts and
sub-threshold GW event in Pillas et al. (in preparation). Another study about to be
published used these skymaps searching for coincidences between Ice-Cube high energy
neutrinos and GW events - see Marka et al. (in preparation).
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Summary of the skymaps

In Table we summarise the median area for the 50% and 90% credible region for the
35 probable candidates detected by the four CBC searches during the O3b run. These
values give the typical localisation for the current GW detector generation and the area
an optical instrument or network such as GRANDMA must cover during an efficient
follow-up. We also present the cumulative distributions for these areas for these events

in Figure and [A.2]
Search 50% Credible Area 90% Credible Area
- deg? deg?
PyCBC 408 1670
PyCBC High mass 401 1656
MBTA 383 1520
GSTLAL 317 1336

Table A.1: Median credible area of the 35 confident events detected during the O3b

observing run for the four CBC searches.
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50% Credible Region Distribution
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Figure A.1: Cumulative distribution for the 50% credible region of the skymaps produced
for the GSTLAL, MBTA and PyCBC detection pipeline. The broad PyCBC analysis is
plotted in red and the BBH-focused one is plotted in blue. The MBTA triggers credible
regions are in green and GSTLAL ones are in orange.
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Figure A.2: Cumulative distribution for the 90% credible region of the skymaps produced
for the GSTLAL, MBTA and PyCBC detection pipelines. The broad PyCBC analysis is
plotted in red and the BBH-focused one is plotted in blue. The MBTA triggers credible
regions are in green and GSTLAL ones are in orange.
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APPENDIX B

PHOTOMETRIC SYSTEMS

Photometric Systems

It is usual for astronomical observations of astronomical to use filters to acquire im-
ages. There are various filters available, designed with specific purposes. However, fairly
standard sets of filters, or photometric systems, are commonly used. Before the SDSS in-
strument started, the Johnson-Cousins System was very common. It is still widely used,
and the transmission curves are presented in FigurdB.I] It consists of five filters covering
the near-UV to the NIR wavelengths: U, B, V, R, and I.. In the 1990s, the SDSS
survey began, and a new photometric system was designed with the new use of CCD
instead of photometric plates. It consists of five bands covering the same wavelengths as
the Johnson-Cousins ones but with much less overlap between the filters’ transmission
curves: u', ¢’, ', i, and 2’. These filters are shown in FigurdB.2] Many modern facilities
use this photometric system. It includes Pan-STARRS, although this survey includes a
band in the infrared called y and does not cover the EM spectrum’s UV part. The PS
filters are visible in FigurdB.3] For this work, sometimes Gaia is used for calibration,
although it has not the usual filter. Its photometric system contains only three bands;
G, By and R, and they are shown in Figure@ The last filter mentioned in this work
is called Luminance and is shown in FigurdB.5| It covers the whole Optical domain and
is used to cut wavelengths above UV and below infrared. It is mainly used by amateurs
for this work, as mentioned in Chapter 3.
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Figure B.1: Filter set Johnson-Cousins.
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Photometric Systems

SDSS Photometric System
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Figure B.2: Filter set for the Sloan Digital Sky Survey instrument.
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Photometric Systems
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Figure B.3: Filter set for the Panoramic Survey Telescope And Rapid Response System
instrument.
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Figure B.5: Luminance filter transmission curve.
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APPENDIX C

PREPARING O4 (IT) : SWIFT GRB
CAMPAIGN

Motivation

For an observing run of LIGO and Virgo, a possible way to trigger optical follow-up
is to have a coincident GRB-GW detection - as happened during O2 for GW170817.
Consequently, we decided to organise a follow-up campaign of GRB triggers produced
by the Swift satellite. For this campaign, GRANDMA aims to:

e Train the network to external alerts with very low latency - considering the short
lifetime of GRB afterglow.

o Test detection mode of the network: contrary to the ZTF campaign, there is not
always an optical counterpart to GRB, and its position is not always known when
it exists.

We chose the Swift satellite for this campaign - and not Fermi, which would also be
another relevant choice for a similar campaign - for the following reason:

1. The source localisation of the Swift-BAT instrument is of the order of 5 arcminutes,
which is small enough to be observed with only one observation by most of the
GRANDMA instruments. It allows an easier search, contrary to Fermi localisation,
whose size is similar to GW. In addition, Swift also does early observations in the
X-ray domain with the XRT instrument and in the optical domain with the UVOT
telescope to rapidly find the burst afterglow. When the latter is found, it reduces
the localisation to arcseconds regions.

2. Swift has a good chance to discover a potential counterpart during O4 - following
its alerts is a realistic test

3. Swift is designed to observe its localisation in the X-ray domain with the XRT
instruments and the optical domain with the UVOT instrument immediately after
the GRB detection. This allows early detection of afterglow. Hence GRANDMA
can test whether it can respond and observe that candidate rapidly enough to follow
up and characterise them.

4. The alert rate of ~1 per week is high enough for training but not too high to
saturate the network with follow-up.



Preparing O4 (II) : Swift GRB campaign

Overview of the campaign

The campaign happened between March 2157 2021 and May 15 2021 and lasted six
weeks. GRANDMA and Kilonova-Catcher followed 9 GRBs during this campaign and
observed 4 afterglows.

Organisation

To be as close as possible to O4, we set up a shift calendar with one shifter team on duty
each week. The weekly team is driven by a coordinator responsible for managing and
guiding the shifters. The latter are divided into pairs in 6h slots - taking advantage of
the worldwide spread of the members. On-duty shifters have a list of tasks to complete :

e Listen to the Swift alerts

Control that the telescope teams received the alert and are able to observe

Control that the images are correctly uploaded to the collaboration database

Watch the GCN circular from external teams concerning the current alerts
e Write and distribute GRANDMA GCN once an alert is over

Telescope teams are asked to observe any alert they can reach and analyse their images
- limiting magnitude estimation when nothing is detected or luminosity estimation for
detected afterglows.

Data reduction

The data reduction is ongoing with both Muphoten and SDTpipe and is not complete
yet. However, one observation made during the campaign is that the limiting magni-
tude estimation must be improved. The estimations made by the observing team and
Muphoten differ significantly in the direction of an over-conservative estimation Muphoten,
indicating a necessary pipeline tuning. Prospects are currently ongoing to implement new
estimation methods. The preferred option is to use fake, injected sources whose magni-
tudes are known to estimate the sensitivity.
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Résumé: L’astronomie multi-messager combine
les informations fournies via différents signaux
physiques. Cette derniére a pris son essor le 17
aout 2017 lors de la détection conjointe d’une onde
gravitationnelle (OG) par les détecteurs LIGO et
Virgo et d’émissions couvrant tout le spectre élec-
tromagnétique des rayons gamma aux ondes radio.
La source identifiée est une coalescence de deux
étoiles & neutrons & 40 Mpc. Le sursaut gamma est
la premiére contrepartie observée par l'instrument
GBM du satellite Fermi, moins de deux secondes
aprés la détection de ’OG. 11h aprés la fusion, la
contrepartie optique, appelée kilonova, est décou-
verte par le télescope Swope. Et quelques semaines
aprés, les signaux X et radio sont découverts par
le satellite Chandra et le radiotélescope VLA re-
spectivement. Cet événement a véritablement lancé
I’astronomie multi-messager basée sur les OG. Elle
a notamment eu pour conséquence la création du
réseau GRANDMA dont les objectifs sont;:
e Gestion des alertes OG

e Suivi optique
e Caractérisation des candidats

e Interprétation astrophysique
Le développement de linfrastructure est notam-
ment passé par la création de Muphoten, un code
d’analyse photométrique capable de créer des don-
nées homogénes, malgré I’hétérogénéité des instru-
ments de GRANDMA. Cette analyse a été dévelop-
pée grace au suivi de la supernova SN2018cow
par de nombreux instruments, incluant certains de
GRANDMA. En paralléle de ce développement,
GRANDMA a été particuliérement actif pendant
la campagne d’acquisition de données par LIGO et
Virgo O3 en suivant 49 des 53 alertes publiées. Au-
cune contrepartie, optique ou autre, n’a été décou-
verte par GRANDMA ou un autre groupe. Mais la
campagne a démontré le potentiel du réseau pour
le suivi de transitoires optiques rapides tels que
les kilonovae. En vue de poursuivre le développe-
ment du réseau, et de préparer O4, deux cam-

Astronomie Multi-Messagers: de la localisation des sources transitoires d’ondes gravita-

ciel transitoire, ondes gravitationnelles, LIGO-Virgo

pagnes ont été organisées par GRANDMA. Pour
la premiére, GRANDMA et sa branche amateur,
Kilonova-Catcher, ont suivi 12 alertes produites par
le relevé ZTF. Cela a permis de développer les ca-
pacités de GRANDMA & caractériser et classer des
transitoires optiques via une analyse purement pho-
tométrique, ce qui est une des contraintes imposées
par le suivi d’alertes OG. D’autre part, cette cam-
pagne a permis d’utiliser Muphoten ainsi qu’une
autre analyse photométrique indépendante, STD-
pipe permettant d’évaluer la présence de biais systé-
matiques dans I'un ou 'autre des codes et de finale-
ment démontrer que les résultats produits étaient co-
hérents. Pour la seconde campagne de GRANDMA,
les observateurs ont suivi les alertes du satellite
Swift, détectant des sursauts gamma, afin de trouver
les émissions optiques associées & I’émission gamma,
appelées afterglow. I’analyse de ces observations est
toujours en cours. Cependant, la découverte de con-
treparties électromagnétiques aux émissions d’OG
nécessite ’envoi d’informations fiables dans les pre-
miéres minutes suivant la détection du signal. L’une
des plus cruciales pour le suivi par GRANDMA
est la localisation spatiale de la source, évaluée par
I’algorithme Bayestar. Afin d’évaluer la consistance
des résultats produits par Bayestar, des simulations
de fusion d’objets compacts ont été produites et
utilisées pour faire un test pourcentage-pourcentage.
Ce dernier permet d’évaluer si la reconstruction des
paramétres de la source, ce qui inclut la position,
est biaisée. Ceci a permis d’identifier le paramétre
&, codé en dur dans Bayestar, comme pouvant con-
duire a une surestimation des incertitudes, et in
fine, une plus grande aire & couvrir par les instru-
ments de suivi électromagnétique. Des simulations
additionnelles, incluant des injections de signaux
analysées en ligne par PyCBC Live, ont été faites
pour déterminer pourquoi ce paramétre était néces-
saire & Bayestar. Celles-ci conduisent & conclure
que & permet de compenser les différences entre les
paramétres de la source et ceux du modéle de forme
d’onde utilisés pour localiser la source.




Title:

Multi-Messenger astronomy, localisation of transient sources of gravitational waves and

optical follow-up of gravitational wave candidates.

Keywords:

Abstract: Multi-messenger astronomy (MMA)
aims at combining the information provided by dif-
ferent physical signals. MMA was launched on Au-
gust, 17th 2017 via the joint detection of a grav-
itational wave (GW) by the LIGO and Virgo de-
tectors and in the electromagnetic regime over the
whole spectrum. This was emitted by a binary neu-
tron stars merger, located at 40 Mpc. The gamma
ray burst (GRB) was the first counterpart detected
by the GBM instrument of the Fermi satellite less
than two seconds after the GW alert. After 11h, the
optical counterpart, the so-called kilonova, was dis-
covered by the Swope telescope. Few weeks later,
the X-ray and radio signals were discovered by the
Chandra and VLA instruments respectively. This
event started the GW-based MMA, and led to the
creation of the GRANDMA network of telescopes.
The main goals of the network are:

e Dealing with the GW alerts

e Optical follow-up
e Candidate counterpart characterisation

e Astrophysical interpretation.
The GRANDMA infrastructure development in-
volved the creation of a photometry pipeline called
Muphoten, able to create homogeneous datasets, de-
spite the instrument’s heterogeneity. Muphoten was
developed via the use of images produced during
the follow-up of the supernova SN2018cow by var-
ious telescopes, including some GRANDMA instru-
ments. The network was heavily involved in the opti-
cal follow-up of the GW alerts produced during the
03 observing run. GRANDMA followed 49 of the
53 alerts publicly distributed by LIGO and Virgo,
however, no counterpart was discovered neither by
GRANDMA nor by any other group. Despite the
non-detection, the campaign demonstrated the net-
work’s ability to follow rapidly evolving optical tran-

transient sky, gravitational waves, LIGO-Virgo

sients. In order to prepare for the upcoming O4,
two campaigns were set up. The first one consisted
in the follow-up of 12 alerts produced by the ZTF
survey. It allowed GRANDMA'’s ability to charac-
terise and classify the observed transients. This was
done based only on photometric data, which is one
of the major constraints imposed by the GW opti-
cal follow-up. Moreover, Muphoten along with an-
other independant photometry pipeline were used
to produce the datasets used for the analysis. The
use of two independent codes allowed us to evaluate
whether one of the analyses was biased. It turned
out that the results produced by Muhoten and STD-
pipe were compatible. The second campaign con-
sisted in the follow-up of Swift satellite GRB alerts
to find optical counterpart to the gamma emission,
the so-called afterglow. The analysis is still ongo-
ing for these observations. On the other hand, de-
tecting electromagnetic counterpart to GW events
requires that reliable information produced by the
LIGO Virgo detector are rapidly distributed. In par-
ticular, on of the most important for GRANDMA is
the source spatial localisation. The latter is given
by the Bayestar algorithm whose accuracy has been
tested. This was done with a percentile-percentile
test that evaluates whether the analysis is biased.
A first round of compact binary coalescence simula-
tions allowed to identify a hard-coded parameter £ as
particularly sensitive for sky-localisation. It can lead
to an overestimation of the localisation uncertain-
ties, that would result into a oversized area to cover
with the electromagnetic follow-u instruments. Ad-
ditional simulations, including an end-to-end online
analysis with PyCBC Live, were performed to find
why & was necessary to implement. Based on these,
it is suspected that £ compensate or the difference
between the source parameters and the simulated
waveform parameters used for the localisation.
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