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Titre: L’évolution des galaxies dans les amas et les groupes jusqu’à z ~ 3

Résumé: L’un des principaux défis de l’astrophysique extragalactique actuelle
est de comprendre comment la formation et l’évolution des galaxies sont influencées par
l’environnement. Les amas de galaxies sont des structures densément peuplées contenant
les galaxies les plus massives qui existent. Cependant, la majorité numérique des galax-
ies dans l’Univers habite des groupes de galaxies moins densément peuplés et le champ.
Comprendre les détails de la façon dont les propriétés des galaxies changent à l’intérieur
de ces structures, plus particulièrement, comment l’extinction de la formation d’étoiles et
la croissance de la taille se produisent, peut aider à comprendre les différents processus
sous-jacents dans ces différents environnements.

La thèse se compose de deux blocs quelque peu séparés.
Le premier bloc est consacré à l’étude de l’évolution et du rôle des effets environnementaux
sur les galaxies naines dans l’Univers Local. Je réalise une étude de cas de KDG64, un objet
du groupe M81 avec une classification transitoire entre galaxie ultra-diffuse, sphéroïdale
naine et elliptique naine. Cet objet s’avère être un bon représentant de la vaste population
de galaxies de faible masse éteintes qui sont numériquement dominantes à la fois dans les
amas et les groupes. Ici, l’histoire de la formation stellaire de KDG64, sa cinématique, les
propriétés du halo de matière noire sont estimées et des conclusions sur l’histoire de son ex-
tinction sont faites. Le destin de cette petite galaxie peut être repré sentatif de ce qui arrive
à la majorité des systèmes stellaires de faible masse dans l’univers. J’étudie également un
échantillon de galaxies naines étendues dont la formation d’étoiles s’est récemment éteinte
dans l’amas de Coma, et j’étudie l’effet de la pression dynamique sur les galaxies naines. Je
conclus qu’une grande fraction de la population de galaxies naines dans les amas pourrait
avoir été formée par ce canal.
Le deuxième bloc est consacré à l’étude de l’évolution de la taille des galaxies dans les amas à
1.5 < z < 3. Le but est de mesurer comment la taille des galaxies dans l’environnement des
amas dépend de la masse de la galaxie, de sa morphologie et du taux de formation d’étoiles.
La conclusion est qu’à ces décalages vers le rouge, nous voyons beaucoup de galaxies ellip-
tiques à formation d’étoiles, dont certaines passent par la phase de compaction. On constate
également que les galaxies de type précoce non formées d’étoiles sont significativement plus
grandes que celles du champ. L’évolution de la taille de ces galaxies entre z = 1 et z = 2
est plus lente dans les amas que dans le champ. Ce bloc démontre également une fonction
améliorée pour la relation masse-taille dans les amas qui prend en compte les objets de plus
faible masse.

Mots clefs: galaxies naines, cinématique des galaxies, amas de galaxies, évolution des
galaxies, galaxies de type précoce, taille des galaxies, matière noire, modélisation dynamique,
pression dynamique, galaxies après la flambée de formation d’étoiles
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Title : Galaxy evolution in clusters and groups up to z ~ 3

Abstract: One of the major challenges in the current extragalactic astrophysics is
understanding the ways galaxy formation and evolution are influenced by the environment.
Galaxy clusters are densely populated structures containing the most massive galaxies in
existence. However the numerical majority of galaxies in the Universe inhabit less densely
populated galaxy groups and the field. Understanding the details of how galaxy properties
change inside this structures, most notably, how quenching and size growth occur, can help
understand different underlying processes in these different environments.

The thesis consists of two somewhat separate blocks.
The first block is dedicated to studying the evolution and the role of environmental effects
on dwarf galaxies in the Local Universe. I perform a case-study of KDG64, an object in M81
group with a transitional classification between ultra-diffuse galaxy, dwarf spheroidal and
dwarf elliptical. This object is found to be a good representative of the vast population of
quenched low-mass galaxies that are numerically dominant both in clusters and groups.
Here, KDG64 star formation history, kinematics, dark matter halo properties are estimated
and conclusions about its quenching history are made. The fate of this small galaxy may be
representative of what happens to a majority of low-mass stellar systems in the universe.
Also I study a sample of recently quenched extended dwarf galaxies in the Coma cluster,
and study the effect of ram pressure stripping on dwarf galaxies. I conclude that a large
fraction of the dwarf galaxy population in clusters might have been formed through this
channel.
The second block is dedicated to studying size evolution of galaxies in the clusters at
1.5<z<3. The goal is to measure how galaxy size in the cluster environment depends on
galaxy mass, its morphology and star-formation rate. The conclusion is that at these red-
shifts we see a lot of star-forming elliptical galaxies some of which pass through compaction
phase. Also the non-starforming early-type galaxies are found to be significantly larger
compared to the field. The size evolution of these galaxies between z=1 and z=2 is slower
in clusters than in the field. This block also demonstrates an improved function for the
mass-size relation in the clusters that takes into account lower mass objects.

Mots clefs: dwarf galaxies, kinematics of galaxies, galaxy clusters, galaxy evolu-
tion, early-type galaxies, galaxy size, dark matter, dynamical modelling, ram pressure, post-
starburst galaxies
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Résumé

La présente thèse est consacrée à l’étude de l’évolution des galaxies. Il s’agit d’une branche
de l’astrophysique qui permet de retracer les changements qui se produisent à l’échelle
cosmologique par des moyens observationnels. Comme pour l’évolution d’autres types de
systèmes, l’évolution des galaxies produit une riche diversité d’objets individuels struc-
turés en de nombreuses classes régies par des processus physiques clés. L’objectif scien-
tifique général de cette branche est de décoder ces processus clés à partir de l’observation
de la population diverse des galaxies. L’apprentissage de l’ensemble des mécanismes qui
régissent l’évolution des galaxies est essentiel pour comprendre les tendances globales de
l’Univers et les prévoir dans le futur.

L’évolution des galaxies peut être étudiée à l’aide de multiples paramètres. Les plus
importants qui influencent la vie d’une galaxie sont sa structure et son activité de forma-
tion d’étoiles. Je me concentre ici sur la question de savoir pourquoi et quand les galaxies
actuellement sans formation d’étoiles (ci-après “passives”) ont cessé de former des étoiles.
Il existe de nombreux processus suggérés qui peuvent arrêter la formation d’étoiles dans les
galaxies, et il est important d’évaluer les circonstances où un mécanisme donné fonctionne
le mieux. Dans cette thèse, j’accorderai une attention particulière à la pression dynamique
(c’est-à-dire la pression exercée par le gaz extragalactique sur une galaxie qui le traverse)
dans les amas proches, car on pense qu’ils influencent puissamment l’évolution de la pop-
ulation naine.

La structure et l’évolution des galaxies peuvent être quantifiées par des relations d’échelle
(c’est-à-dire la distribution des galaxies dans des espaces de paramètres à 2 et 3 dimensions).
Elles représentent une méthode viable pour caractériser différents sous-groupes de popula-
tions de galaxies, et pour identifier les mécanismes physiques qui conduisent à la séparation
des galaxies dans ces sous-groupes. Parfois, des galaxies morphologiquement différentes
peuvent se trouver dans le même sous-groupe dans d’autres espaces de paramètres.

Ma thèse de doctorat porte sur les effets de l’environnement sur l’arrêt de la formation
d’étoiles et le changement de la morphologie des galaxies, en particulier sur les différences
entre les environnements à haute, moyenne et faible densité (amas, groupes et champ, re-
spectivement).

Tout d’abord, j’étudie l’interconnexion entre les différentes classes morphologiques de
galaxies passives naines, car elles constituent un milieu parfait pour évaluer les effets de
l’environnement sur la formation d’étoiles et la morphologie. Je quantifie les différences
entre les galaxies passives de faible masse en groupe et en amas. Deuxièmement, j’étend
l’étude des différences entre les amas et l’environnementmoyen à z = 2 où j’étudie l’évolution
de la taille des galaxies dans les amas et la compare avec le champ.

Les galaxies naines elliptiques et lenticulaires étendues sont communes dans les amas de
galaxies et les groupes riches. Un environnement moins dense est dominé par des galaxies
sphéroïdales naines (dSph) étendues de manière similaire mais moins massives. Récem-
ment, une population supplémentaire de type précoce de galaxies ultra-diffuses (UDG) en-
core plus grandes a été identifiée, suscitant une discussion sur les connexionsmorphologiques
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et évolutives potentielles entre les trois classifications. On ne sait toujours pas quelles sont
les origines des UDGs et si elles présentent des différences intrinsèques par rapport aux
autres galaxies passives naines. J’essaie ici de répondre partiellement à cette question en ex-
aminant un objet situé à l’intersection de trois classes morphologiques, une grande galaxie
dSph dans le groupe M 81, KDG 64 (UGC 5442). Cette galaxie est l’une des plus grandes
galaxies dSph dans le volume local, et la seule du groupe M 81 proche qui se prête bien
aux observations spectroscopiques à lumière intégrée. Dans cette thèse, je présente les pre-
mières mesures de cinématique stellaire résolue spatialement à partir de spectres profonds
à lumière intégrée de KDG 64. A partir de ces données, je déduis les propriétés de la popula-
tion stellaire en utilisant l’ajustement du spectre complet et l’ajustement de la distribution
d’énergie spectrale, et je trouve une population stellaire vieille, pauvre en métaux et sans
étoiles jeunes. J’estime également les paramètres du halo de matière noire en utilisant la
modélisation dynamique de Jeans. Les données ne permettent pas d’établir la forme du
halo de matière noire, mais je trouve une fraction de masse de matière noire cohérente de
∼ 90% dans le rayon de demi-lumière (Re). Je ne trouve également aucune rotation le long
des axes majeurs et mineurs. Si elle était placée à la distance de l’amas de Coma, KDG 64 au-
rait passé les critères morphologiques soft de l’UDG. Ces propriétés et la position de KDG 64
sur le Plan Fondamental indiquent qu’elle est un analogue local des petits UDGs trouvés
en abondance dans les amas de Coma et de la Vierge et qu’elle est probablement un objet
transitionnel dSph-UDG. Sa trajectoire évolutive ne peut être établie de manière unique à
partir des données existantes, mais j’interprete les données en supposant que la rétroaction
des supernovae et le chauffage dynamique par les forces de marée ont joué des rôles clés
dans la formation de KDG 64.

Les chemins évolutifs peu contraignants des galaxies ultra-diffuses peuvent également
être étudiés en identifiant les jeunes UDG et les analogues elliptiques naines peuplées
d’étoiles massives et brillantes (galaxies post-starbustes, PSG). Dans ce cas, la forte lumi-
nosité de surface permet d’obtenir des spectres avec un rapport signal/bruit plus élevé.
Grâce à l’exploration de données, 11 galaxies de ce type ont été identifiées dans les amas
de galaxies Coma et Abell 2147. Elles ont une faible masse (2× 108 < M∗ < 2× 109M⊙),
un grand rayon de demi-lumière (2 < Re < 5 kpc) et aucune formation d’étoiles en cours.
Toutes les galaxies ont des queues de matière dépourvue de pression dynamique, avec des
signes de formation d’étoiles actuelle ou récente. Aucune de ces queues ne s’éloigne directe-
ment du centre de l’amas. Leurs vitesses radiales particulières élevées (500 . . . 2000 km/s)
et leurs positions dans le diagramme caustique ∆vr − dproj de l’amas de Coma suggèrent
qu’elles ont des orbites non radiales et qu’elles sont entrées dans la partie interne de l’amas
pour la première fois. Des observations spectroscopiques profondes ont révélé des dis-
ques stellaires avec une rotation significative jusqu’à 2.5 Re contenant 70–95% de matière
noire en masse. Une grande fraction des étoiles du disque (10 à 40 %) s’est formée lors
d’explosions stellaires intenses il y a 180 à 970 millions d’années, probablement déclenchées
par la pression dynamique. Les gradients globaux observés de l’âge stellaire et l’anisotropie
des vitesses élevées corroborent ce scénario. La modélisation de l’évolution passive de la
population stellaire ainsi que le gonflement cinématique montrent que dans les 10 Gyrs à
venir, 9 des 11 galaxies se transformeront en galaxies ultra-diffuses, et les deux autres en el-
liptiques naines. Si l’on suppose que le taux de chute des galaxies est constant, 44 des galax-
ies ultra-diffuses actuelles les plus lumineuses de l’amas de Coma doivent s’être formées
via l’extraction par pression dynamique de progéniteurs discoïdes formateurs d’étoiles. La
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modélisation des galaxies spirales naines riches en gaz du sondage Little THINGS montre
que si elles tombaient sur l’amas de Coma, elles imiteraient les trajectoires évolutives des
PSG observées.

Afin d’étudier l’effet de l’environnement à des décalages vers le rouge plus élevés, j’étudie
la relation masse-taille des galaxies dans 15 amas confirmés par spectroscopie à 1.3 < z <
2.8 provenant de l’étude Clusters Around Radio-Loud AGN. Ces amas couvrent une masse
stellaire totale dans la gamme 11.3 < log(M c

∗/M⊙) < 12.6 (masse approximative du halo
dans la gamme 13.6 < log(M c

h/M⊙) < 14.6). Ma principale conclusion est que les galaxies
passives de type précoce (ci-après ETG) avec une masse log(M/M⊙) > 10.5 sont systéma-
tiquement (≳ 3σ) plus grandes que les galaxies de champ. L’évolution de la taille moyenne
des ETG passives avec le décalage vers le rouge est plus lente à 1 < z < 2 par rapport
au champ. La relation masse-taille des ETG passives montre une tendance à s’aplatir à
9.6 < log(M/M⊙) < 10.5, où la taille moyenne est log(Re/kpc) = 0.05 ± 0.22, ce qui
est largement cohérent avec les tailles des galaxies du champ. Les galaxies d’amas les plus
brillantes se situent dans la même relation masse-taille que les satellites. La moitié des
galaxies actives de type précoce, qui représentent 30% de notre échantillon de galaxies de
type précoce, suivent la relationmasse-taille des galaxies actives du champ, et l’autre moitié
la relation masse-taille des galaxies passives du champ. Ces dernières galaxies sont très
probablement passées par une fusion récente ou une interaction entre galaxies voisines, et
s’éteindraient très probablement à une époque ultérieure, augmentant ainsi la fraction de
galaxies passives de type précoce dans les amas. Une grande population de galaxies com-
pactes n’a pas été trouvée (une seule), contrairement aux objets observés dans le champ à
ces décalages vers le rouge. La taille des galaxies peut être augmentée par divers mécan-
ismes tels que des fusions mineures, ou une rétroaction du trou noir central. Cependant,
des modèles semi-analytiques montrent que la différence de taille moyenne que nous ob-
servons entre les ETGs passives dans les amas et dans le champ est trop importante pour
être expliquée par un quelconque mécanisme physiquement sensé en supposant que les
galaxies se forment avec la même taille. Au redshift z < 1, d’autres équipes n’ont pas ob-
servé de différence dans la taille moyenne des ETG passives dans les amas et le champ. Ce
changement de z ∼ 2 à z ∼ 1 pourrait être attribué au "biais du progéniteur", c’est-à-dire au
mélange des populations d’ETG du champ et des amas pendant l’accrétion cosmologique,
qui conduit à l’homogénéisation des populations de galaxies à plus faible decalage vers le
rouge.

Ces résultats établissent un cadre pour des études ultérieures de l’évolution des galax-
ies. Comme démontré dans ce travail, l’utilisation des méthodes spectrophotométriques,
structurelles et dynamiques que j’ai développées dans le cadre de ma thèse de doctorat per-
mettra des études plus complètes de l’évolution des galaxies. Plusieurs nouveaux projets
potentiels sur les amas à la fois à z = 0 et z = 2 pourraient être basés directement sur les
résultats de cette thèse.
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Abstract

The present thesis is dedicated to studying the evolution of galaxies. It is a branch of astro-
physics that allows to trace changes happening on a cosmological scale by observational
means. Like with the evolution of other types of systems, the evolution of galaxies produces
a rich diversity of individual objects structured in many classes governed by key physical
processes. The general scientific goal of this branch is to decode these key processes from
observing the diverse galaxy population. Learning the ensemble of mechanisms driving
galaxy evolution is essential to understand the global trends in the Universe and to predict
them into the future.

The evolution of galaxies can be studied using multiple parameters. The most signifi-
cant ones that influence the life of any galaxy are its structure and star formation activity.
Here I focus on the question why and when did currently non star-forming galaxies (here-
after passive) stop forming stars. There are many suggested processes that can halt star
formation in galaxies, and it is important to assess the circumstances where a given mech-
anism works best. In this thesis, I will give special attention to ram pressure (i.e. pressure
exerted by the extragalactic gas on a galaxy moving through it) in nearby clusters, as they
are thought to powerfully influence the evolution of the dwarf population.

The structure and evolution of galaxies can be quantified by scaling relations (i.e. dis-
tribution of galaxies in 2- and 3-dimensional parameter spaces). They represent a viable
method to characterize different sub-groups of galaxy populations, and to pinpoint the
physical mechanisms that lead to the separation of galaxies in these subgroups. Some-
times, morphologically different galaxies might lie in the same subgroup in other parameter
spaces.

My Ph.D. thesis focuses on the effects of environment on stopping star formation and
changing galaxy morphology, in particular on differences between high-, medium- and
low-density environments (clusters, groups and field, respectively).

Firstly, I study the interconnection between the different morphological classes of dwarf
passive galaxies, as they provide a perfect medium to asses the effects of environment on
star formation and morphology. I quantify the differences between group and cluster low
mass passive galaxies. Secondly, I extend the study of differences between clusters and
average environment to z = 2 where I study the evolution of galaxy sizes in clusters and
compare it with the field.

Faint extended dwarf elliptical and lenticular galaxies are common in galaxy clusters
and rich groups. More sparse environment is dominated by similarly extended but less
massive dwarf spheroidal galaxies (dSph). Recently, an additional early-type population of
even larger ultra-diffuse galaxies (UDGs) has been identified, sparking a discussion on the
potential morphological and evolutionary connections between the three classifications. It
remains unclear what are the origins of UDGs and if they have any intrinsic differences
compared to other dwarf passive galaxies. Here I try to partially answer this question by
examining an object lying at the intersection of three morphological classes, a large dSph
galaxy in the M 81 group, KDG 64 (UGC 5442). This galaxy is the one of the largest dSph
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galaxies in the local volume, and the only one in the nearby M 81 group well suited for the
integrated light spectroscopic observations. In this thesis I present the first measurements
of spatially resolved stellar kinematics from deep integrated-light spectra of KDG 64. From
these data I infer stellar population properties using full-spectrum fitting and fitting the
spectral energy distribution, and find an old, metal-poor stellar population with no young
stars. I also estimate dark matter halo parameters using Jeans dynamical modelling. The
data do not allow to establish the shape of the dark matter halo, but I find a consistent dark
matter mass fraction of∼ 90%within the half-light radius (Re). I also find no rotation along
both major and minor axes. If put at the Coma cluster distance, KDG 64 would have passed
the “soft” UDG morphological criteria. These properties and the position of KDG 64 on the
Fundamental Plane indicate that it is a local analogue of small UDGs found in abundance
in Coma and Virgo clusters and is likely a transitional dSph-UDG object. Its evolutionary
path cannot be uniquely established from the existing data, but I argue that supernovae
feedback and tidal heating played key roles in shaping KDG 64.

The poorly constrained evolutionary paths of the ultra-diffuse galaxies can also be stud-
ied by identifying young UDG and dwarf elliptical analogs populated with bright, massive
stars (post-starburst galaxies, PSG). In this case, the high surface brightness allows to ob-
tain spectra with higher signal-to-noise ratio. Using data mining, 11 such galaxies were
identified in the Coma and Abell 2147 galaxy clusters, having low-mass (2 × 108 < M∗ <
2×109M⊙), large half-light radii (2 < Re < 5 kpc) and no current star formation. All galax-
ies happen to have tails of ram-pressure-stripped material with signs of current or recent
star formation there. None of the tails point directly away from the cluster center. Their
high peculiar radial velocities (500 . . . 2000 km/s) and positions in the ∆vr − dproj caustic
diagram of the Coma cluster suggest that they have non-radial orbits and that they have
entered the inner part of the cluster for the first time. Deep spectroscopic observations re-
vealed stellar discs with significant rotation up to 2.5Re containing 70–95% dark matter by
mass. A large fraction of the disk stars (10–40%) formed in intense star bursts 180–970 Myr
ago, likely triggered by ram pressure. Observed global gradients of stellar age and high
velocity anisotropy corroborate this scenario. The modelling of passive evolution of the
stellar population as well as kinematical puffing-up shows that in the next 10 Gyr 9 of the
11 galaxies will transform into ultra-diffuse galaxies, and other two into dwarf ellipticals.
If a constant rate of galaxy infall is assumed, 44±16 % of the most luminous present-day
ultra-diffuse galaxies in the Coma cluster must have formed via ram pressure stripping of
disky star-forming progenitors. The modelling of gas-rich dwarf spiral galaxies from Little
THINGS survey shows that if they were to fall onto the Coma cluster, they would mimic
the evolutionary paths of the observed PSG.

To inquire the effect of environment at higher redshifts, I study the galaxy mass-size
relation in 15 spectroscopically confirmed clusters at 1.3 < z < 2.8 from the Clusters
Around Radio-Loud AGN survey. These clusters span a total stellar mass in the range
11.3 < log(M c

∗/M⊙) < 12.6 (approximate halo mass in the range 13.6 < log(M c
h/M⊙) <

14.6). Mymain finding is that cluster passive early-type galaxies (hereafter ETG) with mass
log(M/M⊙) > 10.5 are systematically (≳ 3σ) larger then field galaxies. The passive ETG
average size evolution with redshift is slower at 1 < z < 2when compared to the field. The
passive ETG mass-size relation show a tendency to flatten at 9.6 < log(M/M⊙) < 10.5,
where the average size is log(Re/kpc) = 0.05 ± 0.22, which is broadly consistent with
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galaxy sizes in the field. Brightest cluster galaxies lie on the same mass-size relation as the
satellites. Half of the active early-type galaxies, which are 30% of our early-type galaxy
sample, follow the field active galaxy mass-size relation, and the other half the field pas-
sive galaxy mass-size relation. These latter galaxies most probably went through a recent
merger or neighbour galaxy interaction, and would most probably quench at a later epoch
and increase the fraction of passive early-type galaxies in clusters. A large population of
compact galaxies was not found (only one), contrary to the observed objects in the field at
these redshifts. Galaxy sizes can be enlarged by various mechanisms such as minor merg-
ers, or feedback from the central black hole. However, semi-analytical models show that
the difference in average size that we observe between passive ETGs in clusters and field
is too large to be explained by any physically sensible mechanism under assumption that
galaxies form having the same size. At redshift z < 1, other teams did not observe any
difference in the average size of passive ETG in clusters and the field. This change from
z ∼ 2 to z ∼ 1 could be attributed to the “progenitor bias” i.e. mixing of field and cluster
ETG population during cosmological accretion, which leads to the homogenization of the
galaxy populations at lower redshift.

These results set up a framework for further studies of galaxy evolution. As demon-
strated in this work, using the spectrophotometric, the structural and dynamical methods
that I developed in the context of my Ph.D. thesis will allow more comprehensive studies of
galaxy evolution. Several potential new projects in clusters both at z = 0 and z = 2 could
be based directly on the results of this thesis.
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Chapter 1

Galaxy formation and evolution

The huge belt of hazy light spanning across the entire sky is known in all cultures on Earth.
In Europe, this belt is commonly known as the Milky Way, owing its name to the Greek
legend about Heracles. The original Greek version of the name (Γαλαξίας κύκλoς) gave
birth to a widely used synonym - the Galaxy. Our Galaxy unites hundreds of billions of
stars and spans up to a hundred thousand light years or 30000 parsec (pc) in diameter.
These vast expanses had been causing genuine interest in whether the observable Universe
equals the Galaxy, or something lies beyond. Following the brave assumption of Giordano
Bruno that the other stars might be similar to our Sun in hosting habitable planets, some
scholars of XVIII century (including Immanuel Kant and Thomas Wright) proposed that
there could be other galaxies beyond Milky Way, and that some observed nebulæ are in
fact distant stellar systems. This hypothesis has been discussed throughout XIX century
by such figures as William Herschel and Lord Rosse but was not universally accepted until
Edwin Hubble measured the distance to several nebulæ (Hubble, 1925, 1926a, 1929).

1.1 Galaxies

Colloquially, the galaxies are described as mere conglomerations of stars bound by the
common gravity. While indeed being the easiest element to detect, stars comprise only
a fraction of the matter existing in galaxies. The ever present companion of the stars is
interstellar gas that comes in three forms (H2, HI, HII), and that is constantly in interaction
with stars during their life cycle. Gas also often contains interstellar dust that has different
aggregate form but in general is located where the gas is. The common gravity potential
in the galaxy is however produced not only by the joint mass of the stars and gas, but is
dominated by the other unseen component called dark matter (DM, Rubin et al., 1980).
Finally, centers of the galaxies are usually inhabited by the massive black holes (BH, Wolfe
& Burbidge, 1970) that influence the dynamics of the inner parts of the galaxies and are
capable of producing intensive emission in all wavelengths (active galactic nuclei (AGN),
Seyfert, 1943).

The most simple parameter one can obtain from a galaxy is its brightness, or in astro-
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nomical terms, magnitude. The magnitudes are usually measured in wide chunks of the
spectrum called bands (e.g. B-band covers wavelength range ∼ 3900 − 5100 Å). The ap-
parent magnitude can be linked to the physical properties of a galaxies by normalizing it to
a fixed distance of 10 pc - this is called absolute magnitude. Galaxies generally have abso-
lute magnitudes in range −12 > MB > −23, and galaxies with MB > −18 are generally
considered dwarfs (Reaves, 1956).

The distribution of the light (in a certain band) across the galaxy is described by surface
brightness (µ) commonly measured in mag/arcsec2. A threshold of µ = 25 mag/arcsec2
was historically used to determine the visible boundary of galaxies in the era of the pho-
tographic plates (the exact value was linked to the plate sensitivity). The major axis diam-
eter of the area brighter than µ = 25 mag/arcsec2 was treated as galaxy size D25 (Red-
man, 1936). However some galaxies (including a few in this thesis) have surface brightness
µ > 25 mag/arcsec2 at all points of observation (formally making their D25 = 0), despite
still being galaxies by any other account. This caveat was partially solved by the introduc-
tion of the Holmberg radius (Holmberg, 1958) with the use of more sensitive plates allowing
to reach µH = 26.5 mag/arcsec2. Another class of size proxies emerged later, describing
the radius R% that contains a given percentage of the galaxy luminosity. The commonly
used radii from that class areR50,R80 andR90. R50 containing exactly half of the galaxy lu-
minosity is by far the most popular in the contemporary literature (for better or for worse)
and is usually called the effective radius Re.

The stellar population of a galaxy is often described by its average age and the content
of elements heavier than helium (metallicity, [Fe/H]). Also, these two parameters are used
to estimate a M/L∗ ratio, i.e. how much light does given stellar population produce per
unit mass. The properties of dark matter can be constrained from a galaxy rotation velocity
and depend on the chosen model for the DM halo, but generally include its central density
and scale radius (often defined as R200, a radius containing the average density 200 times
the critical density of the Universe).

Galaxies do exist in various types of environment. The large-scale structure of the uni-
verse resembles a foam, where galaxies are located in the walls of the bubbles forming it
(de Lapparent et al., 1986). The regions with highest galaxy density are located in the nodes
of this foamy structure and are called galaxy clusters. They contain up to several thou-
sand galaxies (Godwin et al., 1983) within a few megaparsec (Mpc) radius (e.g., Kubo et al.,
2007) and can have total masses up to a few times 1015 M⊙ at current epoch (Marriage
et al., 2011). However, clusters are numerically rare, and far more galaxies reside in the
groups, containing at most a few dozen non-dwarf galaxies. Even more galaxies inhabit
the sparsely populated walls of the bubbles, the so called filaments and sheets, where only
a few galaxies with stellar mass M∗ > 109 M⊙ are present within 1 Mpc distance (e.g. the
Local Sheet, Tully et al., 2016). Finally, the interiors of these large-scale bubbles are called
voids, where the galaxy density is very low, with individual galaxies separated by up to
2 Mpc (Pustilnik et al., 2019). As an example, the Milky Way is located in a sheet. The Local
group and the neighbouring groups all have 2-5 large galaxies and form a thin structure
that is 0.5 Mpc thick and more than 5 Mpc wide (Tully et al., 2008).
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Galaxy formation and evolution

1.2 Evolution

A definition of biological evolution states that it is a change in the heritable characteristics
of the organisms over successive generations. This process has resulted in a great variety of
eukaryotic species on Earth nearing 10 million as of now (Mora et al., 2011). Surprisingly,
this rich diversity rests on a number of universal basic elements, e.g. specific molecules
of DNA and RNA, contained by all eukaryotic cells (Koonin & Novozhilov, 2017). Such
a picture when a diverse set of objects appears, having several universally shared traits,
is observed in many fields of scientific knowledge. Sometimes the process whereby this
diverse set is created is colloquially called evolution by analogy to the diversification of
biological species species (e.g. chemical evolution, geological/planetary evolution, stellar
population evolution etc.). Interestingly, these so-called “evolutions” are often linked, e.g. it
is currently believed that biological evolution is likely to proceed to the multi-cellular stage
only if it occurs on a celestial body with a specific set of parameters (see e.g. Kopparapu
et al., 2013; Kaltenegger, 2017).

Stellar evolution is by far the one most resembling biological evolution, because stars
do change generations (get “born” and “die”) and inherit chemical composition from their
original gas cloud (Souto et al., 2019), however no star is an ancestor or a descendant of
any other. The processes occurring with galaxies through their lifetime do not strictly
match the definition of biological evolution, since the generations of galaxies do not change
with time and they do not inherit traits. The evolution of galaxies is thus comprised of
(i) evolution of their stellar population and (ii) change of global galactic properties with
time. However, the diversity in galaxy appearance and observed parameters is so large that
galaxy population looks very similar to a biological ecosystem. For that reason and having
made the clarification above, I consider calling the multitude of processes happening with
galaxies through cosmic time as galaxy evolution.

The evolution of galaxies studies some of the most basic structures in the Universe.
Galaxies first appeared as large associations of gravitationally bound matter that span kilo-
parsec (∼ 3× 1019 m) scales (Press & Schechter, 1974; White & Rees, 1978; White & Frenk,
1991) soon after the epoch of reionization and has existed ever since (Mutch et al., 2016).
Two crucial parameters of a galaxy usually determine its state of being at any time: its
structure (including morphology and size) and the star formation rate (Kennicutt, 1998).
The other parameters such as kinematics, age and chemical composition of stars, and prop-
erties of the central black hole also allow to deduce valuable information about the galaxy.
In this chapter, I will describe the physical foundations of these processes and the ways
they affect the galaxies.

1.3 Morphological transformations

The morphological classification of galaxies (i.e. their differentiation by shape) was first
introduced by Hubble (1922) and then developed (Hubble, 1926b). This picture included
so-called early type galaxies (ETG): elliptical (E) and lenticular (S0) and late-type galaxies
(LTG): spiral with (SB) or without bar (S) and irregular (Irr). The ellipticals were classi-
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fied depending on ellipticity of their isophotes (E0-E7, circular to the most elongated ones),
and spirals were classified by the extension and prominence of their spiral arms (Sa-Sc,
from small and tight to large and open spirals). This classification was enhanced by de
Vaucouleurs (1959) who added late Sd and Sm classes as well as dwarf spheroidal (dSph)
systems. Since then many more new classes have been added to the classification, such as:
dwarf ellipticals (Sandage & Binggeli, 1984), giant low surface brightness galaxies (Bothun
et al., 1987), compact ellipticals (Wirth & Gallagher, 1984), ultra-compact dwarfs (Drinkwa-
ter et al., 2000), ultra-faint dwarfs (Simon&Geha, 2007), ultra-diffuse galaxies (van Dokkum
et al., 2015a), and some more.

Though initial Hubble classificationwas not intended as evolutionary (seeHubble, 1927),
it is clear that some morphological transformations do occur in galaxy lifetime. Hence the
question arises, what is the relation between morphological classes? Is it a matter of de-
scription, or the differences are indeed evolutionary?

For example, low-luminosity early-type galaxies with no current star formation are
the numerically dominant population in galaxy clusters (Sandage & Binggeli, 1984; Fergu-
son & Sandage, 1988). These galaxies are commonly called dwarf ellipticals (dE) or dwarf
lenticulars (dS0) and typically have stellar masses M∗ ∼ 108 − 109M⊙ and effective radii
0.5 − 2 kpc. Galaxy groups, on the other hand, are numerically dominated by yet fainter
dwarf spheroidal galaxies (dSph) similar to dE in half-light radius (re ∼ 0.5 − 2 kpc) and
morphology but with 10 − 100 times fewer stars (Grebel et al., 2003). Sandage & Binggeli
(1984) found extended low-surface brightness galaxies with larger radii (re = 1.5−4.5 kpc)
and stellar masses similar or smaller than dEs. van Dokkum et al. (2015a) proposed that
these ultra-diffuse galaxies (UDGs) constitute a distinct galaxy class. UDGs were found in
large quantities first in the Coma cluster and later in other clusters and groups (Muñoz
et al., 2015; Mihos et al., 2015; Janssens et al., 2017; Wittmann et al., 2017; Zaritsky et al.,
2021).

How these morphological classes relate to each other and the evolutionary processes
leading to their structural differences remain uncertain (Conselice, 2018). UDGs are the
most puzzling because they share characteristics with both dE and dSph (e.g., Chilingarian
et al., 2019; Chamba et al., 2020). Understanding the origin of UDGs is a crucial step in our
studies of the evolutionary history of early-type dwarf galaxies.

Another good example is late- to early-type transformation at high and intermediate
redshift. The dependence between galaxy morphology and the environment it resides in
was first discovered at z = 0 (Dressler, 1980; Postman & Geller, 1984) and then at higher
redshifts (Couch & Sharples, 1987; Dressler et al., 1997; Tasca et al., 2009). It is thought and
observed that at very early epochs LTGs dominate in all environments (van der Wel et al.,
2014), however this already changes by z = 2 where many ETGs are observed (Whitaker
et al., 2010; Chang et al., 2013; Noordeh et al., 2021). This transformation is also connected
to the environment since first large ETG populations appear in galaxy clusters or proto-
clusters (Thomas et al., 2005).

12



Galaxy formation and evolution

1.4 Quenching

One of the important parameters that determines the state of a galaxy is a rate at which it
forms stars (SFR). However, a sizeable fraction of the galaxies in the universe forms stars
at trace rates close to 0. These objects are colloquially called passive, and those where
star formation occurs - active. The star formation intensity is usually determined through
specific star formation rate (sSFR), which is defined as sSFR = SFR/M∗ yr−1. For a
galaxy to be considered passive at z = 0, its sSFR should be below a threshold value
sSFRcrit ∼ 10−11.5 yr−1 (Damen et al., 2009). This value increases with redshift, up
to sSFRcrit ∼ 10−9.5 yr−1 at z ∼ 2 (Whitaker et al., 2014; Leja et al., 2019). The suppres-
sion of star formation in a galaxy below the critical level marks one of the most significant
events in its life, and is called quenching (Faber et al., 2007). A logical assumption is that all
currently passive galaxies has gone through quenching and all galaxies were star-forming
at some larger redshift, since their stars must have been formed (Bell et al., 2004). The
knowledge when and how this happened (if at all) for a given galaxy or for their popula-
tion might provide valuable clues to the history of galaxy evolution.

I shall start with the latter question: how does quenching happen, i.e. which physical
processes make further star formation impossible? Quenching might occur via different
channels: currently there are half a dozen proposed quenching mechanisms that work un-
der certain conditions.

The more obvious way to quench the galaxy is to simply wait until it exhausts all re-
serves of gas due to continuing star formation. Since for a common spiral galaxy with
MB ∼ −20 . . . − 21 the gas depletion time is τ ∼ 2 × 109 years (Bigiel et al., 2008), the
galaxy will stop forming stars in 2 Gyr in case no external gas falls onto it. The gas exhaus-
tion might be facilitated by a bar (Gavazzi et al., 2015; Khoperskov et al., 2018) or by the
interactions that often happen in dense environments (so-called harassment, Moore et al.,
1996). Dense environments are also effective in cutting off the external gas supply due to
high temperature and pressure of the intracluster gas (strangulation, Balogh&Morris, 2000;
Fujita, 2004; van den Bosch et al., 2008; Peng et al., 2015).

The other important type of quenching that happens in dense environments (especially
in clusters) is ram pressure stripping (Gunn & Gott, 1972). Similarly to removal of the
external gas reservoir, it is caused by the hot intracluster gas. When a galaxy travels through
this gas at orbital speeds ∼ 1000 km/s, the force of ram pressure F ∼ ρv2 can overcome
the gravitational force that bounds galaxy’s own gas, leading to its removal. This process
always happens outside-in: outer parts get quenched first since the gravitational potential
there is weaker. Ram pressure is more effective at high speeds relative to the ICM, and at
low galaxy masses (since the overall gravitational potential is weaker).

The gravitational potential governs another mechanism of quenching that is exclusive
for the dwarf galaxies: supernovae (SN) feedback (Dekel & Silk, 1986). It is based on the
fact that SN type-II, that appear few Myr after the first stars were formed, generate strong
outflows of gas reaching several hundred km/s. This speed is often sufficient for gas to leave
the gravitational potential of the host galaxy forever. A single supernova influences only
its immediate vicinity (several dozen parsec), however after many SN bursts the gas will
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become depleted across much larger spaces. This quenching mechanism works better in
low-mass galaxies, some studies (Su et al., 2018) show that for ultra-faint dwarf galaxy even
one strong hypernova is enough to severely disrupt star formation. SN feedback is currently
thought to be the main driver of quenching in the low mass systems withM∗ < 108M⊙

Another way to quench the galaxy is feedback from an active galactic nucleus (AGN,
Springel et al., 2005). The exact physical mechanisms of AGN quenching are still unclear,
but the dominating paradigm is that strong AGN emission and outflows may prevent cool
external gas from accreting on the galaxy (Bower et al., 2006; Khalatyan et al., 2008; Dubois
et al., 2010). This process plays an important role in galaxy simulations (Dubois et al.,
2013; Weinberger et al., 2017), but the observational studies of this phenomenon are less
conclusive (Schawinski et al., 2007; Fabian, 2012; Le Fèvre et al., 2019; Silk & Nusser, 2010;
Cresci et al., 2015; Combes, 2017; Smirnova-Pinchukova et al., 2022).

Finally, when two galaxies of comparable mass (Mbig/Msmall < 3 − 4) merge, and
at least one has gas prior to the collision, quenching ensues after the coalescence. This
happens because a) the star formation rate is enhanced pre-merger by tidal interaction; b)
such merging destroys the gas disk that subsequently falls closer to the center, building a
star-forming ring (i.e. Cortijo-Ferrero et al., 2017) with extremely high SFR. Due to this
process almost all gas gets consumed by star formation.

Next, one has to take into account the epoch when a galaxy was quenched. The average
star formation density in M⊙ per year per 1Mpc3 has peaked around z ∼ 2 (Madau et al.,
1998;Madau&Dickinson, 2014) and has been decreasing since. However, this average value
is dominated by the field, i.e. the low-density environment. The high-density environment
shows earlier peak (Elbaz et al., 2007; Estrada-Carpenter et al., 2020) often with starbursts
(Wang et al., 2016). Galaxies that are already passive are observed in clusters up to z =
3− 4 (i.e. Gobat et al., 2012; Glazebrook et al., 2017; Merlin et al., 2019), which means that
quenching in clusters started very early in the history of the Universe. This observation is
compounded by the discoveries of galaxies with extremely old stellar population (Trujillo
et al., 2014; Ferré-Mateu et al., 2017) and no traces of more recent star formation. At the
same time, quenching is actively happening in the local Universe (i.e. Boselli et al., 2016)
in all environment. Most of the currently passive galaxies should have been quenched at
some point between these epochs and there are indications that this process did not happen
uniformly (Tal et al., 2014; Fumagalli et al., 2014). The questions requiring answers are:
when was the “optimal” quenching time for eachmorphological type, how this is connected
to the environment, and how these quenching trends will evolve into the future.

Under current scientific consensus there is no universal mechanism that could explain
all instances of quenching. The quenching mechanism, its duration and epoch can vary
drastically depending on circumstance. It turns out that very process of star formation is a
fragile thing that can be disrupted by various mechanisms (as described above), and both
high-mass and low-mass star-forming systems are susceptible. Given the fragility of the
star formation, it is remarkable that among the Local Universe galaxies withM > 1010M⊙
the star forming spiral galaxies are numerically prevalent. The study of quenching mecha-
nisms and epochs is essential to understand how galaxies transform from star-forming into
passive, and what fate awaits those that did not yet experience this process.
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There is also a bit of confusion in the literature between, e.g. early-type galaxies and
passive galaxies, since some researchers use these terms as interchangeable. In the present
thesis I will strictly follow the notion that early-/late-type separation defines only the mor-
phological state of a galaxy, and passive/active separation defines only the state of its star
formation.

The relation between morphology and quenching has long been debated in the com-
munity (Martig et al., 2009). There has been observational evidence for morphology driven
quenching (Bell et al., 2012; Whitaker et al., 2017; Lu et al., 2021) especially at high galaxy
masses, quenching induced morphological changes (Grishin et al., 2021), and both mor-
phology and star-formation changing together (Bruce et al., 2012), possibly due to a third
factor (Davies et al., 2020). Currently the causal connection seems complicated with bulge-
dominated morphology being an amplifying prerequisite, but not the trigger for quenching
(Bell et al., 2012; Fang et al., 2013) and it appears that local conditions for each galaxy (e.g.
environment) also have significant impact on this causal link (Kawinwanichakij et al., 2017).

1.5 Scaling relations

The evolution of galaxy parameters can be studied most easily through so-called scaling
relations. Each relation displays galaxy population in certain parameter space, and for each
galaxy one can model its path across this space if some crucial event in its life occurs.

One of the most basic discovered scaling relation was that between the luminosity and
the velocity dispersion (L ∼ σ4) in the elliptical galaxies (Faber & Jackson, 1976). Soon a
similar relation for the spiral galaxies was found by Tully & Fisher (1977) with luminosity
related to the rotation velocity (L ∼ vβ , β = 3 − 4 depending on photometric band). For
the elliptical galaxies, a further extension was proposed by Djorgovski & Davis (1987) by
adding a third parameter (effective radius), so that galaxies line up in a plane (thus this
relation is called Fundamental Plane). The Tully-Fisher relation was in turn modified to
link the rotation velocity with the baryonic mass (stars and gas) of a galaxy asMbar ∼ v4rot
(Baryonic Tully-Fisher relation McGaugh et al., 2000). These four relations represent the
connection between kinematical and physical properties of strongly rotating and weakly
rotating galaxies, allowing one to infer physical parameters just frommeasured kinematics.

The important piece of information that one can obtain about a galaxy is its size. There
are many options to define or estimate the size of a galaxy. The most popular options are
isophotal diameter D25, Petrosian radius rpetro (Petrosian, 1976) and effective radius Re,
though all three do not actually represent the true size, but rather a proxy of how large
galaxy is. PresentlyRe is by far the most popular size proxy in the literature, typically used
together with approximating the light distribution of a galaxy (or one of its components)
by a Sérsic profile (Sersic, 1968). The profile is described as:

I(R) = I0 exp

[
−bn

(
R

Re

)1/n
]
,

whereRe is the effective radius, n is called Sérsic index, and bn is a normalization coefficient
depending only on n.
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With that, the use of the effective radius as a size proxy brings some inherent limitations
and perplexities. A detailed description of the Re caveats is provided in Graham (2019). I
shall reiterate here that the single-Sérsic fitting of the objects, wheremore than one physical
component is suspected to be present (e.g. S0 galaxies), might yield misleading values of
structural parameters (Re and Sérsic n). None the less, in some cases (e.g. galaxy studies at
z = 1.5) one has to resort to single-component fitting, since even theHubble Space Telescope
imaging does not provide enough resolution to confidently fit an observed galaxy by two
Sérsic profiles. Another noticeable Re caveat is described in Chamba et al. (2020), where
dwarf galaxies with different light concentrations (and hence different effective radii) are
shown to have similar radii of threshold surface density (e.g. M∗ = 1M⊙/pc2). I shall bring
the attention of the reader that in this manuscript, the word size is used as a synonym for
the effective radius Re – this is a conscious simplification to match the terminology widely
used in the literature (i.e. the mass-size relation, which is actually based on the effective
radius). One must remember that these are not the same and the effective radius is only a
proxy (often not the best one) for the galaxy size.

Other famous scaling relations reflect dependence between color andmagnitude (Sandage,
1972; Chilingarian & Zolotukhin, 2012), mass of the central black hole and the bulge (Kor-
mendy & Ho, 2013), dark matter halo mass and stellar mass (Moster et al., 2010) etc. In this
work however I will specifically focus on the mass-size relation in the intermediate redshift
clusters as a metric for galaxy evolution.

In the local Universe and up to z = 3 the most massive galaxies are also among the
largest (Kauffmann et al., 2003; Gadotti, 2009; Poggianti et al., 2013; Huertas-Company et al.,
2013b; Fernández Lorenzo et al., 2013; Delaye et al., 2014; Belli et al., 2014; vanDokkum et al.,
2015b). For example, local elliptical galaxies follow a rather tight relation with intrinsic
scatter less than 0.3 dex (Nair et al., 2011; Bernardi et al., 2011b,a, 2014). This dependence
is called galaxy mass-size relation (MSR) and provides an insight on the past and present
evolution of galaxies.

The first results on the mass-size and size-luminosity relation at z = 1 and beyond to
z = 3 were reported by Trujillo et al. (2004, 2006); McIntosh et al. (2005) who initially did
not find strong size differences for massive (M∗ > 2− 3× 1010 M⊙) galaxies at 2 < z < 3
compared to z = 0, but later claimed that galaxies at z = 2.5 are on average two times
smaller. Later results (Trujillo et al., 2011; Mosleh et al., 2011; Dutton et al., 2011; Szomoru
et al., 2012) confirmed that the stellar mass-size relation was already in place at least at
z = 1, but its normalization increased at low redshift.

The arrival of the new data, such as the Cosmic Assembly Near-infrared Deep Extra-
galactic Legacy Survey (CANDELS; PI: S. Faber, H. Ferguson; Koekemoer et al., 2011; Grogin
et al., 2011), and new observational techniques, such as strong lensing (Yang et al., 2021),
confirmed this view. van der Wel et al. (2012, 2014) measured the MSR redshift evolution
for both passive and star-forming galaxies in the field in the redshift range z = 0−3. They
demonstrated that the slope of the MSR does not evolve for both populations. However,
galaxies become more compact with increasing redshift, which was explained by Carollo
et al. (2013) by the fact that the Universe was more dense in earlier times, and the galaxy
density evolves approximately as the density of the Universe.
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The shape of theMSR is consistent with a scenario in which galaxy growth is dominated
by star formation due to cold gas accretion up to a certain mass (which is redshift- and size-
dependent, corresponding approximately to M = 1011M⊙ at z = 2 and Re = 1 Kpc) and
by galaxy mergers at higher masses (e.g., Shankar et al., 2013; van Dokkum et al., 2015b;
Zanisi et al., 2020) In fact, hierarchical models could explain the fast size growth of giant
elliptical galaxies only by sequential minor dry mergers since z = 2 (Naab et al., 2009;
Trujillo et al., 2011; Newman et al., 2012; van Dokkum et al., 2015b). On the other hand,
spiral galaxies do not require minor mergers, since their growth can be attributed to cold
gas accretion (Dekel et al., 2009).

It is less clear though if galaxies in clusters and in the field evolved in the same way.
Semi-analytical models predict a moderate to strong environmental dependence in the local
Universe (Shankar et al., 2014). However, observational results are contradictory. Several
works have shown that this relation is independent from environment (e.g., Guo et al., 2009;
Weinmann et al., 2009; Cappellari, 2013; Huertas-Company et al., 2013b; Mosleh et al., 2018).
Others found that cluster early-type galaxies (ETG) are smaller than those in the field (e.g.
Poggianti et al., 2013), however they included a large fraction of S0 galaxies which appear to
have smaller radii then elliptical galaxies at fixed stellar mass (Bernardi et al., 2013; Huertas-
Company et al., 2013a), and different environmental relations (Erwin et al., 2012; Sil’chenko
et al., 2018). On the other hand, Huang et al. (2018) found that massive galaxies in clusters
are as much as 20%-40% larger than in the field with deep observations with the Hyper
Suprime-Cam (see also Yoon et al., 2017). Cebrián & Trujillo (2014) found that both early-
and late-type galaxies are slightly larger in the field, with the difference being the most
pronounced at low masses (log(M/M⊙) ≲ 10.3).

For spiral galaxies, the environmental dependence of theMSR is evenmore pronounced:
its scatter is much larger (Maltby et al., 2010; Cappellari, 2013; Lange et al., 2015, though
Cebrián & Trujillo (2014) found slightly lower scatter in clusters for late-type galaxies) and
disks are smaller in clusters (Kuchner et al., 2017; Demers et al., 2019). This means that
dense environments either destroy disks or inhibit their growth, for example through tidal
interactions, ram-pressure, and/or strangulation (Boselli & Gavazzi, 2006).

1.6 Scientific problems

The environmental effects on galaxy evolution are rather strong: the three major groups
of phenomena listed above tend to have pronounced differences in clusters and the field.
Thus studying the role of environment is crucial in painting a coherent picture of galaxy
evolution. The morphological transformations are also interesting, especially given that
they are often correlated with quenching, but it is not always clear if there is a causal
connection. In this general field, there are several more specific questions to be answered
that motivated my research.

Firstly, the status of recently identified class of low-mass extended ultra-diffuse galaxies
(van Dokkum et al., 2015a) among other types of dwarf (and non-dwarf) galaxies is cur-
rently under heated debate. It is not clear whether they form a physically distinct galaxy
class (van Dokkum et al., 2015a; Danieli et al., 2019; Forbes et al., 2020; Brook et al., 2021;
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Danieli et al., 2022; Villaume et al., 2022) or represent a “diffuse version” of other dwarf
galaxy classes (Conselice, 2018; Chilingarian et al., 2019; Bogdán, 2020; Chamba et al., 2020;
Kadowaki et al., 2021; Jones et al., 2021; Jackson et al., 2021). The clarification of this problem
requires detailed studies of not only UDGs, but also dwarf elliptical and dwarf spheroidal
galaxies to understand their similarities and differences, e.g. stellar population properties,
kinematics, dark matter content, globular cluster systems, environment etc. The homoge-
neous spectrophotometric survey of dwarf galaxies belonging to all three classes would cer-
tainly help understand the position of UDGs in relation to other dwarfs, but such a survey
needs some preparatory work. Thus, I performed a pilot study of a transitional dSph-UDG
object in M 81 group to meet the following goals:

• Inquire whether the ground based integrated light spectral observations of such faint
objects are sufficient to recover their kinematics and stellar population. The positive
outcome would be the basis of a larger survey covering∼ 100 galaxies of dSph, UDG
and dE/dS0 classes.

• Develop and test a dynamical modelling algorithm that allows to estimate the param-
eters of the dark matter halo (and possibly compare different halo models).

• Understand the evolutionary differences between similar objects in group and cluster
environment.

Secondly, the evolutionary path of the ultra-diffuse galaxies is also unclear. The last
point from the list above clearly requires better understanding of the processes leading
to UDG formation in clusters. Specifically one might wonder how to form such diffuse
and extended quiescent galaxies. Several channels have been proposed to date, e.g. “failed
galaxies” (Yozin & Bekki, 2015), galaxy mergers (Baushev, 2018), collisions (Silk, 2019) and
interactions (Bennet et al., 2018), stellar feedback (Chan et al., 2018a), tidal heating (Carleton
et al., 2021) and ram-pressure (Jiang et al., 2019; Grishin et al., 2021). However it appears that
no single mechanism can explain the entire UDG population alone. Here I studied one of
the potential UDG formation channels in clusters, namely ram-pressure driven quenching
of dIrr and dwarf spiral galaxies. This was done by analyzing the stellar population and
kinematics of recently quenched post-starburst dwarf galaxies in Coma cluster. The goals
of this study were:

• Demonstrate that ram-pressure stripping is indeed a viable channel of UDG forma-
tion, i.e. that some observed post-starburst galaxies will transform into UDGs.

• Estimate the efficiency of this channel, i.e. howmany present day UDGs were formed
like that.

Thirdly, the topic of galaxy evolution in clusters could be extended to higher redshifts. It
is important to know how cluster galaxies were different from field galaxies at z = 2, when
did these differences appear, and why. In the local Universe, the galaxy sizes in clusters
and in the field are generally consistent, bot for passive early-type galaxies and for active
late-type galaxies (Huertas-Company et al., 2013a,b; Bernardi et al., 2014), even if some
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works find some environmental dependence, with cluster galaxies being larger (Cebrián &
Trujillo, 2014). At higher redshift 0.86 < z < 1.34, ETG/passive galaxy sizes in clusters
and in the field are mostly similar (e.g., Rettura et al., 2010; Huertas-Company et al., 2013a;
Marsan et al., 2019; Kelkar et al., 2015; Matharu et al., 2019). Matharu et al. (2019) also
provided a model scenario demonstrating that if the ETG sizes were different in clusters
and field, they could be homogenized by the infall of the field galaxies into the clusters
already by z = 1. At z ≳ 1.3 some works (Delaye et al., 2014; Mei et al., 2015; Matharu
et al., 2019) pointed out that cluster galaxies have higher average sizes than the field, when
the mass-size relation is taken into account.

With the access to the newCARLA data covering clusters at 1.3 < z < 2.8 the following
questions arose:

• What are the fractions of passive/star-forming and early-/late-type galaxies in these
clusters. This question was addressed in a paper lead by Simona Mei (Mei et al., 2022)
for which I mainly helped in the galaxy-star separation and final catalog characteri-
zation. I will not describe in detail this paper in this thesis, but only the elements that
are important for the second questions below that I lead.

• What is the mass-size relation in these clusters, and how the galaxy size in clusters
relates to the size in the field.

The body of this thesis is split into three chapters. Each chapter is dedicated to one
of the three problems noted above in corresponding order. It is my earnest hope, that
combined they provide a valuable advance in understanding the role of environment in
galaxy evolution.
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Dwarf qiescent evolution

Ultra-diffuse galaxies represent a unique class of very diffuse objects that could serve as
a perfect testing ground for theories of galaxy evolution and galaxy structure. However,
their low surface brightness makes the spectroscopical studies difficult (Grishin et al., 2021),
and there exists only a handful measurements of stellar population parameters and stellar
velocity dispersions for such objects (Beasley et al., 2016; van Dokkum et al., 2016; Danieli
et al., 2019; Chilingarian et al., 2019; van Dokkum et al., 2019; Gannon et al., 2020, 2021).
The internal dynamics and dark matter content of UDGs remain poorly constrained.

The nearest known genuine UDG is 13 Mpc distant (Monelli & Trujillo, 2019). At that
distance only the brightest RGB stars are detectable, using HST, thus detailed stellar pop-
ulation analysis is impossible. Finding UDG-like candidates in the nearest groups would
help us understand UDG formation and evolution. The largest quiescent dwarf galaxy in
the Local Group, Fornax dSph, clearly cannot be considered as a UDG, because of its rela-
tively small 700 pc effective radius and high (∼ 23mag arcsec−2) average surface brightness
(Zaritsky et al., 2006).

The nearby M 81 group has 4 dwarf quiescent galaxies with re ≥ 1 kpc but one (F8D1,
Caldwell et al., 1998) is located behind Galactic cirrus, another (IKN, Karachentsev et al.,
2004) lies close to a 9-th mag star, and a third (KDG 61, Makarova et al., 2010) is located
very near M 81 with projected foreground star-forming regions and likely experiences tidal
disturbance. The remaining dSph, KDG 64, is an excellent candidate for deep integrated-
light spectroscopy. KDG 64 is one of the largest known dSph, and it borders the UDG and
dE regimes in size and surface brightness.

KDG 64 is interesting exactly because it borders multiple dwarf galaxy sub-classes. Its
distance of 3.73 Mpc (Tully et al., 2016) enables HST photometry of individual stars but
precludes obtaining individual stellar spectra. KDG 64’s angular size, surface density and
distance places sufficient stars located within a spectrograph slit to measure the average
stellar velocity dispersion (σ) along the line of sight. The stochastic influence of individual
stellar velocities is expected to be insignificant (Dubath et al., 1992).

My intent in this chapter is to measure stellar population properties and kinematics in
the dwarf spheroidal galaxy KDG 64. The kinematics are used to assess the properties of
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the dark matter halo of this galaxy through an adapted Jeans dynamical modelling algo-
rithm. I performed the spectral analysis, aperture photometry and photometry with Galfit,
as well as dynamical modelling. I would like to thank Igor Chilingarian for managing the
observations and reducing the spectral data, Kirill Grishin for the the Binospec mask de-
sign and advice on full specrtum fitting, and Dmitry Makarov for performing star counts
on archival HST ACS images. This chapter has been submitted to the journal Astronomy
& Astrophysics as a paper (the draft is in the appendix). I thank Igor Chilingarian for help
writing the text of this chapter and the paper, and the other co-authors for their valuable
comments on the text.

2.1 Sample

The observations were performed with Binospec, a multi-object spectrograph at the 6.5-
m telesope of the MMT observatory (Fabricant et al., 2019). This spectrograph has been
demonstrated to suit well for the observations of low surface brightness targets due to
a high throughput in the blue channel (i.e. Chilingarian et al., 2019). The spectra were
obtained under an institutional observing time proposal (Harvard & Smithsonian Center
for Astrophysics, PI: Chilingarian) on two consecutive nights: November 6&7, 2018 in a
service mode using Binospec’s 1000 gpm gratings with wavelength coverage 3,760 Å –
5,300 Å and R = 3, 750 − 4, 900 (σinst = 34 − 26 km s−1). The total integration time of
3h 20 min was split into 20 min-long exposures. The observations were conducted with
seeing 0.9–1.3 arcsec and good transparency during dark time. The observing team took
arc lamp and internal flat field frames at night time and high signal-to-noise sky flats during
the day to characterize the spectral resolution across the field and wavelength range.

Kirill Grishin designed a single slit mask with three primary slits for KDG 64: two
50 arcsec-long slits along the major axis and one 20 arcsec-long slit along the minor axis.
The major and minor axis slits are tilted by 35 deg and 55 deg to the direction of the disper-
sion, respectively. To prevent spectra from overlapping, the second major axis slit begins
28.5 arcsec from the galaxy centre. A background galaxy located near the geometric centre
of KDG 64 was excluded. The mask PA value was set to +165 deg (see Fig. 2.2).

The data were reduced by Igor Chilingarian with the Binospec pipeline1 (Kansky et al.,
2019) that produces flux calibrated, sky-subtracted, rectified, and wavelength calibrated 2D
long-slit images (plus flux error frames) for each slitlet. The image scale is 0.24 arscec pix−1

along the slit and the wavelength sampling is 0.38 Å pix−1. We used non-local sky sub-
traction (i.e. a global sky model computed from all “empty” regions in all slits in the mask)
optimized for low surface brightness targets.

The source has been previously observed with space- and ground-based telescopes. For
the photometry I used the following publicly available archival data:

1. HST Advanced Camera for Surveys (ACS) images (obtained for a TRGB distance mea-
surement) that resolve KDG 64 into individual stars (PID 9884, PI: Armandroff) in the
F606W and F814W (Cousins Ic) bands;

1https://bitbucket.org/chil_sai/binospec/src
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Figure 2.1: A Subaru/HSC color-composite (g- and i-band) image of KDG 64. Source: Subaru
HSC Legacy Archive.

2. R-,B- andV -band images from the 2.1mKPNO telescope (PID 0117) for low-resolution
2-D surface photometry (300 s exposure time per band and 0.3 arcsec pix−1 scale);

3. GALEX images in NUV and FUV bands;

4. Spitzer Space Telescope IRAC1 3.6 µm and IRAC2 4.5 µm images.

2.2 Methods

2.2.1 Full spectrum fitting

I analysed the global properties of the KDG 64 stellar populations by modelling the inte-
grated spectrum from the inner 12 arcsec of the major axis slitlet (Fig. 2.3) and the multi-
wavelength spectral energy distribution. I used theNBursts+phot technique (Chilingarian
& Katkov, 2012) that computes the position of a local minimum of the (1 − wphot)χ

2
spec +

wphotχ
2
phot statistic. Here χ2

spec and χ2
phot are the χ2 statistics for a spectrum and an SED
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Figure 2.2: Left: long slit spectra along galaxy major and minor axes. Right: slit positions
overlaid on an HST false-color (F606W/F814W ) image.

respectively, and wphot is the statistical weight of the residuals in the SED fitting. I mod-
elled the optical spectrum from spectral templates interpolated to the specific values of
stellar age and metallicity, convolved with the Gaussian line of sight velocity distribution
(LOSVD) and multiplied by a polynomial continuum. I constructed a broadband spectral
energy distribution (SED) by performing aperture photometry on GALEX (NUV and FUV
bands), HST (F606W and F814W bands), KPNO (B, V, R bands) and Spitzer Space Telescope
(IRAC1 3.6 µm and IRAC2 4.5 µm) images. The PSF of each image was accounted for to
carefully subtract the foreground and background contaminants (i.e. bright stars and galax-
ies detected in the HST image).

For modelling the global stellar populations, I used Miles (Vazdekis et al., 2010) sim-
ple stellar population (SSP) models computed for Padova isochrones (Girardi et al., 2000).
The broadband SED is modelled using pegase.2-based low-resolution templates (Fioc &
Rocca-Volmerange, 1997, 1999). The spectrum is degraded to a spectral resolution of 2.3 Å.
I simultaneously modelled the observed optical spectrum integrated in the inner 12 arc-
sec bin and spectral energy distribution from UV to NIR (since further out the S/N of the
spectrum is too low to estimate stellar population parameters). The flux in each band was
extracted from an image within the elliptical isophote (b/a = 0.5) aligned with the major
axis of 100 arcsec(∼ 1.4Re) excluding the background galaxy near the centre of KDG 64 as
well as several other background/foreground contaminants. To account for potential flux
calibration errors in both the observed spectrum and Miles SSPs, I included a 15th order
polynomial continuum in the fitting procedure.

To measure internal kinematics, I also analysed a full-resolution long-slit spectrum us-
ing the NBursts technique (Chilingarian et al., 2007b,a), which implements a full spec-
trum fitting approach in the pixel space using a grid of intermediate-spectral resolution
(R = 10, 000) simple stellar population (SSP) models computed with the pegase.hr evo-
lutionary synthesis package (Le Borgne et al., 2004). I convolved SSPs with the Binospec
spectral line-spread function determined from the analysis of sky flats. As Chilingarian
et al. (2008a) demonstrated, the NBursts algorithm can recover stellar velocity dispersions
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Figure 2.3: A Binospec spectrum of KDG 64 binned within 12 arcsec along the major axis
on one side from the galaxy centre in Fλ units (left panel, black); an observed SED in AB
magnitudes (right panel, black); the best-fitting model spectra and SED (red), flux uncer-
tainties (purple) and residuals (grey line and black asterisks). The SED fitting residuals are
shown in the bottom-right panel.

(σ) down to σinst/2 at a signal-to-noise ratio of 5 per pixel. I used the restframe wavelength
range between 3900Å and 5200–5400Å for the fitting procedure. See Chilingarian et al.
(2008b); Chilingarian (2009) for a detailed discussion regarding sensitivity, systematics, and
limitations of the NBursts full spectrum fitting. I allowed a 15th order multiplicative poly-
nomial continuum correction and a constant additive term to account for uncertainties in
subtracting scattered light. The polynomial order (Npoly) is chosen to adapt to the fluc-
tuations that have λfluct ∼ 200Å scale (so Npoly ≈ 2 × λmax−λmin

λfluct
), and odd orders of

continuum consistently yield lower χ2 than adjacent even orders.

For the reduced long-slit spectra, the median signal-to-noise ratio (SNR) per pixel in the
wavelength range from 4,800–5,000 Å reached its maximum value of 1.65 in the brightest
pixel of the major axis, the closest to the galaxy centre. To reliably measure stellar velocity
dispersion of 15 km s−1 for old (10 Gyr) metal-poor ([Fe/H]=−1.5) stellar population, I
binned the Binospec dataset along the slit to increase the SNR per spatial bin. I ended up
with a total of 15 spatial bins along the major axis and 4 bins along the minor axis for
radial velocity measurements (SNR=4) and 5 spatial bins along one side of the major axis
(SNR=7) for velocity dispersion measurements. I could not measure the velocity dispersion
along the minor axis due to the 1.8X spectral resolution degradation caused by the large
tilt of the slit to the direction of dispersion. The velocity dispersion uncertainty estimate
using a script from Chilingarian & Grishin (2020) yields an uncertainty of∼ 6 km/s for the
utilized setup, meaning that measured velocity dispersions are not upper limits with high
significance. Thanks to the sufficient (> 2x the data) resolution of the pegase.hr models
and a well measured line spread function (LSF) of the Binospec spectrograph, the S/N=7
was sufficient to adequately measure the velocity dispersion.

2.2.2 Structural parameters and Dynamical modelling

For dynamical modelling one needs a global luminosity distribution that is difficult to con-
struct from HST frames with conventional 2D-photometry packages (like Galfit or Sextrac-
tor) due to the presence of resolved stars. I therefore decided to determine the structural
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Figure 2.4: A map of the stars lying above the completeness limit (blue dots) in HST/ACS
F814W image (the parallelogram-shaped chip boundaries are also displayed) . The best-
fitting Sérsic profile elliptical iso-lines are overplotted in red. The white circle in the top
chip shows masked region corresponding to a background galaxy.

parameters of KDG 64 from the magnitude-limited star counts normalized by the surface
brightness profile obtained from seeing-limited ground-based images.

DmitryMakarov used theDOLPHOT software package (Dolphin, 2000, 2016) for crowded
field photometry to identify the resolved stars in the HST/ACS F606W and F814W images
and to perform PSF photometry. Only the stars with good quality photometry were in-
cluded in the final catalogue, following the DOLPHOT recipe and parameters. He chose
only the stars lying above the completeness limit mF606W < 26.85 mag and mF814W <
25.35mag. The spatial distribution of stars has been fitted with a single-Sérsic model using
maximum likelihood. The centre coordinates, axial ratio, positional angle, effective radius,
global normalization, and Sérsic index were set as free parameters. Also he accounted for
foreground contamination following (Makarova et al., 2010) which gives a total of 30-40
stars from our Galaxy. Despite that, the distribution of stars required an additional constant
background component at a level of ∼ 190 stars which may be an effect of contamination
from M 81, M 82, and NGC 3077 The results of the star count decomposition are provided
in Figures 2.4 and 2.5.

I performed a 2-D photometric decomposition of ground-based photometric data us-
ing Galfit (Peng et al., 2010). The model takes centre coordinates, Sérsic index, effective
radius, positional angle, axis ratio and total magnitude as free parameters. All of the fit-
ted parameters except effective radius and PA are close to those obtained from star counts.
The divergence in Re and PA might be explained by the presence of a galactic cirrus at
the northern edge of KDG 64 that skews the 2-D photometric data. I used the central sur-
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Figure 2.5: The stellar surface density profile (circles) fit by a Sersic profile (red line).

face brightness from 2D decomposition as a normalization to convert the surface density
profile of the detected stars into surface brightness profile while keeping all the structural
parameters from star counts, as this method better tracks the mass distribution in KDG 64.

I base my dynamical modelling algorithm on the JAM routine (Cappellari, 2008) which
has been used extensively to model galactic kinematics in nearby and intermediate-redshift
galaxies. It solves the Jeans (Jeans, 1922) equations assuming axial symmetry. To estimate
dynamical mass-to-light ratio and mass of dark matter in KDG 64, I followed a procedure
described in Afanasiev et al. (2018) without the central black hole component. From the
MBH − Mbulge scaling relation (Kormendy & Ho, 2013), massive central black hole is un-
likely to be present in the centre of dwarf spheroidal galaxy (expected black hole mass
< 104.5M⊙), while low central velocity dispersion in KDG 64 rules out the presence of a
black hole withM > 106 M⊙. Currently there is no consensus on the presence of massive
black holes in dwarf spheroidals. Most kinematical studies do not find black holes more
massive than 105 M⊙ (e.g. Lora et al., 2009), however there is an evidence that some dwarf
spheroidals might host supermassive black holes (Bustamante-Rosell et al., 2021). I decided
to omit the black hole modelling in this case mainly because it adds an additional vari-
able to the model while the spatial resolution of the kinematics does not allow to probe the
black hole kinematic influence with sensible precision (this would likely require kinematics
measures for individual stars).

The basic JAM code does not allow a non-self-consistent (that is “mass follows light”)
as a default. The code however can be modified to handle the dark matter halo as a separate
component influencing only the overall galaxy potential. I used a self-customised version
of this code, which allows to handle a dark matter halo separately from the stars. I used
two dark matter profiles to model KDG 64, a Burkert halo (Burkert, 1995) and a NFW halo
(Navarro et al., 1997). These options allowed to model either cored or cusped dark matter
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Table 2.1: Structural parameters of KDG 64 measured using star counts in HST ACS F814W
image (left) and using Galfit analysis of 2.1m KPNO R-band deep images.

Method Star counts 2D decomposition
Re, pc 960± 25 1125± 20

Re, arcsec 53.1± 1.4 62.2± 1.1

n 1.06± 0.05 1.07± 0.01

b/a 0.45± 0.01 0.49± 0.02

PA, deg 17.4± 1.2 28.1± 0.5

distribution and compare the goodness of fit for the kinematic data between the two options.
Each of these two DM profiles is described by two free parameters and the other properties
can be analytically derived. For the Burkert halo I used ρ0 and rs, and for Navarro-Frenk-
White (NFW) profile I took Mtotal and Rs. I also calculated the total halo mass for the
Burkert profile and the dark matter fraction within the effective radius Re for both profiles
to compare the halo parameters with each other andwith the results fromChilingarian et al.
(2019). With this approach I fixed the stellar mass-to-light ratio at the value determined
from the stellar population, M/L∗,R = 1.3 (M/L)⊙ computed using pegase.2 models for
the stellar population properties of KDG 64. I modelled only spherically-symmetric dark
matter halos; oblate or prolate dark matter distributions were outside the scope of this
study.

I obtained the galaxy stellar potential from the surface brightness profile using the Mul-
tiple Gaussian Expansion (MGE) method (Cappellari, 2002). For dynamical modelling I con-
verted the darkmatter profile into multiple Gaussians by fitting 1D darkmatter density pro-
files with the mge_fit_1d procedure from Cappellari (2002) and reprojecting the resulting
Gaussians in 3D. I added the Gaussians describing the dark matter and the stellar popula-
tion potentials to obtain the final potential. I ran JAM over a parameter grid of anisotropy
βz (0 to 0.9), and inclination i from edge-on (90◦) to the minimum allowed by the galaxy
ellipticity (64◦) in 6◦ steps. The grid also included two dark matter halo parameters (central
density ρ0 and scale radius rs for Burkert halos; halo mass M200 and concentration c for
NFW halos). I also calculated the halo mass for the Burkert halo (uniquely derived from
each pair {ρ0, rs}) for comparison with the NFW halo mass. The concentration c for the
NFW profile is capped at c = 4, because for lower c values it was not always possible to
perform a MGE expansion. The dark matter density was truncated to 0 at R200 for both
profiles to prevent the divergence of the multiple Gaussian expansion procedure.

2.3 Results

I obtained structural properties of KDG 64 (Re, n, b/a) from star counts yielding best-fitting
values Re = 53.1± 1.4 arcsec, n = 1.06± 0.05, b/a = 0.45± 0.01. The light distribution
is very close to exponential. Assuming a TRGB-estimated distance modulus of 27.86 ±
0.01 mag (Tully et al., 2016), I estimated its physical size as Re = 960 ± 25 pc, placing it
among the largest galaxies of the dSph type. For M 81, the adopted TRGB distance modulus
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Figure 2.6: Resolved kinematics profiles (red and green vr data points for minor and major
axes respectively) and best-fitting Jeans dynamical models (black lines) with Burkert and
NFW dark matter halo profiles.
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Figure 2.7: Top: The confidence levels for the parameters of the Burkert DM profile (red).
Bottom: Same for the NFW DM profile. The blue dashed lines show the percentage of the
dark matter inside 1 Re for KDG 64 depending on the DM halo parameters.
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Table 2.2: Internal kinematics and stellar population properties of KDG 64 derived from
Binospec data.

Slit Major axis Minor axis
S/N, Å−1 25 10

vlos, km s−1 −18.4± 3.4 −18± 6.0

vrot, km s−1 < 2.0 < 6.0

σ, km s−1 16.8± 1.9 17 (fixed)
Age, Gyr 10.9± 1.0 11.0 (fixed)
[Fe/H], dex −1.33± 0.26 −1.33 (fixed)

Table 2.3: Best-fitting parameters of the dynamical models and their 1-σ uncertainties.

DM Halo Burkert NFW
log(M200/M⊙) 9.2+0.3

−0.5 10.2+0.4
−0.7

R200, kpc 24+6
−8 52± 20

R0, kpc or Rs, kpc 0.8± 0.35 8.8+9
−7

log(ρ0), M⊙ pc−3 or c −1.0± 0.25 6+12
−2

DM within Re, per cent 90+4
−8 91+3

−4

βz 0.8± 0.1 0.75± 0.1

Inclination, deg 72± 6 72± 6

is d = 27.79 mag (Tully et al., 2016). I calculated the full 3D distance between M 81 and
KDG 64 of r = 160 ± 20 kpc (smaller than the 230 kpc assumed in Makarova et al., 2010).
The KDG 64 andM 81 heliocentric velocities differ by∼ 20 km s−1 suggesting that the orbit
of KDG 64 aroundM 81 lies nearly in the plane of the sky, in agreement withMakarova et al.
(2010). Unfortunately it was difficult to assess if KDG 64 is located closer to the pericentre
or the apocentre of its orbit.

Themean stellar age obtained from the SED supplemented full-spectrumfitting is 10Gyr,
themetallicity is [Fe/H]= −1.3 dex, corresponding to a stellar mass to light ratioM/LR,∗ =
1.29±0.11 (M⊙/L⊙,R). The SED clearly indicates the lack of young or intermediate stellar
populations with ages 5 Gyr or younger.

The vertical anisotropy βz is rather high, with the best fitting values falling in the range
0.6 − 0.7 for both DM halos; the best-fitting inclination to the line of sight is i = 70 deg.
This means that the shape of KDG 64 is a very oblate spheroid, well represented by a thick
disc and not a thin disc geometry.

Cored (Burkert, Burkert, 1995) and cusped (NFW Navarro et al., 1997) dark matter
distributions fit equally well (∆χ2 ≈ 0.2), preventing me from probing the shape of the
DM distribution (Fig. 2.6). The best-fitting halo total masses differ by an order of magnitude
(log(MBurkert/M⊙) = 9.2 vs log(MNFW/M⊙) = 10.2). However, the dark matter fraction
inside the effective radius is the same for both halo profiles, slightly more than 90 per cent
(see iso-lines in Fig. 2.7 and Table 2.3). This result is also consistent with theM/Ldyn,R = 11
obtained under mass follows light assumption using un-modified Cappellari (2008) code.
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2.4 Conclusion

I demonstrated that one can obtain spectra of low-surface brightness dwarf spheroidal
galaxies beyond the Local group of sufficient quality to determine reliable stellar popu-
lations and to make spatially resolved kinematic measurements. I am able to perform Jeans
dynamical modelling and to estimate dark matter halo parameters. The stellar population
parameters of KDG 64 were well measured and consistent between different studies, so I
had a good reference for the stellar age and metallicity allowing to study kinematics more
precisely.

KDG 64 is located 97.5 arcmin = 106 kpc in projected distance from the M 81 center.
Even without taking into account the line of sight distance difference, I could estimate the
maximum tidal disturbance from M 81. Karachentsev et al. (2002) derive M 81’s group total
dynamical mass as ∼ 1.6× 1012M⊙, so the mass of the M 81 dark matter halo can be esti-
mated at about 2 times smaller, in agreement with Oehm et al. (2017). An initially spherical
galaxy 106 kpc from M 81 would have been distorted into an ellipsoid with expected axis
ratio a/b ≈ 1.16± 0.05 in the M 81 direction (assuming∆re is ∼ 2Mr3e

md3
). This estimate fol-

lows from a tidal force formula for a constant density object. It is a strong assumption for a
galaxy, however the decreasing stellar density and the presence of the dark matter around
KDG 64 would counteract, and the precise tidal effect can be modelled in an N-body sim-
ulation, which falls beyond the scope of the thesis. Anyway, this estimate is way smaller
than a/b = 2.2 obtained from the KDG 64 photometric analysis. Additionally, KDG 64’s
isophotes are extended along the line perpendicular to the direction towards M 81. It is
therefore unlikely that KDG 64’s elliptical shape stems from its current tidal interaction
with M 81.

Using the 3D distance d = 160 kpc I could constrain the sphere of KDG 64’s gravita-
tional influence from the Jacobi radius (see Binney & Tremaine, 2008):

Rj = d×
(
MKDG 64

3MM81

)1/3

= 24 kpc. (2.1)

Interestingly, the best-fitting value for R200 of the Burkert dark matter halo is ∼ 25 kpc
suggesting that the dark matter halos of KDG 64 and M 81 are in equilibrium. Thus, if
KDG 64’s dark matter halo is being stripped by its host, the process is gradual and should
not lead to halo truncation (see also Borukhovetskaya et al., 2022).

KDG 64 exhibits no rotation along the major axis up to 20 arcsec (∼ 360 pc, or 1/3 Re),
and beyond that radius the presence of the rotation is questionable. The minor axis also
does not exhibit rotation, consistent with the initial assumption of axial symmetry. The
dispersion profile is flat, suggesting the dark matter halo dominates the potential at all
radii. Low rotation and strong dispersion support is typical of dwarf spheroidals (Walker
et al., 2009) as well as UDGs (Chilingarian et al., 2019, Ruiz-Lara et al., 2018, van Dokkum
et al., 2019).

The κ-space Fundamental plane (Bender et al., 1992) is an important kinematics metric
for a dispersion supported virialized galaxy. This is a modification of the original Funda-
mental Plane (Djorgovski &Davis, 1987) with the rotated axes (see Figure 2.8). The
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The sources of data in the literature compilation are shown in the legend.
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κ-parameters are defined as: κ1 = (logσ0+logRe)/
√
2 (a measure ofMdyn); κ2 = (logσ0+

2logIe − logRe)/
√
6 (compactness); κ3 = (logσ0 − logIe − logRe)/

√
3 (a measure of

(M/L)dyn). KDG 64’s position in the κ1−κ3 projection is at the very edge of the ‘classical’
dSph locus (green stars). It lies comfortably on the trend relation set by globular clusters,
UCDs, UDGs and bigger dE and giant elliptical galaxies, while most of the displayed dSph
do not. The other two projections also show KDG 64 skewing to the UDG locus. These
metrics clearly display KDG 64’s transitional nature between dSphs and UDGs. The dark
matter fraction within 1re of just above 90 per cent is comparable to the values found in
Chilingarian et al. (2019) for small Coma UDGs. Walker et al. (2009) show that the dark
matter fraction in dwarf spheroidal galaxies is stable to the choice of dark matter profile.
This is also true for KDG 64. The 800 pc core size is similar to that of large dSphs (e.g
Amorisco et al., 2013).

One potential caveat that is indeed present in the kinematics interpretation is the as-
sumption that KDG 64 is oblate in shape. Prolate shapes are considered similarly plausible
for dSph and ultra-diffuse galaxies (Burkert, 2017). Indeed, the major axis kinematics of
KDG 64 does not demonstrate rotation up to ∼ 750 pc or 3/4 Re, which is often a sign of
a prolate shape. However, the assumption of a prolate rotating galaxy does not match the
data where the observed minor axis rotation is consistent with 0. It is also worth noting
that in Grishin et al. (2021) some diffuse galaxies were observed to have no rotation up to
∼ 1Re, but velocities approaching vrot beyond 1.5Re, which is consistent with oblate shape
and high anisotropy (see e.g. Dehnen & Gerhard, 1993). Another option is that KDG 64 rep-
resents a bar-like structure that rotates in the sky plane (rotation axis roughly matches the
line of sight), but unfortunately it is possible to neither confirm nor refute this hypothesis
due to slow expected proper motions of the stars (10−6 arcsec/yr). In summary, it is difficult
to establish the true shape of KDG 64 using the existing data, and an addition of prolate
morphology to JAM modelling would be an interesting future development. For this study
however, I decided to stick to the oblate hypothesis to be able to estimate the dark matter
properties.

The structural parameters of KDG 64 also resemble those of smaller UDGs in the Coma
cluster (Koda et al., 2015; Yagi et al., 2016 where the UDG selection criteria were Re >
0.7 kpc and ⟨µe,r⟩ > 24.0 mag arcsec−2). KDG 64 has Re ∼ 0.95 ± 0.1 kpc and ⟨µe,r⟩ =
23.89± 0.05 mag, so if placed inside Coma cluster and accounting for corresponding cos-
mological dimming (⟨µe⟩ becomes 24.01), KDG 64 would have narrowly passed the Yagi
et al. (2016) UDG selection criteria. KDG 64 has a rather elongated shape, so if deprojected,
its surface brightness would be even fainter. Yagi et al. (2016) catalog contains 204 galaxies
(out of total 854) with Re smaller than KDG 64, and 101 of them have b/a < 0.5. From a
morphological perspective KDG 64 is similar to the small UDGs in the Coma cluster. These
three similarities motivate the claim that KDG 64 is one of the closest UDG analogs in the
Local Universe. It could act as a calibration object for integrated light studies ofmore distant
galaxies.

The HST ACS data showed no detectable young stellar population. The full-spectrum
plus SEDfitting results, and especially theGALEX FUV andNUVfluxes support this conclu-
sion. Makarova et al. (2010) found a slight enhancement of the star formation mostly about
1.5 − 2.5 Gyr ago and an indication of very small fraction (less than 2 per-cent) of stars
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∼500 Myr old. These intermediate age stellar populations account for about 10 per cent
of the total mass. Girardi et al. (2010) reports 7 to 9 per cent of population younger than
3 Gyr (with less than 1 per cent younger than 1 Gyr) based on the AGB to RGB star ratio.
Weisz et al. (2011) indicate a more protracted star formation history, with only a half of
KDG 64 stellar mass in place 6 Gyr ago, and 18 per cent of the stellar mass formed during
the last 2 Gyr. This result is inconsistent with our results from full-spectrum fitting and
SED analysis. Lianou et al. (2010) do not infer age, giving only the metallicity which varies
between −1.72 dex and −1.39 dex depending on the chosen normalization and isochrone.
CMD-based results from Milky Way dSphs (Tolstoy et al., 2009) suggest that many of them
went through multiple phases of moderate star formation after the buildup of the bulk of
their stellar mass ∼ 10 Gyr ago. These events typically make up about 10 per cent of the
stellar mass, and happen once in 3-5 Gyr.

The best-fittingmodel for the stellar distributionwas found to be Sèrsic + constant back-
ground. This background could be attributed to either M 81 + M 82 + NGC 3077 peripheral
stars, or excess foreground stars in our Galaxy. In both cases, this background could con-
tain some young stars that might shift the age statistic derived from CMD slightly towards
younger ages, and the number of young stars detected in Makarova et al. (2010) is generally
comparable to this background value.

Boyce et al. (2001) have detected an Hi spur extending from the main cloud around
NGC 3077 to KDG 64. However it is mostly located at the radial velocity of NGC 3077,
which is about 200 kpc farther than KDG 64. This association with Hi is most likely a
projection effect, hence KDG 64 does not have any neutral gas.

The neighbours of KDG 64 in the M 81 group with comparable structural properties are
KDG 61, DDO 78, DDO 71 (KDG 63), IKN (Karachentsev et al., 2004), and F8D1 (Caldwell
et al., 1998). TheirMV ranges from −11.5mag (IKN) to −13.9mag (KDG 61), and they are
on the bright end of the dSph luminosity distribution. These galaxies all have low surface
brightnesses, around ⟨µe,r⟩ = 24.4mag arcsec−2 for KDG 61 and ⟨µe,r⟩ ≈ 25mag arcsec−2

for the remaining three galaxies. IKN hosts an unusually rich system of globular clusters
(Karachentsev et al., 2006) similarly to Fornax dSph (Buonanno et al., 1998), but its study
is severely hampered by a 9 mag foreground star projecting directly on the northern part
of the galaxy. Lianou et al. (2010) studied stellar populations of all the galaxies mentioned
above as well as KDG 64 with archival HST data. They found that the galaxies are generally
similar in their metallicities, ages and star formation histories, thus forming a cohesive
population of dwarf M 81 satellites. Future integrated light spectroscopic studies of these
objects will help understand the origin and evolution of UDG and dSph galaxy classes.

The evolutionary path of dwarf spheroidal galaxies is still a matter of debate as no sin-
gle mechanism explains the diversity of their properties (Mayer et al., 2001, 2007; Read &
Gilmore, 2005). Here I use KDG 64 properties as a case study for the main dSph formation
theories. AGN in dSph have not been discovered to date, but according to well-established
scaling between central black holes and their host galaxies (Ferrarese & Merritt, 2000; Geb-
hardt et al., 2000; Häring & Rix, 2004), they are expected to be in the intermediate-mass
range (2 to 5× 104M⊙), which will not provide enough energy output to quench star for-
mation in the entire galaxy even if the AGN accretes at the Eddington limit. The starvation
and strangulation mechanisms are also unlikely to play a major role, for their ineffective-
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ness in the lowmass regime allows dwarf galaxies to form stars in the absence of an external
gas reservoir for time periods comparable to Hubble time.

X-ray data from the XMM telescope archive2 do not demonstrate thatM 81 has amassive
halo of hot circumgalactic gas. It is well established that ram-pressure quenching is not as
efficient in groups as in clusters. In a low-density environment ram pressure is weaker – it
may not strip the gas from a dwarf galaxy but instead shield it from UV emission keeping
star formation in place (Hausammann et al., 2019). However, some models show that in
the group environment ram pressure could act together with tidal heating to completely
quench a dwarf spheroidal satellite (Mayer et al., 2006).

Supernovae (SN) feedback (Dekel & Silk, 1986) is widely considered the most common
quenchingmechanism in the low-mass stellar systems. In the absence of external forces, SN
feedback is theorized to “fire” only once in the low mass galaxies, as the gas ejected by SN
remnants is expelled forever from a galaxy potential far into the IGM. While SN feedback
provides a good explanation for the old and metal poor stellar population, it doesn’t explain
the lack of rotation in KDG 64. Dynamical modelling suggests KDG 64 is a very oblate
spheroid that does not rotate. However, if it was formed from a star forming disky dIrr
progenitor via SN feedback, some residual rotation should have been preserved after the
quenching.

It is also puzzling that KDG 64 does not contain globular clusters (GCs) or a central
star cluster (the central object shown in Fig. 2.2 is a background galaxy), while some mor-
phologically similar galaxies contain many globular clusters (Fornax, IKN), and over half
of all dwarf elliptical galaxies are nucleated (Grant et al., 2005). The majority of Milky Way
dSphs do not have any GCs, however they are typically way smaller than KDG 64. Evi-
dently, there exists some mechanism to remove them completely, and SN feedback is not
expected to influence globular clusters.

I suspect that ram-pressure stripping, SN feedback and disc heating by M 81 tides all
could have played a role in KDG 64 evolution. The old homogeneous stellar population
and high orbital anisotropy suggest that KDG 64 should have spent most of its lifetime
at moderate distance from M 81, where tidal forces are not strong enough to significantly
deform the dSph satellite or strip its DM halo, but where tidal forces significantly contribute
to the kinematical heating of the stellar component. As a result the stars gradually shift to
the eccentric orbits, and the galaxy transitions from being rotation-supported to pressure-
supported. Globular clusters are also shown to be influenced by tides that puff up the
GC distribution (Carleton et al., 2021), easing their subsequent detachment. It is possible
that the galaxy is initially quenched by SN feedback, and starts to be tidally heated soon
afterwards. This tidal evolution has been shown to be important in the models of the Local
Group dSphs (Peñarrubia et al., 2008).

2https://nxsa.esac.esa.int/nxsa-web/search
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Environment and post-starburst galax-
ies

Understanding the evolution of the dwarf galaxy population in galaxy clusters is of paramount
importance both for the study of galaxy clusters in the cosmological framework and the evo-
lution of individual galaxies in different environments. Specifically, this statement is true
for the recently emerged ultra-diffuse galaxy (UDG) class (van Dokkum et al., 2015a; Koda
et al., 2015; Yagi et al., 2016), that poses questions to the galaxy evolution theories. Initially
some UDGs were thought to be “failed galaxies” (Yozin & Bekki, 2015): massive dark matter
halos that formed few stars following rapid gas loss at an early evolutionary stage. This
gas loss could arise from the cluster environment, including ram pressure stripping by hot
intracluster gas (Gunn & Gott, 1972) and tidal interactions (Moore et al., 1996) or from in-
ternal processes such as supernovae (SN) driven winds (Dekel & Silk, 1986). Gas loss from
a low-mass star-forming galaxy will quench star formation, allowing the galaxy to evolve
into a quiescent early-type system. Recent observations (Ruiz-Lara et al., 2018) and simu-
lations (Carleton et al., 2019; Jiang et al., 2019) suggest that a dwarf galaxy can be puffed
up by SN feedback or tidal interactions and transformed into a UDG. It is unclear whether
UDGs and dEs belong to the same family (Conselice, 2018; Chilingarian et al., 2019) and
share similar evolutionary paths or if they represent different galaxy types with different
formation scenarios (e.g. Baushev, 2018).

In the previous chapter, I proposed to overcome the inherent difficulty of an in-depth
UDG study by finding the UDG analogs in the Local Volume, i.e. nearby galaxy groups.
However, this is not the only available option. Assuming UDGs were once star-forming,
one could try to find recently quenched low-mass galaxies (Poggianti et al., 2004), still con-
taining young stars, that presumably will passively evolve into dEs or UDGs later through
cosmic time. The higher surface brightness of such post-starburst galaxies (PSG, Henry &
Lavery, 1987) enables detailed spectrosopic study of both kinematics and stellar population
parameters. Thus one could hypothesize an evolutionary link between the well-studied
starburst and post-starburst dwarf galaxies and UDGs.

I would like to bring the reader’s attention to the difference between “post-starburst”
and “recently quenched” galaxies, which sometimes get mixed together in studies. The
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term “post-starburst” means (or implies) that a galaxy experienced an elevated rate of star-
formation before returning to normal or quenching, while quenching might not have been
preceded by a starburst. In other words, not all post-starburst galaxies are quenched (Miller
& Owen, 2001), and not all recently quenched galaxies are post-starburst. However, the ob-
jects studied in this chapter satisfy both definitions, so the difference is weakly pronounced.

In this chapter I attempt to develop the understanding of the environmental effects in
galaxy evolution on a sample of low-mass recently quenched galaxies in Coma and Abell
2147 clusters. Similarly to the previous chapter, I performed photometric analysis and de-
tailed dynamical modelling including dark matter, as well as population statistics calcula-
tion. These efforts were part of the study recently published in Nature Astronomy (Grishin
et al., 2021), where I am one of three authors who contributed equally. I would like to
greatly thank the other two main authors: Kirill Grishin who analyzed the spectra, devel-
oped the advanced stellar population models for recently quenched post-starburst galaxies
and modelled the passive evolution of the stellar population and disk expansion, and Igor
Chilingarian who first identified the sample, proposed and executed the observations, re-
duced the spectral data and generally managed the project. I thank Kirill Grishin and Igor
Chilingarian for help writing the text of this chapter and the paper and the other co-authors
for their valuable comments on the text.

3.1 Sample

Data mining the multi-wavelength Reference Catalog of Spectral Energy Distribution of
galaxies (RCSED, Chilingarian et al., 2017) revealed 12 blue non-starforming galaxies (mean
stellar age < 1.5 billion years) with half-light radii Re between 2.0 kpc and 5.2 kpc. The
RCSED galaxies are part of the main galaxy sample from the 7th Data Release of the Sloan
Digital Sky Survey (Abazajian et al., 2009), and form a nearly complete magnitude-limited
sample within the SDSS footprint. Nine galaxies reside in the Coma cluster (Figure 3.1), two
are Abell 2147 cluster (d = 156Mpc)members (Figure 3.2), and one is a groupmember. Four
of the nine Coma cluster members were previously classified as “blue k+a” post-starburst
galaxies (PSGs, Poggianti et al., 2004) based on their integrated-light spectra. However, a
recent starburst is needed to properly reproduce the spectra and colours of the remaining
galaxies, so they are also PSGs. Two Coma galaxies (GMP 4060 and GMP 2923) are known
to exhibit (Yagi et al., 2010) spectacular tails of material stripped by the ram pressure of
the hot intracluster medium (Gunn & Gott, 1972) with Hα emission suggesting current
star formation. Their discs, unlike most other galaxies in the the Subaru SuprimeCam Hα
survey of the Coma cluster, are not starforming. Young stars are UV-bright and expose a
250 kpc long tail in the most massive galaxy in the sample, GMP 2640 (Smith et al., 2010).
Visual inspection of Subaru HyperSupremeCam images revealed filamentary tails in both
Abell 2147 members (Figure 3.2). Deep broad-band and Hα images of the remaining Coma
galaxies also expose faint low-contrast structures near them (Figure 3.3) that are likely the
leftovers of ram-pressure-stripped tails significantly dimmed because of stellar evolution.

Blue extended PSGs were selected from the RCSED database by applying two sets of
selection criteria. One of them has a stricter stellar age limit, and another one limits the
integrated g − r colour with slightly more relaxed stellar age restriction. This allows to
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Figure 3.1: Positions of Coma cluster members selected from RCSED and one additional
galaxy, GMP 3016. The insets showing zoomed-in galaxy images were constructed from
Subaru and Canada-France-Hawaii Telescope (CFHT) optical data in the u∗, B, V and R

bands. A scale bar corresponding to 10 kpc is shown inside each inset.

minimize the loss of possible objects of interest because of the age-metallicity degeneracy
that affects the results of the full spectrum fitting of a large galaxy sample using simple
stellar population models: the reported overestimated intermediate stellar age (2–3 Gyr) is
compensated by the underestimated stellar metallicity, and this degeneracy can be resolved
by using broad-band colours. The first set of selection criteria includes:

• FHα/∆FHα < 5ANDF[OIII] < 2×10−16erg/cm2/s to select galaxies without promi-
nent emission lines.

• Mean stellar populations younger than 1 Gyr. If a spectrum of a galaxy has low
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Figure 3.2: Positions of the two Abell 2147 cluster members selected from RCSED and an
additional photometrically selected PSG, J160231.45+155749.9. The insets showing zoomed-
in images for individual galaxies (marked by red arrows) are constructed from g, r, and i

broadband Subaru HSC images. The two galaxies from the main sample exhibit tails of
stripped material. The positions of clumps in the tails are marked with white arrows.

signal-to-noise ratio (SNR), its age may shift to the higher values with lower val-
ues of metallicity due to age-metallicity degeneracy. To take into account this fact
the criteria were supplemented by joining with boolean OR a metallicity condition:
[Z/H] < −1.3 dex.

• Galaxies with spectral SNR > 4 reported by SDSS, which is typically underestimated
by 30–35%. This criterion rejects spectra with unreliable signal.

• There is no template mismatch, χ2
ssp < 1

• The extended objects were selected by setting the difference between 3-arcsec fiber
magnitude and integral magnitude greater than 0.5 mag in the r band. This criterion
selects galaxies with Re > 1.5 kpc at the Coma cluster distance.

• Blue integrated colour g − r < 0.55 mag

• Low redshift 0.015 < z < 0.06

The second filter includes the following conditions:

40



Environment and post-starburst galaxies

Figure 3.3: Low-contrast filaments suspected to be ram-pressure-stripped tails for five Coma
galaxies. For GMP 2639 I show an inverted Rc-band image binned with a 4×4 pix window.
For GMP 4118 and GMP 4348 I showHα images without continuum subtraction convolved
with a 2-D Gaussian kernel having FWHM in range 5 . . . 7 pix depending on S/N of input
images. For GMP 3176 I show a difference between B and Rc Subaru frames. A spot at the
end of the short filament in GMP 4188 pointed by an arrow is a bright Hα source.

• FHα/∆FHα < 10ANDFHα < 2.5×10−16erg/cm2/sANDF[OIII] < 2.0×10−16erg/cm2/s

• Mean stellar populations younger than 2 Gyr.

• χ2
ssp < 1

• Difference between 3-arcsec fiber magnitude and integral magnitude greater than
0.5 mag in the r band.

• Blue integrated colour g − r < 0.4 mag

• Low redshift 0.015 < z < 0.06

The joined list of galaxies that meet at least one set of criteria was compiled after re-
jecting galaxies with unreliable photometry and spectral line fluxmeasurements, leaving 12
galaxies in total. All belong to the SDSS main galaxy sample so that these 12 galaxies form
a nearly complete magnitude limited sample within the SDSS DR7 footprint. Nine galaxies
are Coma cluster members, 2 galaxies are Abell 2147 cluster members, and the remaining
galaxy is a group member (Saulder et al., 2016). In this study I considered only 11 cluster
galaxies, because the remaining object does not possess deep high-quality optical imaging
data that can be used to assess its structural properties.

Five additional galaxies were also considered as a supplementary sample. These include
GMP 3016, the remaining known Coma cluster member with Hα detected in the tail but not
in the main disc (Yagi et al., 2010). GMP 3016 is 0.03 mag below the SDSS magnitude limit
and would have been excluded by the original selection criteria. Four additional galaxies
without SDSS spectra were also included, three fainter UDGs in the Coma cluster with
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mean stellar ages< 2 Gyr (Chilingarian et al., 2019) and one photometrically selected faint
PSG in Abell 2147.

3.2 Methods

3.2.1 Spectroscopic observations and data reduction.

The 11 low-mass PSGs in the Coma and Abell 2147 clusters were observed using the high-
throughputmulti-object Binospec spectrograph (Fabricant et al., 2019) operated at the 6.5-m
MMT and reduced the data using the Binospec data reduction pipeline (Kansky et al., 2019)
optimized for extended low-surface brightness objects. All runs were executed using the
1000 line mm−1 grating with a 1 arcsec-wide slitlets with the central wavelength of 4400–
4500 Å that yielded the overall wavelength coverage of 3760 Å to 5300 Å. This configuration
provided an instrumental resolution of σinst ∼ 26. . . 34 km/s. The exposure times were 2h-
2h 20m per galaxy. Additionally, GMP 3640 was observed using the GMOS-N spectrograph
operated at the 8 m Gemini-North telescope with the 3h 25m exposure time and effective
spectral resolution σinst ∼ 45 km/s. More details on the observations are available in Gr-
ishin et al. (2021).

3.2.2 Stellar population properties and kinematics

For all PSGs Kirill Grishin simultaneously fit Binospec spectra and broadband fluxes from
the far-ultraviolet (λ = 0.17 µm) to the near-infrared (λ=4.5 µm) extracted from the same
region against a grid of pegase.hr-based PSG stellar populationmodels using theNBursts+phot
technique (Chilingarian & Katkov, 2012). These stellar population models (Grishin et al.,
2019) assume a constant star formation, followed by a starburst and the subsequent shut-
off of the star formation. The best-fitting solution yields four parameters: (i) the truncation
age (i.e. end of ram pressure stripping); (ii) the fraction of gas consumed from a primordial
reservoir before truncation, which is linked to the final stellar metallicity; (iii) the mass
fraction of stars born in the final starburst; and (iv) a coefficient for galactic winds. In ad-
dition, he obtained radial velocity (VR) and velocity dispersion of stars (σ), use adaptive
binning along the slit to reach sufficient signal-to-noise ratio to reliably measure internal
kinematics (7–10 per pixel depending on the object). The spectral resolution (R∼10000) of
the model exceeds Binospec’s (R∼4000) making it possible to measure velocity dispersion
down to 10 km/s (Chilingarian & Grishin, 2020). The details on the stellar population mod-
els can be found in Grishin et al. (2019) and on its applications to the full-spectrum fitting
in Grishin et al. (2021)

3.2.3 Structural parameters and deep Subaru images.

For Coma cluster galaxies I used deepRc-band Subaru Suprime-Cam (Miyazaki et al., 2002)
images (1470 – 7980 s exposure time) to determine structural parameters. For Abell 2147
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only raw archival SubaruHyper Supreme-Cam (Miyazaki et al., 2018) imageswere available,
so I reduced and co-added them. Using GALFIT (Peng et al., 2010) I model each galaxy
with a double Sérsic profile convolved with the point-spread-function (PSF) obtained from
Gaussian fits to non-saturated stars. I use uncertainty frames obtained from reduced, sky
subtracted Subaru images for the fitting procedure, adding sky background as a constant
value obtained from the sky variation analysis. I derive the deprojected effective radius for
each galaxy as follows. I construct the deprojected model image of the galaxy using the
parameters of the Sérsic components from the fit results, changing the axis ratio to 1. I
then measure the radius enclosing exactly half the total flux of the deprojected image. This
method can be used for these galaxies since they are expected to have no gas, and hence
no dust, so the attenuation is negligible.

I also inspected Subaru Suprime-CamB-band, V -band,Rc-band, and Hα images down-
loaded from the Japanese Virtual Observatory. Rc-band images of GMP 3176 revealed a fila-
mentary structure 70 kpc to thewest from the galaxymain body. Another galaxy, GMP 3640
has three bright filaments, emerging from its main body. Several galaxies show clumps or
other irregularities in their central parts. GMP 4060 and GMP 3640 exhibit the most notice-
able disturbances. However, they are substantially less significant in theRc band compared
to the bluer bands (V andB) and, therefore, they are likely caused by different stellar popu-
lation properties (i.e. younger stellar age) rather than variations in the stellar mass density
which would significantly affect the gravitational potential. For Abell 2147 I retrieved raw
Hyper Supreme-Cam data in the g, r, and i bands with the total exposure times of 3720, 240,
and 2160 sec correspondingly from the Subaru archive and reduced them using the Hyper
Suprime-Cam pipeline. In g-band images both Abell 2147 galaxies reveal faint tails with
a complex filametary structure reaching 70 kpc in length. Both these tails point roughly
towards the cluster centre. The brightest filaments of these tails are also detected in the r
and i bands.

3.2.4 Dynamical modelling.

The dynamical modelling algorithm is generally similar to the procedure described in Chap-
ter 3. Here I will state the points specific for this study. I obtained the structural param-
eters from the deep R-band Subaru data, and I used two-component Sérsic model for all
the galaxies, which turned out to be a better fit in all cases. The stellar mass-to-light ratio
M/L∗ was fixed to the best-fitting value from the stellar population analysis that included
a recent starburst.

The dark matter was added to the dynamical model independently from the stars for the
main galaxy sample, however here I use only Burkert (Burkert, 1995) dark matter profile to
decrease calculation time. This method was applied to all the galaxies in the main sample
because it is more physically motivated than the traditionally used “mass follows light”
approach. It also better reproduces the observed kinematics of the studied galaxies. The
“mass follows light” approach implies that the mass and luminosity profiles of a galaxy
have the same shape and differ only by a constant factor M/Ldyn, which becomes a free
parameter of the fitting procedure instead of the parameters of the dark matter halo. I
use this approach for the additional galaxy sample, because the lower quality of spectra

43



Chapter 3

prevents me from reliably determining the dark matter halo parameters. The kinematic
disturbances in three galaxies, GMP 4060, GMP 2640 and GMP 4188 are unlikely to be of a
dynamical origin.

The grids of dynamical models had the following steps: 0.1 for βz , 0.25 for log ρ0, 0.2 kpc
for rs, and 6◦ for inclination. This spacing allows to confidently locate the position of the
χ2 minimum, but does not yield statistical uncertainties for these parameters.

3.2.5 UDG number statistics.

This part was done jointly with Kirill Grishin and Igor Chilingarian during several brainstorm
sessions.

We assessed the importance of the ram pressure stripping scenario to other UDG forma-
tion channels. We note here that our estimates are applied to the passive UDGs only since
the star-forming (often called “blue”) UDGs require a different method. We statistically
estimated how many present-day UDGs correspond to each PSG in our primary sample
of 9 Coma cluster galaxies and compared the result to the observed number of UDGs in
the Coma cluster. We modelled the surface brightness evolution from the reconstructed
SFH and calculatde the two epochs: (i) tSDSS when a galaxy becomes too faint to be in-
cluded in the SDSS spectroscopic sample (mR,tot > 17.77 mag) and (ii) tUDG when it dims
enough to be classified as a UDG. UDG classification has a surface brightness cutoff of
⟨µR⟩eff > 24 mag/arcsec2. Statistically speaking, a given PSG will correspond to the num-
ber of UDG estimated asNUDG = (tSDSS− 100Myr)/(10Gyr− tUDG) if tUDG < 10 Gyr. At
100 Myr emission lines disappear from a PSG spectrum, and 10 Gyr is the reference passive
evolution time. At the end we co-added NUDG for all 9 galaxies in the primary sample.
We found that only 7 galaxies reach the UDG regime within 10 Gyr. The total number of
expected UDGs from these 7 progenitors is 19.34±7.00. This estimate was made assuming
a constant rate of infall of galaxies on a cluster. Simulations (Lisker et al., 2013) show that
during the first 2–3 Gyr of the cluster formation epoch, the infall rate might have been up-
to twice as high as now. This may only increase our estimate of UDGs formed via the ram
pressure stripping channel. The uncertainty was estimated by assuming the Poisson pro-
cess of the galaxy infall and propagating stellar population parameter statistical errors and
the estimated 10% systematic errors for the effective radii (Alabi et al., 2020) and truncation
ages (Chilingarian & Asa’d, 2018).

We also estimated the total number of present-day UDGs in a complete magnitude lim-
ited sample (Koda et al., 2015; Yagi et al., 2016) with sufficient stellar mass so that 100 Myr
after star formation quenching they would be bright enough to meet the SDSS spectro-
scopic selection. Our initial PSG selection criteria included a minimum 0.5 mag difference
between the 3-arcsec fiber magnitude and the total magnitude. This corresponds to a lower
Re limit of≈1.5 kpc for galaxies at the distance of the Coma cluster. During passive evolu-
tion, these galaxies will expand by ≈25%, so we only count the present-day UDGs having
Re > 1.875 kpc. To estimate the stellar mass we need to assume an SFH in a present-day
UDG, which we could not infer directly from the available data. The most extreme case
would be an instantaneous starburst modelled by a simple stellar population. Such a SFH
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leads to the minimal possible stellar mass cutoff and, hence, the largest number of UDGs
passing the selection. For a 10 Gyr age, there are 90 galaxies in UDG sample (Yagi et al.,
2016) which could satisfy the selection criteria for our PSGs in the past at some moment
during their lifetime. Our lower limit of of UDGs is therefore 21±7 %, which could be
explained by the ram pressure stripping formation scenario.

For a more realistic estimate we considered a typical observed SFH for our PSGs: a
truncated constant SFR started 13.0 Gyr with 30% of the total stellar mass formed in the final
starburst 10 Gyr ago. This corresponds to the median mass fraction we found in the PSG
analysis. The number of UDGs that could possibly satisfy our selection criteria decreased
to 44, increasing the importance of the ram-pressure-stripping UDG formation channel to
44±17 %. This fraction would increase even more if we take UDG SFHs with a lower final
starburst fraction.

3.3 Results

In the primary sample of 11 PSGs, the truncation ages range from 180 Myr to 970 Myr. In
9 of the 11 galaxies the mass fraction of stars born in the ram pressure-induced starburst
lies between 10% and 40%. The fraction of consumed gas for all 11 galaxies is higher than
60%, reaching 90–96% in six cases, corresponding to mass-weighted stellar metallicities of
−1.04 · · ·−0.62 dex. The estimated truncation ages for the seven galaxies with bright tails
(including GMP 3016) are younger (180 . . . 500Myr) than for the remaining five, whose tails
faded close to the limit of detectability. Deriving mass-to-light ratios from the best-fitting
stellar population parameters, I estimate the total stellar masses of the PSGs to be in the
range 5.1×108M⊙ (GMP 3176) to 2.36×109M⊙ (GMP 2640). Therefore, despite their large
sizes these are all dwarf galaxies.

Young stars boost the surface brightness and allow to measure stellar kinematics (VR

and σ) to radii as large as 2.5 Re (Figure 3.4), substantially further than for other low-mass
galaxies beyond the Local Group. All 11 galaxies from the primary sample have VR/σ > 1
in their outer parts suggesting that they are rotationally supported systems; GMP 3016
has a nearly face-on orientation. The absence of observed UDGs with such a pronounced
degree of rotational support can be explained by the lack of observations to a comparably
large radius and also because the stellar rotation in the inner part of a disc slows down over
time due to disc expansion. If we restrict the field of view on the low-mass PSGs to the
0.5 . . . 1.0 Re typically reached for faint dEs (Chilingarian, 2009) and UDGs (Chilingarian
et al., 2019), only 6 have rotational velocities exceeding 10 km/s.

All galaxies from the main sample exhibit some sort of regular rotation within Re.
GMP 4060, GMP 2640 and GMP 4188 have noticeable kinematical disturbances localised
in the area of significant morphological irregularities. Detailed analysis of high-resolution
HST images for the brightest galaxy in the sample, GMP 2640, revealed a large number
of luminous star clusters in its central part whose asymmetric distributions on the sides
of the slit causes the non-uniform slit illumination and, hence, affects the radial velocity
measurements. Disturbances of kinematics profiles of GMP 4060 and GMP 4188 are also
of the same origin. I note that some simulations suggest that the ram pressure stripping
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by itself can lead to the displacement of the dark matter cusp in a low-mass galaxy (Smith
et al., 2012), which will cause a slight lopsidedness in a galaxy with a stellar mass close to
the least massive representatives of the studied sample.

I fit axisymmetric Jeans anisotropic models (Cappellari, 2008) to the stellar kinematics
and structural properties assuming that each galaxy resides in a spherical dark matter halo.
In all cases, the modelling yielded significant dark matter fractions, from 70% to 95% of
the total mass within 1 Re, and moderately anisotropic orbits, similar to those of UDGs
(Chilingarian et al., 2019). However, the data are of far higher quality for the diffuse PSGs.
The gravitational potential in these objects is rapidly changed by the removal of a sub-
stantial fraction of the gas by ram pressure on a timescale of 30 . . . 70 Myr, significantly
shorter than typical dynamical times in galaxies (200 . . . 350Myr). The rapid gravitational
potential change transforms quasi-circular stellar orbits to rosette-like (Safarzadeh & Scan-
napieco, 2017) orbits even in a massive dark matter halo. The stellar density decreases and
its radial profile becomes shallower, the orbital radial anisotropy increases, manifested by a
rotational velocity drop in the galaxy central regions. The disc expansion due to slow stel-
lar mass loss during slow passive evolution (5 . . . 10 Gyr) can be neglected when a galaxy
has a massive dark matter halo. However, numerical simulations (Tremmel et al., 2020)
suggest that a dark matter halo will be gradually stripped by tidal interactions with other
galaxy cluster members during flybys, which would cause the overall stellar disc expansion
by about 25% over 10 Gyr.

Assuming passive evolution, based on best-fitting stellar population parameters and a
slow disc expansion, the internal properties (luminosity, surface brightness, luminosity-
and mass-weighted stellar metallicities) for the sample galaxies can be predicted up-to
10 Gyr from now (Figure 3.5-3.6). The Faber–Jackson (Faber & Jackson, 1976) relation con-
necting stellar velocity dispersion to total luminosity and the luminosity–metallicity rela-
tion predict that low-mass PSGs will settle in the locus of known UDGs (7 Coma galaxies
and 2 Abell 2147 galaxies) and dEs/dS0s (2 Coma galaxies) in 3–10 Gyr. The luminosity-
weighted stellar metallicity will decrease over time because the contrast of the final ram
pressure-induced starburst over an underlying metal-poor population will diminish. Stel-
lar velocity dispersion will also decrease following the expansion of a galaxy driven by the
slow mass loss due to stellar evolution. The disc expansion will lead to the decrease of the
average stellar surface density in the disc by 40–50% without substantial disc thickening.
In addition, the stellar volume density also decreases because of the slow stellar mass loss
reaching 20% over 10 Gyr. These two factors combinedwill lower the stellar velocity disper-
sion by ∼ 35% because σ is proportional to the square root of the local stellar density. The
same 9 “future UDGs” will also settle in the UDG locus in the ⟨µRc⟩ - Re diagram (Fig. 3.6)
presenting their global structural properties (Kormendy, 1977).

3.4 Conclusion

Because the considered PSG sample in the Coma cluster is complete and because all galaxies
were likely formed via ram pressure stripping, the observed UDG fraction formed through
this evolutionary channel can be estimated. I compare the surface brightness evolution of
low-mass PSGs to a complete photometric sample of Coma UDGs (Yagi et al., 2016). The
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No. Name RA Dec vr σ∗ DM(< Re) βz log ρ0 rs R200 M200 M∗ MRc ⟨µRc⟩ Re

deg deg km/s km/s % 1− σ2
z/σ

2
r M⊙kpc−3 kpc kpc 108M⊙ 108M⊙ mag mag

arcsec2
kpc

1 GMP 4348 194.57587 27.84848 7524±1 51±2 85±8 0.3±0.05 -0.5 1.2 57.8 213 6.0 -18.21 22.45 2.73
2 GMP 3176 194.94282 27.74625 9690±2 46±4 88±5 0.4±0.1 -0.5 1.0 48.2 123 5.1 -17.75 22.51 2.21
3 GMP 2639 195.12170 27.33322 8449±1 43±2 84±3 0.4±0.05 -0.8 1.0 37.2 56 7.9 -18.69 23.34 4.99
4 GMP 4118 194.65901 27.82258 5350±3 33±7 80±10 0.5±0.15 -1.2 1.5 39.6 66 5.8 -17.88 22.79 2.98
5 GMP 4060 194.67746 27.76050 8683±1 26±2 87±15 0.0±0.15 -1.2 2.0 60.4 141 5.8 -18.43 22.32 3.09
6 GMP 2923 195.03358 27.77332 8665±1 40±1 69±9 0.6±0.1 -1.0 1.5 47.1 112 8.0 -18.33 21.78 2.14
7 GMP 2640 195.12180 27.51484 7304±1 78±2 90±4 0.7±0.05 -0.4 2.2 181.4 1445 23.6 -19.59 21.31 3.06
8 GMP 3640 194.81245 28.25101 7446±1 37±2 87±10 0.5±0.1 -0.8 1.5 56.1 186 9.2 -18.68 22.47 3.74
9 GMP 4188 194.63453 28.37797 5863±1 41±2 80±9 0.4±0.15 -1.5 2.1 54.3 195 6.1 -18.06 22.68 2.69
10 J160154.20 240.47583 16.00467 11506±1 52±2 96±2 0.6±0.05 -0.8 2.0 85.3 407 9.4 -18.81 22.33 2.85
11 J160215.29 240.56369 16.15119 12478±2 44±5 95±19 0.5±0.1 -1.0 1.2 37.6 58 7.4 -18.54 23.23 3.77

Additional sample
12 GMP 3016 195.00431 28.08188 7702±2 31±5 83±7 0.6±0.1 n/a n/a n/a n/a 3.1 -17.34 22.86 2.17
13 GMP 2673 195.10945 27.45978 6915±4 41±8 82±6 0.8±0.2 n/a n/a n/a n/a 3.1 -17.04 24.33 3.70
14 GMP 2552 195.16098 27.47647 7885±3 52±5 96±1 0.0±0.15 n/a n/a n/a n/a 1.3 -16.13 23.80 1.90
15 J160231.45 240.63104 15.96387 11270±5 39±12 87±15 0.0±0.2 n/a n/a n/a n/a 3.2 -17.25 23.29 2.20
16 GMP 2662 195.11375 27.43855 7360±6 54±12 94±2 0.6±0.1 n/a n/a n/a n/a 0.7 -15.74 23.63 1.66

Table 3.1: Internal dynamics, dark matter contents and structural parameters of diffuse
post-starburst galaxies. Columns: GMP (Godwin et al., 1983) designations for Coma cluster
galaxies and IAU-style RA for Abell 2147 members (Name). Positions on the sky (RA, Dec),
radial velocities (vr) and stellar velocity dispersions (σ∗) obtained from the full spectrum
fitting. Dynamical parameters: dark matter contribution to total mass within Re (DM), the
orbital anisotropy parameter (βz), logarithm of the central density (log ρ0) and radial scale
(rs) of the dark matter halo (for the main galaxy sample), radius (R200), where the dark
matter density reaches the value 200 times greater than the critical density, dark matter
halo mass (M200) inside R200, absolute magnitude, mean surface brightness in the Rc band
within the effective radius and effective radii (MRc, ⟨µRc⟩, Re).
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Figure 3.4: Top panel for each galaxy: an optical colour image with an over-plotted slit
position; middle panel: stellar radial velocity v; bottom panel: stellar velocity dispersion
σ. Black lines show the best-fitting Jeans models for stellar kinematics. The estimated
dark matter contribution within 1Re (indicated by vertical dashed lines) and the anisotropy
parameter βz are shown in the upper and lower corners of each v panel. For 8 out of
9 galaxies σ and v profiles are shown in the same scale. For the most massive galaxy,
GMP 2640 the scale of these profiles is decreased. This galaxy also has a clump of young
stars whose dynamics cannot be explained in the framework of axisymmetric modelling –
the data points corresponding to this clump are greyed out.

reconstructed SFHs followed by passive evolution and slow stellar disc expansion allow to
estimate how long each PSGwill remain above the SDSSmagnitude limit (mr < 17.77mag)
after star formation quenching, and if (or when) its surface brightness drops below the
adopted UDG threshold (⟨µe,R⟩ > 24.0 mag arcsec−2). The ratio of the duration of the
UDG phase to the duration of the SDSS spectroscopic phase gives a statistical estimate of
the number of UDGs corresponding to each PSG in the sample. The estimate is that in the
next 10 Gyr, 7 of the 9 low-mass Coma PSGs (not counting GMP 3016) combined corre-
spond to 19.3±7.0 “future” UDGs with ⟨µe,R⟩ > 24.0 mag. The remaining 2 galaxies will
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evolve into dEs/dS0s with higher surface brightnesses. To estimate the number of present-
day Coma cluster UDGs which could have met the SDSS spectroscopic surface brightness
and magnitude selection criteria any time in the past, one needs to make an assumption
about their SFHs. With the extreme assumption of an instantaneous starburst 12 Gyr ago
represented by a simple stellar population, 90 UDGs are expected, with 21±7% formed via
ram pressure stripping. Assuming a scenario similar to what happened to the sample un-
der study but 10 Gyr ago (constant star formation and a final starburst that formed 30% of
the stellar mass), the result 44 UDGs and a fraction of 44±16 % formed by ram pressure
stripping.

All nine low-mass Coma PSGs have high peculiar radial velocities (500 . . . 2000 km/s)
andmove on non-radial orbits like many jellyfish galaxies (Jaffé et al., 2018). Their positions
in the ∆vr − dproj caustic diagram of the Coma cluster are consistent with the hypothe-
sis that they have entered the inner part of the cluster for the first time. They have never
crossed the dense cluster centre and are unlikely to ever do so, allowing them to survive
for an extended period in a dense cluster environment. Observations (Vulcani et al., 2020)
and simulations (Jiang et al., 2019; Jackson et al., 2021) confirm that ram pressure efficiently
strips galaxies on tangential orbits, but the longer stripping timescales increase the effi-
ciency of star formation triggered by ram pressure-induced gas compression (Cramer et al.,
2020). During such a starburst a galaxy may reach its maximum lifetime surface brightness.
GMP 4188, GMP 4118, and J160215.29 are examples of systems on non-radial orbits with
lower stellar mass and low surface brightness, which barely made it into the SDSS.

For a galaxy infalling on a radial orbit, the ram pressure-induced starburst produces
fewer stars due to rapid gas removal, and the stripped tail will be longer, fainter and harder
to detect. Qualitatively, it can be assumed that for a galaxy infalling towards the cluster
centre, the ram pressure becomes sufficient to ignite a starburst when it reaches some crit-
ical pressure value (PSB); and then when it reaches PS = PSB + ∆P ; ∆P ≪ PSB , the
galaxy is stripped completely. The mass of stars formed should depend on the time needed
to gain ∆P . ∆P will be gained much faster if a galaxy approaches the cluster core on
a purely radial orbit with a pericentral distance close to zero than if it approaches on an
orbit with a similar eccentricity (e ∼ 1) but with a larger pericentral distance just suffi-
cient to strip the galaxy completely. In the former case, the radial density gradient and
the radial component of the orbital velocity vr,orb work together because P ∝ ρv2orb and
vorb ≈ vr,orb. The large fraction of rapidly removed gas would also strongly increase the or-
bital anisotropy and decrease the observed stellar rotational velocity. The galaxies on radial
orbits will fade and evolve into the UDG regime more quickly, but their low surface bright-
nesses will reduce their chances of inclusion in the SDSS spectroscopic sample anytime
during their lifetime. Fainter and smaller GMP 3016, GMP 2673, GMP 2662 (Chilingarian
et al., 2019), and J160231.45+155749.9 illustrate such a fainter continuation of the UDG evo-
lutionary sequence. Such galaxies will also be harder to distinguish from those formed via
different proposed UDG formation channels, whichoften produce non-rotating spheroidal
stellar systems (Yozin & Bekki, 2015).

Were the late-type UDG progenitors normal-sized dwarf galaxies prior to falling onto
the cluster that expanded due to ram pressure stripping? Or were they pre-processed by
tidal interactions and supernovae feedback that had puffed them up first, followed by ram
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Figure 3.5: Predicted passive evolution of low-mass PSGs from their SFHs during the next
10 Gyr on the Faber–Jackson σ −MB relation. I show the primary targets from the Coma
and Abell 2147 clusters and additional PSGs galaxies not included in the statistical calcu-
lations by green, cyan and grey arrows respectively. Each arrow starts at the currently
observed position of a galaxy and points to its expected location in 10 Gyr. The L ∼ σ4

and the L ∼ σ2.5 best-fitting linear correlations (Graham & Soria, 2019) for giant and dwarf
galaxies are shown. All PSGs but two will move into the UDG locus in the next 10 Gyr.
The two remaining galaxies, GMP 2640 and GMP 2923 will settle in dE region. The litera-
ture sample includes dEs (Chilingarian et al., 2008b; Chilingarian, 2009; Binggeli & Jerjen,
1998), photometric (Alabi et al., 2020; van Dokkum et al., 2015b; Yagi et al., 2016) and spec-
troscopic (Gu et al., 2018; Ruiz-Lara et al., 2018; Chilingarian et al., 2019; Gannon et al.,
2020, 2021) samples of UDGs, Local Group dwarf spheroidal galaxies (McConnachie, 2012),
Local Volume dwarf late-type galaxies from Little Things (Hunter et al., 2012), a sample of
giant early-type galaxies (Bender et al., 1992) complemented by a selection of Coma cluster
early-type galaxies (grey dots) and elliptical galaxies at z < 0.2 (grey shaded region) from
RCSED.

pressure stripping that quenched them without increasing their size? Simulations (Sa-
farzadeh & Scannapieco, 2017) suggest that a stellar disc of a low-mass gas-rich (gas fraction
70%) galaxy sitting in aM200 = 1011M⊙ dark matter halo (slightly more massive than stud-
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Figure 3.6: Predicted passive evolution of low-mass PSGs from their SFHs during the next
10 Gyr on the mean surface brightness – effective radius ⟨µRc⟩ - Re relation. The points
are same as in Fig. 3.5. A cyan solid line at ⟨µRc⟩ = 24.0 mag/arcsec2 denotes the UDG
surface brightness cut. The red tracks display evolutionary models of the two Little Things
objects, NGC 4214 and DDO 168 if they were ram pressure stripped: (i) a ram pressure
induced starburst and disc expansion (curved tracks) followed by (ii) slow passive evolution
(straight tracks).

ied PSGs) would expand by a factor of ∼1.5 due to ram pressure stripping alone while the
stellar mass loss would remain negligible. On the other hand, the “Little Things” survey
(Hunter et al., 2012) of local dwarf late-type galaxies includes 9 of 37 objects with regu-
lar kinematics having Re > 1 kpc, high gas fractions, and dark halo masses in the range
of 1010.2 . . . 1010.7M⊙ (Oh et al., 2015). If they fell onto a cluster, they would first become
brighter because of the ram pressure induced starburst, but later, when stripped, would
expand to Re = 1.5 . . . 5 kpc and fade as a result of passive evolution, finally ending up
in the UDG locus of the ⟨µe⟩ − Re diagram as shown by red tracks for the two examples
in Fig. 3.6. Their largely undisturbed morphology and kinematics along with sparse envi-
ronment suggest that they are “normal” low-mass discs, which did not undergo significant
pre-processing, hence, corroborating the scenario that ram pressure stripping alone can
transform many dwarf spiral and irregular galaxies into UDGs by causing both quench-
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ing and disc expansion. Because the radial distribution of neutral gas in gas-rich dwarfs is
usually much shallower than stellar density profiles (Hunter et al., 2012), the ram pressure
induced star formation could further growRe by stronger stellar surface density increase in
the outer parts of the disc compared to the inner regions. A search in RCSED for low-mass
(M∗ < 3 × 109M⊙) extended (Re > 2 kpc) star-forming galaxies within 5 Mpc from the
Coma cluster centre reveals about 50 objects with the morphologies resembling those of
“Little Things” dwarfs, which might become the progenitors of a new generation of PSGs
and then UDGs, should they fall onto the Coma cluster core in the future.
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CARLA clusters

To better understand and confirm which evolutionary physical processes led to the envi-
ronmental effects observed in the local Universe, it is essential to study the dependence of
galaxy size growth on environment through cosmic time. One of the most obvious ways
to do it is to study the mass-size relation (MSR) of galaxies in clusters and in the field at
different redshifts. Here I point out that the word “size” in this chapter always refers to
the effective radius Re. It is true that these two quantities are not the same physically, and
the effective radius also depends strongly on the light concentration in the galaxy image.
However, it is widely used as a size proxy for distant galaxies where other, more precise
size proxies can not be adequately measured. The detailed discussion on the meaning of
galaxy size is provided in Chapter 1.

The relation between galaxy size and mass is different for late- and early-type galaxies
(LTG and ETG) due to their different structure. Late type galaxies are mostly spirals, and
their size depends weakly on galaxy mass (e.g., van der Wel et al., 2014), which means that
more massive LTGs have higher stellar densities. ETG sizes demonstrate similar behaviour
only up to logM/M⊙ ∼ 10.3 (Kormendy, 1977), and more massive early-type galaxies have
a clearly defined mass-size dependence. This mass-size relation of massive ETGs have been
extensively studied, because its existence suggests the presence of some universal mech-
anisms in the formation and/or evolution of early-type galaxies. The consensus scenario
for the origin of the massive ETG mass-size relation is a series of numerous dry minor
mergers and/or tidal disruption of satellites (e.g., Naab et al., 2009; Dekel et al., 2009; Oser
et al., 2012; Lapi et al., 2018). van Dokkum et al. (2010) (see Fig. 8 and Eq. 6-7) demonstrated
that any physical process depositing mass at r > Re would result in a relation Re ∝ M for
exponential density profile andRe ∝ M1.8 for de Vaucouleurs profile, translating into a lin-
ear dependence in the mass-size plane. Minor mergers are very effective in puffing up the
outskirts of an ETG and do not cause significant mass growth (Bezanson et al., 2009; Hop-
kins et al., 2009). At the same time this hypothesis does not require exotic ways of rapidly
changing the galaxy potential like pushing large quantities of gas to the galaxy periphery
by quasar activity (e.g., Fan et al., 2008, 2010). The size history of ETGs is thus a reflection
of the minor merger history, which has important implications in the cosmological theo-
ries (Bower et al., 2006; Toft et al., 2012; Brooks & Christensen, 2016; Rey & Starkenburg,
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2022). On the other hand, the number of minor mergers experienced by a given early-type
galaxy might be different depending on its environment (Somerville & Davé, 2015). Thus
the studies of the mass-size relation relative to the environment are of utmost importance.

The studies of the mass-size-environment dependence have yielded varying results, es-
pecially for quiescent ETG, which are the main focus of the present Chapter. One of the
main reasons for such a variety in conclusions stems from slightly varying sample proper-
ties (i.e. mass range, size definition, environment selection, etc.), so here I try to unite these
studies mentioning their most important features.

No difference was found at 0.4 ≲ z ≲ 2 between galaxies in the field and moderately
dense environments (e.g., Rettura et al., 2010; Huertas-Company et al., 2013a; Kelkar et al.,
2015) for log(M/M⊙) ∼ 10.5 − 11.8. At z = 2, Allen et al. (2015) report larger cluster
star-forming galaxies compared to the field, while quiescent galaxies do not show such a
difference, being only slightly larger in clusters (in themass range log(M/M⊙) ∼ 9−11.5).
This notion is supported by Saracco et al. (2017) at log(M/M⊙) ∼ 10.3− 11.3, who have
found no environmental effect on the z = 1.3 elliptical MSR, noting that cluster ellipticals
tend to be more massive. Mowla et al. (2019) and Marsan et al. (2019) focused on high-mass
(log(M/M⊙ > 11.3)) passive galaxies, whose MSR was found to be consistent with the
lower-mass galaxy MSR and to show strong evolution with redshift.

Others found larger quiescent galaxy sizes in clusters at both high (Delaye et al., 2014,
log(M/M⊙) ∼ 10.5 − 11.5) and low (Mei et al., 2015, log(M/M⊙) ∼ 9.5 − 10.5) mass.
At z = 1.4 Chan et al. (2018b) found that passive cluster galaxies (log(M/M⊙) ∼ 10.2 −
11.5) are about 30% larger than in the field. Noordeh et al. (2021) also found larger cluster
quiescent galaxy sizes for log(M/M⊙ > 10.3) with Sérsic n > 2 at z = 2.

Smaller sizes in clusters were reported by Raichoor et al., 2012 (log(M/M⊙) ∼ 10 −
11.5) in low statistical significant samples. Sazonova et al. (2020) found that z = 1.5 bulge-
dominated cluster galaxies with log(M/M⊙ < 10.5) are significantly more compact than
the field counterparts. (Matharu et al., 2019) reported slightly smaller cluster passive galaxy
sizes at 0.86 < z < 1 for log(M/M⊙ > 10).

There is also some evidence that the MSR flattens out at low masses (log(M/M⊙) ≲
10.3) in the local Universe Bernardi et al. (2011a), and up to z ∼ 1 (Nedkova et al., 2021), as
predicted by models (Shankar et al., 2014). The picture complicates even further if size is
quantified by the the half-mass radius instead of the half-light radius. In fact, the average
galaxy concentration also depends both on environment and redshift (Szomoru et al., 2013;
Mosleh et al., 2017; Suess et al., 2019).

Finally, several studies found high percentages of compact post-starburst (Barro et al.,
2013; Maltby et al., 2018; Socolovsky et al., 2019; Matharu et al., 2020; Wilkinson et al., 2021)
and massive compact galaxies (Lu et al., 2019; Gu et al., 2020; Tadaki et al., 2020) in dense
environments at z = 1.5− 2.

Several works (i.e. Cebrián & Trujillo, 2014; Delaye et al., 2014) hinted at the hypothesis
that the redshift evolution of galaxy size in clusters might be different from that in the field,
while Matharu et al. (2019) found that this difference likely diminished already by z ∼ 1.

In this chapter, I extended MSR studies in an unique sample of galaxy clusters at redhift
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1.3 ≲ z ≲ 2.8 from the CARLA (Clusters Around Radio-Loud AGN (Wylezalek et al.,
2013, 2014) survey. It contains 15 most prominent galaxy overdensities followed up by HST
F140W imaging and G141 grism spectroscopy. The cluster total stellar mass spans the range
11.3 < log(M c

∗/M⊙) < 12.6, which corresponds to an approximate halo mass in the range
13.6 < log(M c

h/M⊙) < 14.6 (Mei et al., 2022, submitted to A&A). The aim of this chapter
was to take advantage of the available high-quality data to test several hypotheses about
cluster galaxies at 1.3 < z < 2. I wanted to contribute to the following open problems: (i)
Estimate how the galaxy size in clusters compares to the field (i.e. larger or more compact
galaxies). (ii) Assess the evolution of this cluster-to-field size ratio with redshift. (iii) Given
the relatively low mass measurement threshold, assess the MSR flattening towards the low
masses.

This part ofmy thesis is part of a larger in-depth study of the CARLA clusters, performed
by Simona Mei, Nina Hatch, Stefania Amodeo and myself within the larger CARLA collab-
oration. Many interesting results, including the sample selection of the 15 most promising
overdensities, are contained in a companion paper, Mei et al. (2022), where I am also a co-
author. I will be referencing this companion article as M22 throughout the thesis. This
chapter will be published as a paper to be submitted to the journal Astronomy & Astro-
physics (the draft is in the appendix). I thank Simona Mei for help writing the text of this
chapter and the paper. I also thank other co-authors for their valuable comments on the
text.

4.1 Sample

4.1.1 CARLA cluster candidates

CARLA is a 408h Warm Spitzer/IRAC survey of galaxy overdensities around 420 radio-
loud AGN (RLAGN). The AGN were selected across the full sky and in the redshift range
of 1.3 < z < 3.2. Approximately half of them are radio loud quasars (RLQs) and the
other half are radio galaxies (HzRGs). With the aim to detect galaxy cluster candidates,
Wylezalek et al. (2013) selected galaxies at z > 1.3 around the AGN, using a color selection
in the IRAC channel 1 (λ = 3.6 µm; IRAC1, hereafter) and channel 2 (λ = 4.5 µm; IRAC2,
hereafter). They found that 92% of the selected RLAGN reside in dense environments, with
the majority (55%) of them being overdense at a > 2σ level, and 10% of them at a > 5σ
level, with respect to a field sample in the Spitzer UKIDSS Ultra Deep Survey (SpUDS, Rieke
et al., 2004).

From their IRAC luminosity function, Wylezalek et al. (2014) showed that CARLA over-
density galaxies have probably quenched faster and earlier compared to field galaxies. Some
of the CARLA northern overdensities were also observed in either deep z-band or deep i-
band, with Gemini/GMOS, VLT/ISAAC and WHT/ACAM (P.I. Hatch (see below); Cooke
et al., 2015). These observations permitted us to estimate galaxy star formation rate histo-
ries, and to deduce that, on average, the star formation of galaxies in these targets had been
rapidly quenched (Cooke et al., 2015).

The twenty highest CARLA Spitzer overdensities candidates were followed by a Hub-
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ble Space Telescope Wide Field Camera 3 (HST/WFC3) observations (P.I. Stern (see below);
Noirot et al., 2016, 2018), and sixteen of themwere spectroscopically confirmed at 1.4 < z <
2.8, together with seven spectroscopically confirmed serendipitous structures at 0.9 < z <
2.1 (Noirot et al., 2018). The structure members were confirmed as line-emitters in Hα, Hβ,
[OII], and/or [OIII], depending on the redshift, and have star formation estimates from the
line fluxes (Noirot et al., 2018). The galaxy star-formation (for stellar mass ≳ 1010M⊙) is
below the star-formingmain sequence (MS) of field galaxies at similar redshift. Star-forming
galaxies are mostly found within the central regions (Noirot et al., 2018).

Mei et al. (2022) (M22) performed an in-depth study of the morphology, quiescence and
merger incidence of CARLA clusters. They found that the galaxy morphology-density and
passive-density relations are already in place at z ∼ 3 and 2, respectively. The cluster ETG
and passive fractions depend on local environment and mildly on galaxy mass. Cluster
merger fractions are significantly higher than in the CANDELS fields, as predicted from
previous studies to explain high quiescent fractions at z ≲ 1.5. Their findings confirm that
all the spectroscopically confirmed CARLA overdensities have properties consistent with
clusters and proto-clusters.

I briefly describe the observations used in this study below. More details on the Spitzer
IRAC, HST/WFC3 and ground-based observations, data reduction and results can be found
in Wylezalek et al. (2013, 2014), Noirot et al. (2016, 2018), and Cooke et al. (2015), respec-
tively.

4.1.2 Spitzer Observations

All CARLA clusters were observed with Spitzer IRAC1 and IRAC2 (Cycle 7 and 8 snapshot
program; P.I.: D. Stern), with total exposure times of 800 s/1000 s in IRAC1 and 2000 s/2100
s in IRAC2, for clusters at z < 2/z > 2, which provided a similar depth in both channels.
The IRAC cameras have 256× 256 InSb detector arrays with a pixel size of 1.22 arcsec and
a field of view of 5.2 × 5.2 arcmin. Wylezalek et al. (2013) performed the data calibration
and mapping with the MOPEX package (Makovoz & Khan, 2005) and detected sources with
SExtractor (Bertin & Arnouts, 1996), using the IRAC-optimized SExtractor parameters from
Lacy et al. (2005). The final Spitzer IRAC1 and IRAC2 mosaic has a pixel size of 0.61 arc-
sec, after taking into account dithering and sub-pixelation. The 95% completeness limit is
obtained at IRAC1=22.6 mag and IRAC2=22.9 mag.

4.1.3 HST Observations

The HST/WFC3 imaging and grism spectroscopy were obtained with the dedicated HST
follow-up program (Program ID: 13740; P.I.: D. Stern). The program consisted of F140W
band (hereafter H140) imaging (with a field of view of 2 × 2.3 arcmin2 at a resolution of
0.06 arsec pix−1, after taking into account dithering), and G141 grism spectroscopy (with
a throughput > 10% in the wavelength range of 1.08 µm < λ < 1.70 µm and spectral
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resolution R = λ/∆λ = 130). This grism was chosen in order to permit the identification
of strong emission lines at our target redshift, such as Hα, Hβ, [OII] and [OIII]. Noirot et al.
(2016, 2018) performed the data reduction using the aXe (Kümmel et al., 2009) pipeline,
by combining the individual exposures, and removing cosmic ray and sky signal. They
performed the source detection with SExtractor (Bertin & Arnouts, 1996), and extracted
two-dimensional spectra for each field, based on the positions and sizes of the sources. The
redshifts and emission line fluxes were determined using the python version of mpfit and
are published in Noirot et al. (2018). Our HST image 5σ magnitude limit within an aperture
of radius 0.17 arcsec is H140 = 27.1 mag.

4.1.4 Ground-based optical observations

Ground-based optical imaging in i or z-band is available for nine of the CARLA clusters
(Cooke et al., 2015). Seven clusters were observed in September 2013 - December 2014
using ACAM at 4.2m William Hershel telescope (P.I. Hatch). ACAM has a circular field of
view, 8.3 arcmin in diameter with a pixel scale 0.25 arcsec pixel−1. Two other clusters were
observed between February and April 2014 with GMOS-S (at Gemini South telescope) using
the EEV detectors. The field of view of GMOS-S is 5.5×5.5 arcminwith a pixel scale of 0.146
arcsec pixel−1. Exposure times were calculated depending on the actual seeing, in order to
reach a consistent depth across all fields. The reduction of the i-band images was performed
with the publicly available THELI software (Erben et al., 2005; Schirmer, 2013). For the
photometric calibration M22 used either available Sloan Digital Sky Survey photometry or
standard stars observed before and after the cluster observations. More details on these
observations and image reduction can be found in Cooke et al. (2015). CARLA J2039-2514
has archival imaging observations with VLT/ISAAC (run ID 69.A-0234) in the z-band with
4800s exposure time (see also Noirot et al., 2016).

Full details on these observations and the image processing can be found in (Cooke et al.,
2015), and the summary of the optical imaging used in this thesis is shown in Table 4.1:
instrument, bandpass, exposure time, seeing, and the 5σ magnitude limit.

4.1.5 Galaxy sample selection

Our sample selection is described in detail in M22. Our selection aims at optimizing the
sample completeness and purity. Observations of most of the CARLA clusters and proto-
clusters include three (H140, IRAC1 , IRAC2) to five bandpasses (ground based i-band and
z-band , H140, IRAC1, IRAC2), and M22 could not perform a precise photometric redshift
analysis from their spectral energy distribution. Instead, they selected galaxies in color and
given spatial regions where they expected a small outlier contamination.

M22 selected galaxies with (IRAC1−IRAC2) > −0.1, IRAC1 < 22.6mag, fromwhich
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Table 4.1: CARLA confirmed cluster sample ground-based observations from Cooke et al.
(2015). For more details on these observations, please refer to Cooke et al. (2015). When
it is not specified the imaging was taken in the i-band. One cluster was observed in the
z-band. The 5 σ magnitude limit is measured in circular regions with radius equal to 2.5
the full width half maximum of the composed images.

Name zclus Other name Instrument Bandpass Exp. Time Seeing 5σ mag. limit
sec. arcsec mag

CARLAJ1358+5752 1.368 J1358+5752 ACAM i 8400 0.9 24.95
CARLAJ1103+3449 1.442 6CE1100+3505 ACAM i 9600 1.1 25.14
CARLAJ2355-0002 1.490 TXS2353-003 ACAM i 6000 0.8 24.99
CARLAJ1129+0951 1.528 J1129+0951 GMOS-S i 2645 0.4 24.78
CARLAJ1753+6310 1.582 7C1753+6311 ACAM i 6000 0.7 25.08
CARLAJ1052+0806 1.646 J1052+0806 GMOS-S i 2645 0.6 25.04
CARLAJ1018+0530 1.952 J1018+0530 ACAM i 7200 0.8 25.19
CARLAJ2039-2514 1.997 MRC2036-254 ISAAC z 4800 0.7 23.20
CARLAJ0800+4029 2.004 J0800+4029 ACAM i 6600 0.9 25.16

they obtained a sample ∼ 90% pure and complete of galaxies at z > 1.3. To reduce the
contamination from outliers with z > 1.3, but not at the cluster redshift, they only selected
galaxies hosted by the densest cluster regions, in circles of radius of 0.5 arcmin (∼ 0.25Mpc
at our redshifts), in which the background contamination is ≲ 20% in most clusters. The
scale of these regions corresponds to the scale of the dense cluster cores at z > 1 (Postman
et al., 2005). van derWel et al. (2012) and Kartaltepe et al. (2015) showed that morphological
classification and the measurement of galaxy structural parameters are dependable only for
magnitudes brighter than the WFC3/F160WmagnitudeH160 = 24.5mag, and in this study
M22 and myself select galaxies brighter than H140 = 24.5 mag.

Our final sample includes a total of 271 galaxies in fifteen CARLA confirmed clusters
and nineteen overdense regions. In fact, three of our clusters are double structures (M22),
as predicted by cosmological models for clusters assembling at z = 1.5 − 3 (Chiang et al.,
2013; Muldrew et al., 2015). Galaxies that were spectroscopically confirmed at a redshift
different than the clusters by Noirot et al. (2018) and a recent photo-spectral analysis of
CARLAJ1018+0530 by Werner et al. (in preparation) were not considered in this analysis.
The details on our galaxy sample selection are in M22.

4.1.6 Galaxymorphological classification andPassive and active galaxy
selection

The details on our morphological classification and passive and active galaxy selection are
provided in M22. Here I reiterate the main points.
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M22 performed a galaxy visual morphological classification using two large morpho-
logical class, early-type galaxies (ETG) and late type galaxies (LTG). ETG include spheroid
and compact galaxies, and LTG include disks and irregular galaxies. Those correspond to
the main morphological class used in the CANDELS survey (Kartaltepe et al., 2015): (1)
Disk. These galaxies have a disk even if they don’t show clear spiral arms; (2) Spheroid.
There galaxies are resolved spheroids and do not show a disk; (3) Irregular. All galaxies that
cannot be classified either as Disk or Speroids; (4) Compact/Unresolved. These are compact
or unresolved galaxies; (5) Unclassifiable. The sample used in this paper does not include
any Unclassifiable galaxy.

For clusters that were observed in four bandpasses, M22 identified passive and active
galaxies using color-color diagrams, which correspond to the UVJ diagrams used in the
literature to separate passive from active dusty galaxies up to a redshift z=3.5 (e.g., Labbé
et al., 2005; Wuyts et al., 2007; Williams et al., 2009; Whitaker et al., 2011; Fang et al., 2018).
The FUV rest-frame can substitute the U-rest frame, and some works show that this can
lead to more precise specific star formation rate (sSFR) measurements (Arnouts et al., 2013;
Leja et al., 2019).

Passive galaxies were selected by M22 as galaxies with specific star formation rate
log(sSFR) < −9.5, using the CANDELS Santini et al. (2015) sSFR as the reference "true"
sSFR for our selection calibration. This selection permitted us to obtain passive samples that
are ∼80-85% complete and pure, and includes recently quenched galaxies at ∼ 3σ below
the field star formation main sequence.

4.2 Methods

4.2.1 Galaxy photometry and mass measurement

The photometry was performed by Stefania Amodeo and was obtained from a joint anal-
ysis of IRAC1, IRAC2, H140 and, when available, ground-based i-band or z-band images,
as described in M22. For an efficient source deblending, Amodeo used the T-PHOT soft-
ware (Merlin et al., 2015, 2016), with the high-resolution HST images as priors to derive
PSF-matched fluxes in the other lower-resolution bands.

M22 also describe in detail our stellar mass measurements. They measured the CARLA
galaxy stellarmasses by calibrating our PSF-matched Spitzer/IRAC1magnitudeswith galaxy
stellar masses from Santini et al. (2015) derived from the Guo et al. (2013) multi-wavelength
catalog in the CANDELSWIDE GOODS-S field. The Spitzer IRAC1 magnitudes correspond
to the rest-frame near-infrared in the redshift range of the CARLA sample, and are not
expected to be biased by extinction. M22 found a very good correlation between these
magnitudes and the Santini et al. (2015) mass measurements, with scatters of ≈ 0.12 dex
at the redshift of the cluster studied in this paper. Adding in quadrature the scatter of the
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Figure 4.1: The mass distribution of the cluster galaxies compared to the field sample. The
black line represents CARLA galaxies, the blue line denotes field galaxies from CANDELS
in the corresponding redshift bins, the red line shows the same as blue line after applying
Spitzer magnitude and color cuts. All histograms are peak-normalized.

relation and uncertainties from Santini et al. (2015), they obtained mass uncertainties in the
range ∼ 0.4− 0.5 dex, and ≈ 0.2− 0.3 dex for masses larger than log10(M/M⊙) > 10.5.
Hereafter, I use the symbol M for the galaxy stellar mass. The selected sample has the
mass distribution very close to the field studies, which is demonstrated in Figure 4.1. It
means there is no bias in our mass-size analysis that can be attributed to the sample mass
distribution.

4.2.2 Measurements of galaxy structural properties

I measured galaxy structural parameters using the software GALAPAGOS (Barden et al.,
2012), which performs the following main steps: source detection; creation of image and
noise cutouts for each detected source; estimation of the local background; fit of the surface
brightness profile to a Sérsic profile; compilation of all objects in a final output catalog.

The source detection is based on SExtractor (Bertin & Arnouts, 1996). Following Bar-
den et al. (2012), I ran SExtractor on the H140 images in the cold and hot modes, which are
optimized to detect bright and faint objects, respectively. I adopted the same configura-
tion of parameters used for the catalogs released by the Cosmic Assembly Near-IR Deep
Extragalactic Legacy Survey (CANDELS, Grogin et al., 2011; Koekemoer et al., 2011), and
published by Galametz et al. (2013) and Guo et al. (2013). More specifically, I created a first
catalog including all the cold sources; then I compared every source detected in the hot
mode to the first catalog detections, added to the first catalog those whose central position
does not lie inside the Kron ellipse of any cold source, and discarded the others. Table 4.2
shows the key SExtractor parameters used in our source detection.
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Figure 4.2: A two color diagram to separate stars and galaxies. The 3σ locus of the modelled
star distribution is shown by a black contour, the unresolved object from our sample is
shown in red, and is most probably extragalactic.

Table 4.2: SExtractor parameters used for source detection in CARLA clusters.

SExtractor Cold Mode Hot Mode
DETECT_MINAREA 5.0 10.0
DETECT_THRESH 0.75 0.7
ANALYSIS_THRESH 5.0 0.8
FILTER_NAME tophat_9.0_9x9 gauss_4.0_7x7
DEBLEND_NTHRESH 16 64
DEBLEND_MINCONT 0.0001 0.001
BACK_SIZE 256 128
BACK_FILTERSIZE 9 5
BACKPHOTO_THICK 100 48
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Table 4.3: Constraints on GALFIT parameters.The constraint on magnitude is relative to
the measured SExtractor magnitude.

parameter description constraints units
n Sérsic index 0.2 : 8
Re effective radius 0.3 : 400 pixel
Q axis ratio 0.0001 : 1
m magnitude -3 : +3 SExtractor mag

The photometric and structural parameter estimationwas based on GALFIT (Peng et al.,
2002), that fits the surface brightness profile of each detected source to a one-component
Sérsicmodel (Sersic, 1968), defined by the following free parameters: the total magnitudem,
the half-light radius measured along the major axis (effective radius)Re, the Sérsic index n,
the axis ratioQ (the ratio between the model minor and major axis, b/a), the position angle
P.A., and the central position. The software uses the Levenberg-Marquardt algorithm to
minimise the residual between a galaxy image and the PSF-convolved model by modifying
the free parameters.

I used exactly the same GALFIT configuration as van der Wel et al. (2012, 2014) (Table
4.3). While this CANDELS analysis was not performed in the same observational bandpass
as for CARLA, the H160 images for the CANDELS “wide” catalog (Koekemoer et al., 2011)
have a 5σ magnitude limit of H160 = 27.4 mag, which is comparable to the CARLA mag-
nitude limit ofH140 = 27.1 mag (both were calculated within an aperture with 0.17 arcsec
radius), when the different filter response functions are taken into account. The conver-
sion to physical length-scale in kiloparsec was performed using the angular distance of
each cluster, and assuming that all cluster galaxies have the same redshift as the average
redshift of the cluster from Noirot et al. (2018).

I manually re-ran GALFIT on the 22 individual galaxies for which either GALAPAGOS
did not converge or the resulting values had uncertainties greater than the value itself,
or the parameters hit the constraints in either Re, n or q. In those cases, I tried varying
the input parameters to find a stable global minimum of the residuals while keeping the
constraints and settings of the procedure from van der Wel et al. (2014). I divided our
sample in 3 categories: (i) Galaxies with a good quality fit; (ii) QSO, whose effective radii
are uncertain due to saturation in theHST image (9 objects); (iii) Unresolved galaxies, where
GALFIT converged close to the minimum constraint for the effective radius. I also excluded
QSO from the analysis since their real size is unknown.

The unresolved galaxy category consists of only one object with an effective radius
Re = 0.5 pix, which is close to the lower limit for theRe estimate used by van der Wel et al.
(2012) (Re,min = 0.018 arcsec or 0.3 pix in WFPC3 image). The objects with such effective
radii are essentially indistinguishable from point sources due to PSF, so theirRe is an upper
limit, and they might be either a bona-fide extragalactic galaxy, or a Milky Way foreground
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Figure 4.3: CARLA cluster structural parameter distribution for our main morphological
classes, ETG (red continuous line), and LTG (blue dashed line). Left: Sérsic index distribu-
tion; Middle: GALFIT Q distribution; Right: GALFIT Q distribution for asymmetric (contin-
uous line) and symmetric galaxies (dash-dotted line). The parameters are consistent with
the visual morphological classification.

star. This object is not listed in the Gaia EDR3 catalogue as a star (Gaia Collaboration et al.,
2020). I used the TRILEGAL model1 (Girardi et al., 2005) to obtain a sample of simulated
stars with magnitudes IRAC1 < 26 mag at the source RA and DEC, and with standard
settings for the geometry of the thin disk, the thick disk and the halo of the Milky Way,
as well as for their stellar population parameters. I built a (H140-IRAC1) vs (IRAC1-IRAC2)
diagram (see Fig. 4.2), to identify the locus of the synthetic star colors (see Fig. 4.2). The
source does not lie in the star locus and I keep it as a bona-fide extragalactic galaxy.

In Fig. 4.3, Simona Mei compared our GALAPAGOS structural parameters with visual
morphology from M22. The median Sérsic index for ETG, and LTG, is ∼3 and ∼1, re-
spectively, consistent with what is expected for ETG de Vaucouleur and LTG exponential
profiles. The median Q for early, late, asymmetric and symmetric galaxies is ∼ 0.7, 0.55,
0.7, and 0.55, respectively, with early and symmetric galaxies being rounder, as expected.

4.3 Results

Fig. 4.4 shows each cluster passive and active galaxy mass-size relation, compared to CAN-
DELS (van der Wel et al., 2014). Though both size and mass measurements might have
systematic uncertainties, they were calibrated to van der Wel et al. (2014) values so we can
directly compare the two distributions. I interpolated van der Wel et al. (2014)’s best-fitting
relations at each cluster redshift. While the active and LTG distributions lie on the same
active galaxy mass-size relation as van der Wel et al. (2014), the passive and ETG popula-
tion systematically lie above the van der Wel et al. (2014)’s passive galaxy relation. This is
also shown in Fig. 4.5, where I divide the sample in two redshift bins and observe a similar
behavior for active and passive galaxies. The relation also indicates a tendency to flatten at

1http://stev.oapd.inaf.it/cgi-bin/trilegal
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Figure 4.4: The mass-size relations for each cluster. Red and blue colors show passive
[log(sSFR) < −9.5], and active galaxies, respectively. Green symbols show galaxies for
which M22 could not separate passive from active galaxies. Circles, squares, and diamonds
correspond to ETG, LTG and irregulars, respectively. The largest symbols show the BCG,
the second largest indicate the second brightest galaxies. The one compact galaxy is shown
by the smaller symbol. A yellow contour around the galaxy symbol indicates a HzRG. The
red and blue solid lines are CANDELS van der Wel et al. (2014)’s mass-size relation for
passive and active galaxies respectively, interpolated to the redshift of each cluster. The
passive galaxy MSR is clipped at log(M/M⊙) = 10.3 to reflect the fitting range in van der
Wel et al. (2014). The dashed lines are 1-σ scatter for these relations. Cluster active and
LTG galaxies lie on the van der Wel et al. (2014)’s active galaxy MSR. Cluster passive ETG
have systematically larger sizes than van der Wel et al. (2014)’s passive galaxies.
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Figure 4.5: The mass-size relation in two redshift bins. The symbols are the same as in
Figure 4.4, the van der Wel et al. (2014)’s mass-size relations are shown at the mean redshift
of each bin (z = 1.47 and z = 1.8). Here we show only the passive and active galaxies in
two redshift bins, separated by morphology.

log(M) ≲ 10.5 for passive galaxies. About∼ 30% of the cluster ETG are active, and mostly
lie on the LTG galaxy MSR. The bulk of these active ETGs is found in just two clusters
(J1018+0530 and J2039-2514, both around z ∼ 2). The cluster Brighter Cluster Galaxies
(BCG) and the second brightest are shown with larger symbols, and lie on the same MSR as
the satellites. Fig. 4.6 demonstrates MSR separately for LTGs and ETGs, including galaxies
with no passive/active separation. Fig. 4.6 also shows a sizeable population of passive LTGs,
which mostly lie on the active field relation from van der Wel et al. (2014). This might be
the reason why in some clusters (e.g. J2355-0002 and J2039-2514) passive and active galaxy
sizes are consistent in Fig. 4.4: such clusters contain a large fraction of passive LTGs, which
might be a sign of continuing cluster assembly.

Fig. 4.7 shows the evolution of the passive ETG mass-size relation in clusters in the
redshift range 0.7 < z < 2 as compared to the CANDELS (van der Wel et al., 2014)’s mass-
size relation. I added to our sample the passive ETG observations from Strazzullo et al.
(2013), Delaye et al. (2014), and Newman et al. (2014), which used analyses similar to ours.
When authors published circularized effective radii, defined as Re,circ = Re

√
(b/a) (e.g.,

Delaye et al., 2014), I convert their sizes to the Sérsic profile half-light radii along its major
axis. Fig. 4.8 demonstrates the difference between (van der Wel et al., 2014) passive galaxy
relation and our data, and the majority of data points lie above the relation.
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Figure 4.6: The mass-size relation in two redshift bins. The symbols are the same as in
Figure 4.4, the van der Wel et al. (2014)’s mass-size relations are shown at the mean redshift
of each bin (z = 1.47 and z = 1.8). In both redshifts bins, cluster active and LTG galaxies
lie on the van der Wel et al. (2014)’s active galaxy MSR. Cluster passive ETG have system-
atically larger sizes than van der Wel et al. (2014)’s passive galaxies.

Fig 4.9 shows the redshift evolution of the mass-normalized radiusR10.7, defined as (van
der Wel et al., 2014) :

Re(kpc) = R10.7(kpc)

(
M

5× 1010M⊙

)β

(4.1)

Here β is a slope parameter (changing slightly between 0.71 − 0.76) which we adopt for
corresponding redshifts from van derWel et al. (2014). For this figure, I only consider galax-
ies with log

(
M/M⊙

)
> 10.5 in all the clusters for a homogeneous sample comparison. At

lower mass it is known that the mass-size relation is also predicted (Shankar et al., 2013)
and observed (Graham et al., 2006; Lange et al., 2015; Li et al., 2018; Hamadouche et al.,
2022) to flatten at least up to z = 2 (Nedkova et al., 2021) and I do not have enough statis-
tics to quantify this flattening in our data at the same level of uncertainty as in the field.
For the field reference I use Bernardi et al. (2014) for z = 0 (large black circle) and van
der Wel et al. (2014) for the other redshift bins (small black circles). For van der Wel et al.
(2014) field sample I took only the passive galaxies with log

(
M/M⊙

)
> 10.5 in the corre-

sponding photometric redshift bins. All the points are calculated as a median size (R10.7) of
a Monte Carlo simulation (1000 runs) of each sample (redshift bin or set of clusters). The
point uncertainties were computed in the same procedure as the standard deviation of the
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median size for each sample. The fit uncertainties were also computed using a 1000 runs
Monte Carlo simulation of the data points. The last point at z = 2.75 was not included in
the fit of the field data since it breaks the linear relation.

While the cluster mass-size relation of cluster and field passive ETG is mostly similar in
the local Universe (e.g., Huertas-Company et al., 2013a), cluster ETG sizes are systematically
higher than field passive galaxies at log

(
M/M⊙

)
> 10.5 and z > 1 and their evolution is

slower in the range 1 ≲ z ≲ 2. This is quantified by the fit to the redshift evolution of the
cluster R10.7 for galaxy mass log

(
M/M⊙

)
> 10.5:

log(R10.7) = (−0.16± 0.02) (z − 1) + (0.44± 0.01) (4.2)

compared to the evolution in the field from van der Wel et al. (2014):

log(R10.7) = (−0.29± 0.04) (z − 1) + (0.33± 0.02) (4.3)

For galaxies with log
(
M/M⊙

)
> 10.5 , at 1 < z < 2, cluster passive ETG are on

average ≳ 1σ larger than the field. At z = 1.5 the cluster passive ETG are ∼40% larger
than those in the field, and at z = 2 they are larger by ∼120%. The passive ETG fraction in
clusters is ∼ 60± 10%, compared to ∼ 28± 2% in CANDELS.

In the range 9.6 < log
(
M/M⊙

)
< 10.5 , where I observe a flattening of the MSR, the

average cluster passive ETG size is log(Re) = 0.05± 0.22.

4.4 Conclusion

4.4.1 Galaxy sizes are larger in clusters than in the field

I observe higher passive ETG sizes in CARLA clusters (1.4 ≤ z ≤ 2.8) compared to field
CANDELS’s passive ETG (van derWel et al., 2014). Larger passive early-type galaxy sizes in
clusters at z > 1were also observed by Delaye et al. (2014); Strazzullo et al. (2013); Newman
et al. (2014). From these combined results, I obtain the evolution of the mass-normalized
radius R10.7 as a function of redshift, which shows that passive ETG with log

(
M/M⊙

)
>

10.5 and z > 1 are systematically larger than field passive ETG galaxies. Their mass growth
at 1 ≲ z ≲ 2 is slower than in the field.

At redshift 0.86 < z < 1.34, Matharu et al. (2019) finds that cluster quiescent galaxies
with log

(
M/M⊙

)
≳ 10 are 0.08± 0.04 dex (∼ 20 %) more compact than the field, within

1σ from the field MSR, which has an intrinsic scatter σlog(Re) = 0.13 dex. They used a toy
model to show that these galaxies will in part merge with the cluster brightest galaxies and
in part tidally destroyed, and new, larger, galaxies will be accreted in clusters from the field,
maintaining a similar MSR in field and clusters in the redshift range 0 < z ≲ 1. The model
considers that galaxies in groups and filaments constantly fall onto the cluster larger haloes
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Figure 4.7: The evolution of the cluster passive ETG mass-size relation. The red circles are
our sample. The brown triangles, grey squares and orange diamonds are observations from
Delaye et al. (2014), Strazzullo et al. (2013), and Newman et al. (2014), respectively. The red
line is the van der Wel et al. (2014) CANDELS passive galaxy relation.
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Figure 4.8: The evolution of the cluster passive ETG mass-size relation, normalized to the
field relation. The symbols are the same as in Fig. 4.7. Cluster passive ETG are systemati-
cally larger than CANDELS galaxies.
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Figure 4.9: The evolution of passive ETG mass-normalized radius R10.7 (see text) with red-
shift. The brown triangles, grey squares and orange diamonds show observations from
Delaye et al. (2014), Strazzullo et al. (2013), and Newman et al. (2014), respectively. The
black circles are field ETG sizes taken from Bernardi et al. (2014) for z = 0, and from van
der Wel et al. (2014) for the other redshifts.
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with the flow of the cosmic time (progenitor bias; van Dokkum & Franx, 1996; Saglia et al.,
2010).

Because of this accretion, new passive members are added to the original early type pas-
sive population. The new passive objects can form either through environmental quench-
ing by ram-pressure (Gunn & Gott, 1972), harassment (Moore et al., 1996) or strangulation
(van den Bosch et al., 2008), or they can infall already being quenched prior to the entry to
the cluster, by group preprocessing (Fujita, 2004). In the first case predominantly late-type
disky galaxies are mostly transformed into lenticulars and dwarf ellipticals. In the second
case, galaxies preprocessed in the group environment are larger. A part of the size growth
in the clusters can be attributed to the addition of the group elliptical galaxies and lenticular
galaxies that mix with the native cluster ETG population and homogenizes the size distri-
bution to that of the field. This is further compounded by results by Matharu et al. (2020),
that can be explained by the accretion of old compact ETGs onto BCG or their disruption
into the intracluster light. The Matharu et al. (2019)’s results at 1 < z < 1.34 show larger
sizes, and are consistent with Delaye et al. (2014)’s results and our findings in this paper.

Field galaxies at 2 ≲ z ≲ 3 (van der Wel et al., 2014; Patel et al., 2017; Marsan et al.,
2019) show larger sizes than the extrapolation of the field size evolution at lower redshift
(e.g., see the highest redhsift field point in Fig 4.9). This is explained by the transition from
the epoch in which galaxy growth is dominated by gas accretion and the epoch in which
minor mergers become dominant (Naab et al., 2009). On the other end, cluster galaxies are
already larger than field galaxies at z ∼ 2, then grow more slowly than field galaxies, to
reach the same average sizes by z = 1 and then evolve to z ∼ 0 on average in the same
way as field galaxies, mainly because of accretion of field larger galaxies and disruption of
the cluster more compact galaxies (Matharu et al., 2019).

4.4.2 Star forming ETG

I observe active ETGs (AETG) that follow the passive ETG MSR in four of our five clusters
at z = 1.5 − 2. The presence of AETG in clusters has been observed at z ∼ 0 (e.g., Sheen
et al., 2016) and up to z ∼ 2 (Ferreras & Silk, 2000; Mei et al., 2006, 2015; Jaffé et al., 2011;
Mansheim et al., 2017). At 1.35 < z < 1.65 our AETG are 20+7

−5% of all ETG, of which
45± 18% (64+16

−20% for 2.5σ) lie within 1σ of the passive MSR. At 1.65 < z < 2.05 AETG are
55 ± 13% of all ETG, of which 42 ± 17% (58 ± 17% for 2.5σ) lie within 1σ of the passive
MSR.

These galaxies indicate that theirmorphological transformation happened before quench-
ing (Barro et al., 2013, 2014) or that a recent event triggered the star formation again (e.g.
Shapiro et al., 2010; Kaviraj et al., 2011). It is also possible that these objects initially formed
as ETG from a monolithic gas cloud collapse, and we still see the residual SF at z = 2.

In the local Universe (z ≲ 1), star forming ETG show evidence for recent gas-rich minor
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merger events or interactions with gas-rich neighbour galaxies, and are thought to become
quiescent when the gas acquired during the merger, and which fuels star formation, will
have been exhausted (e.g., Lee et al., 2006; Huertas-Company et al., 2010; George & Zin-
gade, 2015; George, 2017). If this is true also at the higher redshifts that I probe, these
galaxies have gone through a recent merger or neighbour galaxy interaction, and would
most probably quench at a later epoch and increase the fraction of passive ETG in the clus-
ter population. This explains why they follow the passive ETG MSR, and not the active
galaxy MSR.

4.4.3 The MSR flattening for log(M) ≤ 10.5

Our MSR indicates a tendency to flatten at log
(
M/M⊙

)
≲ 10.5. In the range 9.6 <

log
(
M/M⊙

)
< 10.5 , where I observe a average cluster passive ETG size of log(Re) =

0.05±0.22. This is a trend observed in passive ETG in clusters and field in the local Universe
(e.g., Bernardi et al., 2014; Nedkova et al., 2021) and at z ≲ 2 (e.g., Nedkova et al., 2021) for
galaxies in the mass range 7 ≲ log(M) ≲ 10.5. It is predicted in semi-analytical models
(e.g., Shankar et al., 2013), where it occurs at the transitional mass (log(M) ∼ 10.5) below
which galaxy growth is dominated by both disk instabilities and mergers, and above which
galaxy growth is due to minor mergers. Our average cluster passive ETG size is ∼ 0.2 dex
smaller than the average size from Nedkova et al. (2021), and consistent within ∼ 1σ.
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Conclusion and perspectives

The observations of KDG 64 demonstrate that large group-dwelling dwarf spheroidal galax-
ies are in fact barely distinguishable from other diffuse low-mass non star-forming stellar
systems in groups and clusters. It is not possible to make sweeping conclusions from a sin-
gle galaxy, but I can argue that at least some of the morphologically similar cluster dwarfs
should follow the same evolutionary paths as dwarf spheroidals in groups. The definitive
answer requires systematic observations of low mass galaxies in different environments
analysed in a homogeneous fashion. This work demonstrates the feasibility of such a pro-
gram. The developed dynamical modelling algorithm (based on one of the fastest currently
available implementations for non-spherical systems) will allow to perform a dark mat-
ter census in the local universe, determining DM halo parameters for all nearby passive
galaxies and thus refine the stellar-to-dark matter mass relation.

This thesis demonstrates that a comprehensive spectrophotometric study of galaxies
including full-spectrum fitting, structural measurements and dynamical modelling allows
to conclude a lot about their intrinsic properties and evolution. If a bigger sample is studied,
this method can be useful for uncovering the evolution history of different galaxy popu-
lations. Currently there exist surveys providing spatially resolved spectroscopy such as
MaNGA (Bundy et al., 2015) and CALIFA (Sánchez et al., 2012). Once the developed spec-
trophotometric approach is properly automated, it can be applied to these surveys, as well
as new ones. I am hopeful that I will have the pleasure of participating in some of the
outlined perspective projects.

The observations of recently ram-pressure stripped low-mass disc galaxies suggest: (i)
that ram pressure stripping is a viable channel of UDG formation and that UDGs formed
via this channel de facto extend the corresponding dE/dS0 sub-class to lower surface bright-
nesses and larger sizes; (ii) that ram pressure stripping is responsible for a substantial
fraction of large rotating UDGs in galaxy clusters including extreme objects like DF 44
(van Dokkum et al., 2016) and also higher surface brightness, spatially extended, dwarf
early-type galaxies; (iii) that ram pressure stripping affects not only morphological appear-
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ance but also stellar dynamics by increasing the stellar disc orbital anisotropy; and (iv) that
the tangential orbits of UDG progenitors at large pericentral distances lead to higher ram
pressure-induced star formation efficiencies, and higher stellar masses and surface densi-
ties.

The sample of PSG proved to be just the tip of the iceberg in studying the ram pressure
influenced galaxy population. The current selection is based on the SDSS spectroscopic tar-
get magnitude limit (mr < 17.77) and the survey footprint. Later considerations showed
that (i) for the sake of sample purity several PSG in Coma were not selected because there
was some emission present, however these galaxies are good candidates to study ram pres-
sure effects even with some leftover star formation; (ii) the Virgo cluster that was not cov-
ered by SDSS contains plenty of galaxies both in process and after ram pressure stripping,
and these objects are easier to study in detail due to their location 5 times closer. The pos-
sibilities are vast with this kind of targets, and I expect that by observing the signatures
of ram pressure stripping it will be possible to (i) estimate the speed of a galaxy through
intergalactic medium using the configuration of ram pressure induced starburst observed
in some galaxies; (ii) reconstruct the orbit of in the cluster of any such galaxy if the pre-
cise distance is known. These two methods combined for a statistically significant sample
of galaxies could provide an independent method of measuring the mass distribution in
galaxy clusters.

The study of the mass-size relation of galaxies in a sample of 15 spectroscopically con-
firmed clusters at 1.3 < z < 2.8 from the CARLA survey (Wylezalek et al., 2013, 2014;
Noirot et al., 2018) yielded several important findings.

Our main results are:

• Cluster LTG at 1.4 < z < 2.8 lie on the same MSR as active field galaxies from van
der Wel et al. (2014)’s CANDELS analysis

• Cluster ETG at 1.4 < z < 2.8 show sizes that are ≳ 1σ systematically higher than
passive field galaxies from van der Wel et al. (2014) CANDELS analysis

• The evolution of cluster passive ETG sizes is slower at 1 < z < 2 when compared to
the field. We fit the average evolution for the mass-normalized radius as:

log(R10.7) = −0.16 (z − 1) + 0.44 (5.1)

compared to the evolution in the field from van der Wel et al. (2014), which is:

log(R10.7) = −0.29 (z − 1) + 0.33 (5.2)

• Brightest cluster galaxies lie on the same mass-size relation as the satellites

• Half of the active ETG, which are 30% of our ETG sample, follow the field passive
galaxy MSR. These galaxies most probably went through a recent merger or neigh-
bour galaxy interaction, and would most probably quench at a later epoch and in-
crease the fraction of passive ETG in the cluster population.
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• In in the range 9.6 < log
(
M/M⊙

)
< 10.5, OurMSRflattens at log

(
M/M⊙

)
< 10.5,

and we measure the average log(Re) = 0.05 ± 0.22, which is 0.2 dex smaller, but
consistent with galaxy sizes at z = 0− 2 from Nedkova et al. (2021).

• We do not observe a large population of compact galaxies (only one), as it is observed
in the field at these redshifts (e.g., Barro et al., 2013).

The predictions from semi-empirical models kindly provided by Francesco Shankar and
Hao Fu show that the number of mergers by z = 2 is not enough to explain a twofold dif-
ference in average sizes, and more work is required to model our observations. A further
trend of field and cluster ETG sizes becoming closer by z = 1 is likely an effect of pro-
genitor bias, where smaller ETG formed in groups end up in clusters through large-scale
structure condensation. The high percentage of both early-type and passive galaxies in
the studied clusters means that both morphological transformation and quenching have
mostly occurred by z ∼ 2. The large percentage (roughly 50%) of the active ETG that
follow the passive MSR demonstrates that cluster environment at z ∼ 2 catalyzes morpho-
logical transformations and/or quenching, and these objects are especially interesting in
future studies of these processes.
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ABSTRACT
Low-mass early-type galaxies, including dwarf spheroidals (dSph) and brighter dwarf
ellipticals (dE), dominate the galaxy population in groups and clusters. Recently, an
additional early-type population of more extended ultra-diffuse galaxies (UDGs) has
been identified, sparking a discussion on the potential morphological and evolutionary
connections between the three classifications. Here we present the first measurements
of spatially resolved stellar kinematics from deep integrated-light spectra of KDG 64
(UGC 5442), a large dSph galaxy in the M 81 group. From these data we infer stellar
population properties and dark matter halo parameters using Jeans dynamical mod-
elling. We find an old, metal-poor stellar population with no young stars and a dark
matter mass fraction of ∼ 90% within the half-light radius. These properties and the
position of KDG 64 on the Fundamental Plane indicate that it is a local analogue of
smaller UDGs in the Coma and Virgo clusters and is probably a transitional dSph-
UDG object. Its evolutionary path cannot be uniquely established from the existing
data, but we argue that supernovae feedback and tidal heating played key roles in
shaping KDG 64.

Key words: galaxies: individual: UGC 5442 – galaxies: dwarf – galaxies: kinematics

1 INTRODUCTION

Low-luminosity early-type galaxies with no current star for-
mation are the numerically dominant population in galaxy
clusters (Sandage & Binggeli 1984; Ferguson & Sandage
1988). These galaxies are commonly called dwarf ellipticals
(dE) or dwarf lenticulars (dS0) and typically have stellar
masses M∗ ∼ 108 − 109M� and effective radii 0.5 − 2 kpc.
Galaxy groups, on the other hand, are numerically domi-
nated by yet fainter dwarf spheroidal galaxies (dSph) sim-
ilar to dE in size (half-light radius re ∼ 0.5 − 2 kpc) and
morphology but with 10 − 100 times fewer stars (Grebel
et al. 2003). Sandage & Binggeli (1984) found extended
low-surface brightness galaxies with larger radii (re = 1.5 −
4.5 kpc) and stellar masses similar or smaller than dEs.
van Dokkum et al. (2015) proposed that these ultra-diffuse
galaxies (UDGs) constitute a distinct galaxy class. UDGs
were found in large quantities first in the Coma cluster and

? E-mail: anton.afanasiev@voxastro.org
† E-mail: igor.chilingarian@cfa.harvard.edu; chil@sai.msu.ru

later in other clusters and groups (Muñoz et al. 2015; Mi-
hos et al. 2015; Janssens et al. 2017; Wittmann et al. 2017;
Zaritsky et al. 2021).

How these morphological classes relate to each other
and the evolutionary processes leading to their structural
differences remain uncertain (Conselice 2018). UDGs are the
most puzzling because they share characteristics with both
with dE and dSph (Chilingarian et al. 2019). Understanding
the origin of UDGs is a crucial step in our studies of the
evolutionary history of early-type dwarf galaxies.

The low UDG surface brightness makes spectroscopy
difficult (Grishin et al. 2021), and we have measurements of
stellar population parameters and stellar velocity dispersions
for only a handful of UDGs (Beasley et al. 2016; van Dokkum
et al. 2016; Danieli et al. 2019; Chilingarian et al. 2019; van
Dokkum et al. 2019; Gannon et al. 2020, 2021). The internal
dynamics and dark matter content of UDGs remain poorly
constrained.

The nearest known UDG is 13 Mpc distant (Monelli &
Trujillo 2019). At that distance only the brightest RGB stars
are detectable, using HST, thus detailed stellar population

© 2022 The Authors
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analysis is impossible. Finding UDG-like candidates in the
nearest groups would help us understand UDG formation
and evolution. The largest quiescent dwarf galaxy in the
Local Group, Fornax dSph, clearly cannot be considered as
a UDG, because of its relatively small 700 pc effective radius
and ∼ 23 mag arcsec−2 average surface brightness (Zaritsky
et al. 2006).

The M 81 group has 4 dwarf quiescent galaxies re ≥
1 kpc but one (F8D1, Caldwell et al. 1998) is located behind
Galactic cirrus, another (IKN, Karachentsev et al. 2004) lies
close to a 9-th mag star, and a third (KDG 61, Makarova
et al. 2010) is located very near M 81 with projected fore-
ground star-forming regions and likely tidal disturbance.
The remaining dSph, KDG 64, is an excellent candidate
for deep integrated-light spectroscopy. KDG 64 is one of
the largest known dSph, and it borders the UDG and dE
regimes in size and surface brightness.

KDG 64 is interesting because it borders multiple dwarf
galaxy sub-classes. Its distance of 3.73 Mpc (Tully et al.
2016) enables HST photometry of individual stars but pre-
cludes obtaining individual stellar spectra. KDG 64’s angu-
lar size, surface density and distance places sufficient stars
located within a spectrograph slit to measure the average
stellar velocity dispersion (σ) along the line of sight. The
stochastic influence of individual stellar velocities is insignif-
icant (Dubath et al. 1992). Our pilot study of KDG 64
demonstrates our ability to measure internal kinematics,
to determine the stellar population, and to infer the dark
matter content through dynamical modelling. A similar ap-
proach can be applied to future studies of dwarf galaxies
with a wider range of masses, luminosities, surface bright-
nesses and dark matter properties.

2 NEW AND ARCHIVAL OBSERVATIONS

We observed KDG 64 with Binospec, a multi-object spec-
trograph at the 6.5-m MMT (Fabricant et al. 2019). We
designed a single slit mask with three primary slits for
KDG 64: two 50 arcsec-long slits along the major axis and
one 20 arcsec-long slit along the minor axis. The major and
minor axis slits are tilted by 35 deg and 55 deg to the direc-
tion of the dispersion, respectively. To prevent spectra from
overlapping, the second major axis slit begins 28.5 arcsec
from the galaxy centre. We excluded a background galaxy
located near the geometric centre of KDG 64. The mask PA
value was set to +165 deg (see Fig. 1).

The spectra were obtained on two consecutive nights:
November 6&7, 2018. We used Binospec’s 1000 gpm grat-
ings with wavelength coverage 3,760 Å – 5,300 Å and R =
3, 750 − 4, 900 (σinst = 34 − 26 km s−1). The total integration
time of 3h 20 min was split into 20 min-long exposures. The
observations were conducted with seeing 0.9–1.3 arcsec and
good transparency during dark time. We took arc lamp and
internal flat field frames at night time and high signal-to-
noise sky flats during the day to characterize the spectral
resolution across the field and wavelength range.

We reduced the data with the Binospec pipeline1

1 https://bitbucket.org/chil_sai/binospec/src

(Kansky et al. 2019) that produces flux calibrated, sky-
subtracted, rectified, and wavelength calibrated 2D long-slit
images (plus flux error frames) for each slitlet. The image
scale is 0.24 arscec pix−1 along the slit and the wavelength
sampling is 0.38 Å pix−1. We used non-local sky subtraction
(i.e. a global sky model computed from all “empty” regions
in all slits in the mask) optimized for low surface brightness
targets.

HST Advanced Camera for Surveys (ACS) archival im-
ages (obtained for a TRGB distance measurement) resolve
KDG 64 into individual stars (PID 9884, PI: Armandroff)
in the F606W and F814W (Cousins Ic) bands. We use
archival R- and V-band images from the 2.1m KPNO tele-
scope (PID 0117) for low-resolution 2-D surface photom-
etry (300 s exposure time per band and 0.3 arcsec pix−1

scale). We construct a broadband spectral energy distribu-
tion (SED) with aperture photometry from GALEX (NUV
and FUV bands), HST (F606W and F814W bands), KPNO
(B, V, R bands) and Spitzer Space Telescope (IRAC1 3.6 µm
and IRAC2 4.5 µm).

3 DATA ANALYSIS METHODS

3.1 Full spectrum fitting

We analyse the global properties of the KDG 64 stellar
populations by modelling the integrated spectrum from the
inner 12 arcsec of the major axis slitlet (Fig. 2) and the
multi-wavelength spectral energy distribution. We use the
NBursts+phot technique (Chilingarian & Katkov 2012)
that computes the position of a local minimum of the
(1−wphot )χ2

spec+wphot χ
2
phot

statistic. Here χ2
spec and χ2

phot

are the χ2 statistics for a spectrum and an SED respectively,
and wphot is the statistical weight of the residuals in the SED
fitting. We model the optical spectrum from spectral tem-
plates interpolated to the specific values of stellar age and
metallicity, convolved with the Gaussian line of sight veloc-
ity distribution (LOSVD) and multiplied by a polynomial
continuum.

For global stellar population modelling we use Miles
(Vazdekis et al. 2010) simple stellar population (SSP) mod-
els computed for Padova isochrones (Girardi et al. 2000).
The broadband SED is modelled using pegase.2-based low-
resolution templates (Fioc & Rocca-Volmerange 1997, 1999).
A spectrum is degraded to a spectral resolution of 2.3 Å.
We simultaneously model the observed optical spectrum in-
tegrated in the inner 12 arcsec bin and spectral energy dis-
tribution from UV to NIR. A flux in each band is extracted
from an image within the elliptical isophote (b/a = 0.5)
aligned with the major axis of 100 arcsec ∼ 1.4 re exclud-
ing the background galaxy near the centre of KDG 64 as
well as several other background/foreground contaminants.
To account for potential flux calibration errors in both the
observed spectrum and Miles SSPs, we include a 15th order
polynomial continuum in the fitting procedure.

To measure internal kinematics, we also analyse a full-
resolution long-slit spectrum using the NBursts technique
(Chilingarian et al. 2007b,a), which implements a full spec-
trum fitting approach in the pixel space using a grid of
intermediate-spectral resolution (R = 10, 000) simple stel-
lar population (SSP) models computed with the pegase.hr
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evolutionary synthesis package (Le Borgne et al. 2004). We
convolve SSPs with the Binospec spectral line-spread func-
tion determined from the analysis of sky flats. As Chilin-
garian et al. (2008a) demonstrated, the NBursts algorithm
can recover stellar velocity dispersions (σ) down to σinst/2 at
a signal-to-noise ratio of 5 per pixel. We use the restframe
wavelength range between 3900Å and 5200–5400Å for the
fitting procedure. See Chilingarian et al. (2008b); Chilin-
garian (2009) for a detailed discussion regarding sensitivity,
systematics, and limitations of the NBursts full spectrum
fitting. We allow a 15th order multiplicative polynomial con-
tinuum correction and a constant additive term to account
for uncertainties in subtracting scattered light.

For the reduced long-slit spectra, the median signal-to-
noise ratio (SNR) per pixel in the wavelength range from
4,800–5,000 Å reached its maximum value of 1.65 in the
brightest pixel of the major axis, the closest to the galaxy
centre. To reliably measure stellar velocity dispersion of
15 km s−1 for old (10 Gyr) metal-poor ([Fe/H]=−1.5) stellar
population (Chilingarian & Grishin 2020), we bin the Bi-
nospec dataset along the slit increase the SNR per spatial
bin. We end up with a total of 15 spatial bins along the major
axis and 4 bins along the minor axis for radial velocity mea-
surements (SNR=4) and 5 spatial bins along one side of the
major axis (SNR=7) for velocity dispersion measurements.
We can not measure the velocity dispersion along the minor
axis due to the 1.8X spectral resolution degradation caused
by the large tilt of the slit to the direction of dispersion.

3.2 Star counts and 2-D photometry

We use the DOLPHOT software package (Dolphin 2000,
2016) for crowded field photometry to identify the resolved
stars in the HST/ACS F606W and F814W images and to
perform PSF photometry. Only the stars with good quality
photometry are included in the final catalogue, following the
DOLPHOT recipe and parameters. We choose only the stars
lying above the completeness limit mF606W < 26.85 mag and
mF814W < 25.35 mag. The spatial distribution of stars is fit
with a single-Sérsic model using maximum likelihood. We
set the centre coordinates, axial ratio, positional angle, ef-
fective radius, global normalization, and Sérsic index as free
parameters. We also account for foreground contamination
following (Makarova et al. 2010) which gives a total of 30-40
stars from our galaxy. Despite that, the distribution of stars
requires an additional constant background component at a
level of ∼ 190 stars which may be an effect of contamination
from M 81, M 82, and NGC 3077.

For dynamical modelling we need a global luminosity
distribution that is difficult to construct from HST frames
with conventional 2D-photometry packages (like Galfit or
Sextractor) due to the presence of resolved stars. We there-
fore determine the structural parameters of KDG 64 from
the magnitude-limited star counts normalized by the sur-
face brightness profile obtained from seeing-limited ground-
based images. We perform a 2-D photometric decomposi-
tion of ground-based photometric data using Galfit (Peng
et al. 2010). The model takes centre coordinates, Sérsic in-
dex, effective radius, positional angle, axis ratio and total
magnitude as free parameters. All of the fitted parameters
except effective radius and PA are close to those obtained
from star counts. The divergence in Re and PA might be

explained by the presence of a galactic cirrus at the north-
ern edge of KDG 64 that skews the 2-D photometric data.
We use the central surface brightness from 2D decomposi-
tion as a normalization to convert the surface density profile
of the detected stars into surface brightness profile while
keeping all the structural parameters from star counts, as
this method should better track the mass distribution in
KDG 64.

3.3 Dynamical modelling

We use the Jeans Anisotropic Modeling (JAM) approach
(Cappellari 2008) to estimate dynamical mass-to-light ratio
and mass of dark matter in KDG 64. We follow a procedure
described in Afanasiev et al. (2018) without the central black
hole component. From the MBH−Mbulge scaling relation (Ko-
rmendy & Ho 2013), massive central black hole is unlikely
to be present in the centre of dwarf spheroidal galaxy (ex-
pected black hole mass < 104.5M�). Currently there is no
consensus on the presence of massive black holes in dwarf
spheroidals. Most kinematical studies do not find black holes
more massive than 105 M� (e.g. Lora et al. 2009), however
there is an evidence that some dwarf spheroidals might host
supermassive black holes (Bustamante-Rosell et al. 2021).

The basic JAM code does not allow a non-self-consistent
(that is“mass follows light”) as a default, but the code can be
easily modified to handle the dark matter halo as a separate
component influencing only the overall galaxy potential. We
use two dark matter profiles to model KDG 64, a Burkert
halo (Burkert 1995) and a NFW halo (Navarro et al. 1997).
These options allow us to model either cored or cusped dark
matter distribution and compare the goodness of fit for the
kinematic data between the two options. Each of these two
DM profiles is described by two free parameters and the
other properties can be analytically derived. For the Burk-
ert halo we use ρ0 and rs, and for NFW profile we take Mtotal
and Rs. We also calculate the total halo mass for the Burk-
ert profile and the dark matter fraction within the effective
radius Re for both profiles to compare the halo parameters
with each other and with the results from Chilingarian et al.
(2019). With this approach we fix the stellar mass-to-light
ratio at the value determined from the stellar population,
M/L∗,R = 1.3 (M/L)� computed using pegase.2 models for
the stellar population properties of KDG 64. We model only
spherically-symmetric dark matter haloes; oblate or prolate
dark matter distributions are outside the scope of our study.

The galaxy stellar potential is obtained from the sur-
face brightness profile (see Section 3.2) using the Multiple
Gaussian Expansion (MGE) method (Cappellari 2002). For
dynamical modelling we convert the dark matter profile into
multiple Gaussians by fitting 1D dark matter density pro-
files with the mge fit 1d procedure from Cappellari (2002)
and deprojecting the resulting Gaussians in 3D. We add the
Gaussians describing the dark matter and the stellar popu-
lation potentials to obtain the final potential. We run JAM
over a parameter grid of anisotropy βz (0 to 0.9), and incli-
nation i from edge-on (90◦) to the minimum allowed by the
galaxy ellipticity (64◦) in 6◦ steps. The grid also includes two
dark matter halo parameters (central density ρ0 and scale
radius rs for Burkert haloes; halo mass M200 and concentra-
tion c for NFW haloes). We also calculate the halo mass for
the Burkert halo (uniquely derived from each pair {ρ0, rs})
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Figure 1. Left: long slit spectra along galaxy major and minor axes. Right: slit positions overlaid on an HST false-color

(F606W/F814W ) image.
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Figure 2. A Binospec spectrum of KDG 64 binned within 12 arcsec along the major axis on one side from the galaxy centre in Fλ
units (left panel, black); an observed SED in AB magnitudes (right panel, black); the best-fitting model spectra and SED (red), flux

uncertainties (purple) and residuals (grey line and black asterisks). The SED fitting residuals are shown in the bottom-right panel.

Table 1. Structural parameters of KDG 64 measured using star

counts in HST ACS F814W image (left) and using Galfit analysis
of 2.1m KPNO R-band deep images.

Method Star counts 2D decomposition

Re , pc 960 ± 25 1125 ± 20
Re , arcsec 53.1 ± 1.4 62.2 ± 1.1

n 1.06 ± 0.05 1.07 ± 0.01
b/a 0.45 ± 0.01 0.49 ± 0.02

PA, deg 17.4 ± 1.2 28.1 ± 0.5

for comparison with the NFW halo mass. The concentration
c for the NFW profile is capped at c = 4, because for lower c
values it is not always possible to perform a MGE expansion.

4 RESULTS

We obtain structural properties of KDG 64 (Re, n, b/a)
from star counts yielding best-fitting values Re = 53.1 arcsec,
n = 1.06, b/a = 0.45. The light distribution is very close to

Table 2. Internal kinematics and stellar population properties of

KDG 64 derived from Binospec data.

Slit Major axis Minor axis

S/N, Å−1 25 10

vlos, km s−1 −18.4 ± 3.4 −18 ± 6.0
vrot, km s−1 < 2.0 < 6.0
σ, km s−1 16.8 ± 1.9 17 (fixed)

Age, Gyr 10.9 ± 1.0 11.0 (fixed)

[Fe/H], dex −1.33 ± 0.26 −1.33 (fixed)

exponential. Assuming a TRGB-estimated distance modu-
lus of 27.86 mag (Tully et al. 2016), we estimate its physical
size as Re = 960 pc, placing it among the largest galaxies
of the dSph type. For M 81, the adopted TRGB distance
modulus is d = 27.79 mag (Tully et al. 2016). We are able to
calculate the full 3D distance between M 81 and KDG 64 of
r = 160 kpc (smaller than the 230 kpc assumed in Makarova
et al. 2010). The KDG 64 and M 81 heliocentric velocities
differ by 20 km s−1 suggesting that the orbit of KDG 64
around M 81 lies nearly in the plane of the sky, in agreement
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KDG 64: a dSph/UDG satellite of M 81 5

Figure 3. Left: Resolved kinematics profiles (red and green vr data points for minor and major axes respectively) and best-fitting Jeans

dynamical models (black lines) with Burkert and NFW dark matter halo profiles. Right: confidence levels for the parameters of Burkert

and NFW DM profiles.

Table 3. Best-fitting parameters of the dynamical models and

their 1-σ uncertainties.

DM Halo Burkert NFW

log(M200/M�) 9.2+0.3
−0.5 10.2+0.4

−0.7
R200, kpc 24+6

−8 52 ± 20
R0, kpc or Rs , kpc 0.8 ± 0.35 8.8+9

−7
log(ρ0), M� pc−3 or c −1.0 ± 0.25 6+12

−2
DM within Re , per cent 90+4

−8 91+3
−4

βz 0.8 ± 0.1 0.75 ± 0.1
Inclination, deg 72 ± 6 72 ± 6

with Makarova et al. (2010). Unfortunately it is difficult to
assess if KDG 64 is located closer to the pericentre or the
apocentre of its orbit.

The mean stellar age obtained from the SED supple-
mented full-spectrum fitting is 10 Gyr, the metallicity is
[Fe/H]= −1.3 dex, corresponding to a stellar mass to light
ratio M/LR,∗ = 1.29± 0.11 (M�/L�,R). The SED clearly indi-
cates the lack of young or intermediate stellar populations
with ages 5 Gyr or younger.

The vertical anisotropy βz is rather high, with the best
fitting values falling in the range 0.6−0.7 for both DM haloes;
the best-fitting inclination to the line of sight is i = 70 deg.
This means that the shape of KDG 64 is a very oblate
spheroid, well represented by a thick disc and not a thin
disc geometry.

Cored (Burkert) and cusped (NFW) dark matter dis-
tributions fit equally well (∆χ2 ≈ 0.2), preventing us from
probing the shape of the innermost DM distribution. The
best-fitting halo total masses differ by an order of magnitude
(log(MBurkert/M�) = 9.2 vs log(MNFW/M�) = 10.2). However,
the dark matter fraction inside the effective radius is the

same for both halo profiles, slightly more than 90 per cent
(see iso-lines in Fig. 3 and Table 3).

5 DISCUSSION

We demonstrate that we can obtain spectra of low-surface
brightness dwarf spheroidal galaxies beyond the Local group
of sufficient quality to determine reliable stellar populations
and to make spatially resolved kinematic measurements. We
are able to perform Jeans dynamical modelling and to esti-
mate dark matter halo parameters. The stellar population
parameters of KDG 64 are well measured and consistent
between different studies, so we can emphasize kinematics
measurements.

KDG 64 is located 97.5 arcmin = 106 kpc in pro-
jected distance from M 81. Even without taking into ac-
count the line of sight distance difference, we can estimate
the maximum tidal disturbance from M 81. Karachentsev
et al. (2002) derive M 81’s group total dynamical mass as
∼ 1.6 × 1012M�, so the mass of the M 81 dark matter halo
can be estimated at 2–3 times smaller. An initially spherical
galaxy 106 kpc from M 81 would have been distorted into
an ellipsoid with expected axis ratio a/b = 1.16 in the M 81
direction.This value is much smaller than a/b = 2.2 we ob-
tain from the KDG 64 photometric analysis. Additionally,
KDG 64’s isophotes are extended along the line perpendic-
ular to the direction towards M 81. It is therefore unlikely
that KDG 64’s elliptical shape stems from its current tidal
interaction with M 81.

Using the 3D distance d = 160 kpc we can constrain the
sphere of KDG 64’s gravitational influence from the Jacobi
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radius (see Binney & Tremaine 2008):

Rj = d ×
(

MKDG 64
3MM81

)1/3
= 24 kpc. (1)

Interestingly, the best-fitting value for R200 of the Burkert
dark matter halo is ∼ 25 kpc suggesting that the dark matter
haloes of KDG 64 and M 81 are in equilibrium. Thus, if
KDG 64’s dark matter halo is being stripped by its host,
the process is gradual and should not lead to halo truncation
(see also Borukhovetskaya et al. 2022).

KDG 64 exhibits no rotation along the major axis up
to 20 arcsec (∼ 360 pc, or 1/3 Re), and beyond that radius
the presence of the rotation is questionable. The minor axis
also does not exhibit rotation, consistent with our initial as-
sumption of axial symmetry. The dispersion profile is flat,
suggesting the dark matter halo dominates the potential at
all radii. Low rotation and strong dispersion support is typi-
cal of dwarf spheroidals (Walker et al. 2009) as well as UDGs
(Chilingarian et al. 2019, Ruiz-Lara et al. 2018, van Dokkum
et al. 2019).

The κ-space Fundamental plane (Bender et al. 1992) is
an important kinematics metric for a dispersion supported
virialized galaxy. This is a modification of the original Fun-
damental Plane (Djorgovski & Davis 1987) with the rotated
axes (see Figure 4). The κ-parameters are defined as: κ1 =
(logσ0+ logRe)/

√
2 (a measure of Mdyn); κ2 = (logσ0+2logIe−

logRe)/
√

6 (compactness); κ3 = (logσ0 − logIe − logRe)/
√

3 (a
measure of (M/L)dyn). KDG 64’s position in the κ1 − κ3 pro-
jection is clearly in the locus of the UDGs (black circles)
rather than ‘classical’ dSphs (green stars). The other two
projections also show KDG 64 skewing to the UDG locus.
These metrics clearly display KDG 64’s transitional nature
between dSphs and UDGs, favoring the UDG locus. The
dark matter fraction within 1re of just above 90 per cent is
comparable to the values found in Chilingarian et al. (2019)
for small Coma UDGs. Walker et al. (2009) show that the
dark matter fraction in dwarf spheroidal galaxies is stable
to the choice of dark matter profile. This is also true for
KDG 64. The 800 pc core size is similar to that of large
dSphs (e.g Amorisco et al. 2013).

The structural parameters of KDG 64 also resemble
those of smaller UDGs in the Coma cluster (Koda et al.
2015; Yagi et al. 2016 where the UDG selection criteria were
Re > 0.7 kpc and 〈µe,r 〉 > 24.0 mag arcsec−2). KDG 64
has Re ∼ 0.95 kpc and 〈µe,r 〉 = 23.89 mag, so if placed inside
Coma cluster and accounting for corresponding cosmological
dimming (〈µe〉 becomes 24.01), KDG 64 would have barely
passed the Yagi et al. (2016) UDG selection criteria. KDG 64
has a rather elongated shape, so if deprojected, its surface
brightness would be even fainter. Yagi et al. (2016) catalog
contains 204 galaxies (out of total 854) with Re smaller than
KDG 64, and 101 of them have b/a < 0.5. From a morpho-
logical perspective KDG 64 is similar to the small UDGs
in the Coma cluster. These three similarities motivate the
claim that KDG 64 is one of the closest UDG analogs in
the Local Universe. It could act as a calibration object for
integrated light studies of more distant galaxies.

The HST ACS data shows no detectable young stel-
lar population. Our full-spectrum+SED fitting results, and
especially the GALEX FUV and NUV fluxes support this
conclusion. Makarova et al. (2010) found a slight enhance-
ment of the star formation mostly about 1.5 − 2.5 Gyr ago
and an indication of very small fraction (less than 2 per-
cent) of stars ∼500 Myr old. These intermediate age stellar
populations account for about 10 per cent of the total mass.
Girardi et al. (2010) reports 7 to 9 per cent of population
younger than 3 Gyr (with less than 1 per cent younger than
1 Gyr) based on the AGB to RGB star ratio. Weisz et al.
(2011) indicate a more protracted star formation history,
with only a half of KDG 64 stellar mass in place 6 Gyr
ago, and 18 per cent of the stellar mass formed during the
last 2 Gyr. This result is inconsistent with our results from
full-spectrum fitting and SED analysis. Lianou et al. (2010)
do not infer age, giving only the metallicity which varies
between −1.72 dex and −1.39 dex depending on the chosen
normalization and isochrone. CMD-based results from Milky
Way dSphs (Tolstoy et al. 2009) suggest that many of them
went through multiple phases of moderate star formation
after the buildup of the bulk of their stellar mass ∼ 10 Gyr
ago. These events typically make up about 10 per cent of
the stellar mass, and happen once in 3-5 Gyr.
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The best-fitting model for the stellar distribution was
found to be Sèrsic + constant background. This background
could be attributed to either M 81 + M 82 + NGC 3077
peripheral stars, or excess foreground stars in our Galaxy.
In both cases, this background could contain some young
stars that might shift the age statistic derived from CMD
slightly towards younger ages, and the number of young stars
detected in Makarova et al. (2010) is generally comparable
to this background value.

Boyce et al. (2001) have detected an Hi spur extending
from the main cloud around NGC 3077 to KDG 64. However
it is mostly located at the radial velocity of NGC 3077, which
is about 200 kpc farther than KDG 64. This association with
Hi is most likely a projection effect, hence KDG 64 does not
have any neutral gas.

The neighbours of KDG 64 in the M 81 group with com-
parable structural properties are KDG 61, DDO 78, DDO 71
(KDG 63), IKN (Karachentsev et al. 2004), and F8D1 (Cald-
well et al. 1998). Their MV ranges from −11.5 mag (IKN)
to −13.9 mag (KDG 61), and they are on the bright end
of the dSph luminosity distribution. These galaxies all have
low surface brightnesses, around 〈µe,r 〉 = 24.4 mag arcsec−2

for KDG 61 and 〈µe,r 〉 ≈ 25 mag arcsec−2 for the remaining
three galaxies. IKN hosts an unusually rich system of glob-
ular clusters (Karachentsev et al. 2006) similarly to Fornax
dSph (Buonanno et al. 1998), but its study is severely ham-
pered by a 9 mag foreground star projecting directly on the
northern part of the galaxy. Lianou et al. (2010) studied stel-
lar populations of all the galaxies mentioned above as well as
KDG 64 with archival HST data. They found that the galax-
ies are generally similar in their metallicities, ages and star
formation histories, thus forming a cohesive population of
dwarf M 81 satellites. Future integrated light spectroscopic
studies of these objects will help us understand the origin
and evolution of UDG and dSph galaxy classes.

The evolutionary path of dwarf spheroidal galaxies is
still a matter of debate as no single mechanism explains the
diversity of their properties (Mayer et al. 2001, 2007; Read
& Gilmore 2005). Here we use KDG 64 properties as a case
study for the main dSph formation theories. AGN in dSph
have not been discovered to date, but according to well-
established scaling between central black holes and their
host galaxies (Ferrarese & Merritt 2000; Gebhardt et al.
2000; Häring & Rix 2004), they are expected to be in the
intermediate-mass range (2 to 5 × 104M�), which will not
provide enough energy output to quench star formation in
the entire galaxy even if the AGN accretes at the Edding-
ton limit. The starvation and strangulation mechanisms are
also unlikely to play a major role, for their ineffectiveness
in the low mass regime allows dwarf galaxies to form stars
in the absence of an external gas reservoir for time periods
comparable to Hubble time.

X-ray data from the XMM telescope archive2 do not
demonstrate that M 81 has a massive halo of hot circum-
galactic gas. It is well established that ram-pressure quench-
ing is not as efficient in groups as in clusters. In a low-density
environment ram pressure is weaker – it may not strip the
gas from a dwarf galaxy but instead shield it from UV emis-
sion keeping star formation in place (Hausammann et al.

2 https://nxsa.esac.esa.int/nxsa-web/search

2019). However, some models show that in the group envi-
ronment ram pressure could act together with tidal heating
to completely quench a dwarf spheroidal satellite (Mayer
et al. 2006).

Supernovae (SN) feedback (Dekel & Silk 1986) is widely
considered the most common quenching mechanism in the
low-mass stellar systems. In the absence of external forces,
SN feedback is theorized to “fire” only once in the low mass
galaxies, as the gas ejected by SN remnants is expelled for-
ever from a galaxy potential far into the IGM. While SN
feedback provides a good explanation for the old and metal
poor stellar population, it doesn’t explain the lack of rota-
tion in KDG 64. Dynamical modelling suggests KDG 64 is
a very oblate spheroid that does not rotate. However, if it
was formed from a star forming discy dIrr progenitor via SN
feedback, some residual rotation should have been preserved
after the quenching.

It is also puzzling that KDG 64 does not contain globu-
lar clusters (GCs) or a central star cluster (the central object
shown in Fig. 1 is a background galaxy), while some mor-
phologically similar galaxies contain many globular clusters
(Fornax, IKN), and over half of all dwarf elliptical galaxies
are nucleated (Grant et al. 2005). The majority of Milky
Way dSphs do not have any GCs, however they are typi-
cally way smaller than KDG 64. Evidently, there exists some
mechanism to remove them completely, and SN feedback is
not expected to influence globular clusters.

We suspect that ram-pressure stripping, SN feedback
and disc heating by M 81 tides all could have played a role in
KDG 64 evolution. The old homogeneous stellar population
and high orbital anisotropy suggest that KDG 64 should
have spent most of its lifetime at moderate distance from
M 81, where tidal forces are not strong enough to signifi-
cantly deform the dSph satellite or strip its DM halo, but
where tidal forces significantly contribute to the kinematical
heating of the stellar component. As a result the stars grad-
ually shift to the eccentric orbits, and the galaxy transitions
from being rotation-supported to pressure-supported. Glob-
ular clusters are also shown to be influenced by tides that
puff up the GC distribution (Carleton et al. 2021), easing
their subsequent detachment. It is possible that the galaxy
is initially quenched by SN feedback, and starts to be tidally
heated soon afterwards. This tidal evolution has been shown
to be important in the models of the Local Group dSphs
(Peñarrubia et al. 2008).

KDG 64 demonstrates that large group-dwelling dwarf
spheroidal galaxies are in fact barely distinguishable from
other diffuse low-mass non-starforming stellar systems in
groups and clusters. It is not possible to make sweeping con-
clusions from a single galaxy, but we can argue that at least
some of the morphologically similar cluster dwarfs should
follow the same evolutionary paths as dwarf spheroidals in
groups. The definitive answer requires systematic observa-
tions of low mass galaxies in different environments analysed
in a homogeneous fashion. This work demonstrates the fea-
sibility of such a program.
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PhD research and the Russian Science Foundation (RScF)

MNRAS 000, 1–9 (2022)

Chapter 6

100



8 A. V. Afanasiev et al.

grant No. 22-12-00080 for supporting the development of the
dynamical modelling procedures. AA, IC, KG acknowledge
the RScF grant No. 19-12-00281 for supporting the analy-
sis of the spectral and photometric data and the Interdis-
ciplinary Scientific and Educational School of Moscow Uni-
versity “Fundamental and Applied Space Research”. IC’s re-
search is supported by the Telescope Data Center at Smith-
sonian Astrophysical Observatory. We are grateful to the
staff of the MMT Observatory jointly operated by Smithso-
nian Astrophysical Observatory and the University of Ari-
zona for their support of Binospec operations and service
mode observations. We thank F. Combes, G. Mamon, and
O. Sil’chenko for fruitful discussions related to this project.

DATA AVAILABILITY

The data underlying this article will be shared on reasonable
request to the corresponding author.

REFERENCES

Afanasiev A. V., et al., 2018, MNRAS, 477, 4856

Amorisco N. C., Agnello A., Evans N. W., 2013, MNRAS, 429,

L89

Beasley M. A., Romanowsky A. J., Pota V., Navarro I. M., Mar-

tinez Delgado D., Neyer F., Deich A. L., 2016, ApJ, 819, L20

Bender R., Burstein D., Faber S. M., 1992, ApJ, 399, 462

Binney J., Tremaine S., 2008, Galactic Dynamics: Second Edition

Borukhovetskaya A., Errani R., Navarro J. F., Fattahi A., Santos-

Santos I., 2022, MNRAS, 509, 5330

Boyce P. J., et al., 2001, ApJ, 560, L127

Buonanno R., Corsi C. E., Zinn R., Pecci F. F., Hardy E., Suntzeff

N. B., 1998, ApJ, 501, L33

Burkert A., 1995, ApJ, 447, L25

Bustamante-Rosell M. J., Noyola E., Gebhardt K., Fabricius

M. H., Mazzalay X., Thomas J., Zeimann G., 2021, ApJ, 921,

107

Caldwell N., Armandroff T. E., Da Costa G. S., Seitzer P., 1998,

AJ, 115, 535

Cappellari M., 2002, MNRAS, 333, 400

Cappellari M., 2008, MNRAS, 390, 71

Carleton T., Guo Y., Munshi F., Tremmel M., Wright A., 2021,

MNRAS, 502, 398

Chilingarian I. V., 2009, MNRAS, 394, 1229

Chilingarian I. V., Grishin K. A., 2020, PASP, 132, 064503

Chilingarian I. V., Katkov I. Y., 2012, in Tuffs R. J., Popescu

C. C., eds, IAU Symposium Vol. 284, The Spectral En-

ergy Distribution of Galaxies - SED 2011. pp 26–28

(arXiv:1112.5191), doi:10.1017/S1743921312008642

Chilingarian I., Prugniel P., Sil’chenko O., Koleva M., 2007a,

in Vazdekis A., R. Peletier R., eds, IAU Symposium Vol.
241, Stellar Populations as Building Blocks of Galaxies.

Cambridge University Press, Cambridge, UK, pp 175–176

(arXiv:0709.3047)

Chilingarian I. V., Prugniel P., Sil’Chenko O. K., Afanasiev V. L.,

2007b, MNRAS, 376, 1033

Chilingarian I. V., Cayatte V., Bergond G., 2008a, MNRAS, 390,

906

Chilingarian I. V., Cayatte V., Durret F., Adami C., Balkowski
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Faint extended elliptically-shaped ultra-diffuse galaxies (UDGs) and slightly brighter and
more compact dwarf elliptical (dE) and lenticular (dS0) stellar systems are common in galaxy
clusters. Their poorly constrained evolutionary paths can be studied by identifying young
UDG and dE analogs populated with bright, massive stars. Using data mining we identified
11 such low-mass (2×108 < M∗ < 2×109M�) galaxies with large half-light radii (2.0 < re <

5 kpc) and recently quenched star formation in the Coma and Abell 2147 galaxy clusters.
All galaxies happen to have ram-pressure-stripped tails with signs of current or recent star
formation. Deep spectroscopic observations revealed rotating stellar discs containing 70–
95% dark matter by mass. A large fraction of the disc stars (10–60%) formed in intense
star bursts 180–970 Myr ago, likely triggered by ram pressure. Observed global gradients of
stellar age corroborate this scenario. Passive evolution in the next 10 Gyr will transform 9
of the 11 galaxies into UDGs. If we assume a constant rate of galaxy infall, 44±16 % of the
most luminous present-day UDGs in Coma must have formed via ram pressure stripping of
discy progenitors.
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Main

The first systematic studies of the two nearest galaxy clusters (Virgo and Fornax) three decades
ago1, 2 revealed large populations of low-luminosity (LB ∼< 3×109L�) early-type galaxies, includ-
ing some very extended examples (re > 5 kpc). Recently, dozens3 and then hundreds4 of similar
extended “ultra-diffuse” galaxies (UDGs) were found in the more distant (d = 99 Mpc)5 and pop-
ulous Coma cluster and also in galaxy groups6. These UDGs include several extreme examples
with the size but <1% of the stellar mass of the Milky Way. Initially some UDGs were thought to
be “failed galaxies”7: massive dark matter halos that formed few stars following rapid gas loss at
an early evolutionary stage. This gas loss could arise from the cluster environment, including ram
pressure stripping by hot intracluster gas8 and tidal interactions9 or from internal processes such as
supernovae (SN) driven winds10. Gas loss from a low-mass star-forming galaxy will quench star
formation, allowing the galaxy to evolve into a quiescent early-type system. Recent observations11

and simulations12, 13 suggest that a dwarf galaxy can be puffed up by SN feedback or tidal inter-
actions and transformed into a UDG. It is unclear whether UDGs and dEs belong to the same
family14, 15 and share similar evolutionary paths or if they represent different galaxy types with dif-
ferent formation scenarios. In-depth observational studies of UDGs are challenging because their
surface brightnesses are significantly below that of the night sky. This fundamental limitation can
be overcome by identifying recently quenched low-mass galaxies, still containing young stars, that
will passively evolve into dEs or UDGs.

Data mining the multi-wavelength Reference Catalog of Spectral Energy Distribution of
galaxies (RCSED16) revealed 12 blue but non-starforming galaxies (mean stellar age < 1.5 bil-
lion years) with half-light radii re between 2.0 kpc and 5.2 kpc. The RCSED galaxies are part of
the main galaxy sample from the 7th Data Release of the Sloan Digital Sky Survey17, and form a
nearly complete magnitude-limited sample within the SDSS footprint. Nine galaxies reside in the
Coma cluster (Figure 1), two are Abell 2147 cluster (d = 156 Mpc) members (Figure 2), and one is
a group member. Four of the nine Coma cluster members were previously classified as “blue k+a”
post-starburst galaxies (PSGs)18 based on their integrated-light spectra. However, a recent starburst
is needed to properly reproduce the spectra and colours of the remaining galaxies, so they are also
PSGs. Two Coma galaxies (GMP 4060 and GMP 2923) are known19 to exhibit spectacular tails of
material stripped by the ram pressure of the hot intracluster medium8 with Hα emission suggesting
current star formation. Their discs, unlike most other galaxies in the the Subaru SuprimeCam Hα
survey of the Coma cluster, are not starforming. Young stars are UV-bright and expose a 250 kpc
long tail in the most massive galaxy in our sample, GMP 264020. Visual inspection of Subaru Hy-
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perSupremeCam images revealed filamentary tails in both Abell 2147 members (Figure 2). Deep
broad-band and Hα images of the remaining Coma galaxies also expose faint low-contrast struc-
tures near them (Extended Data Figure 3) that are likely the leftovers of ram-pressure-stripped tails
significantly dimmed because of stellar evolution.

None of the tails point away from the cluster centre suggesting that these galaxies have orbits
with significantly tangential shapes. The galaxies with the brightest tails have the youngest mean
stellar ages of the 11 PSGs. The lack of star formation in their discs suggests that they could be
classified as “post-jellyfish” galaxies. Similar, but typically more massive “jellyfish” systems21

have active star formation in their discs and tails22. Two similar low-mass quenched PSGs with
impressive tails, IC 341823 and VCC 124924 in the nearby Virgo cluster are believed23 to have been
recently transformed by ram pressure stripping from star forming galaxies into quiescent dwarfs.
However, at the Coma cluster distance both galaxies would have fallen below the SDSS magnitude
limit. Prior to stripping, ram pressure can compress gas and induce a burst of star formation25, 26,
consistent with the PSG classification of our galaxies.

Results

We observed the 11 low-mass PSGs in the Coma and Abell 2147 clusters using the high-throughput
multi-object Binospec spectrograph27 operated at the 6.5-m MMT. GMP 3640 was also observed
with the 8 m Gemini-North telescope using the GMOS-N spectrograph. We added five additional
galaxies to the sample. These include GMP 3016, the remaining known Coma cluster member
with Hα detected in the tail but not in the main disc19. GMP 3016 is 0.03 mag below the SDSS
magnitude limit and would have been excluded by the original selection criteria. We also included
four additional galaxies without SDSS spectra, three fainter UDGs in the Coma cluster with mean
stellar ages < 2 Gyr15 and one photometrically selected faint PSG in Abell 2147.

To assess the current properties of PSGs and predict their evolution, we adopted a simple
physically motivated scenario for their star formation histories (SFHs). This scenario includes
a period of constant star formation rate (SFR) that started 12 Gyr ago and a more recent ram
pressure-induced starburst followed by the shutoff of star formation28.

We simultaneously fit Binospec spectra and broadband fluxes from the far-ultraviolet (λ =

0.17 µm) to the near-infrared (λ=4.5 µm) extracted from the same region against a grid of PSG
stellar population models using the NBURSTS+PHOT technique29 (see Extended Data Figures 1–
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2). The best-fitting solution yields four parameters: (i) the truncation age (i.e. end of ram pressure
stripping); (ii) the fraction of gas consumed from a primordial reservoir before truncation, which
is linked to the final stellar metallicity; (iii) the mass fraction of stars born in the final starburst;
and (iv) a coefficient for galactic winds. In addition, we obtain radial velocity (VR) and velocity
dispersion of stars (σ). In the primary sample of 11 PSGs, the truncation ages range from 180 Myr
to 970 Myr. In 9 of the 11 galaxies the mass fraction of stars born in the ram pressure-induced
starburst lies between 10% and 40%. The fraction of consumed gas for all 11 galaxies is higher
than 60%, reaching 90–96% in six cases, corresponding to mass-weighted stellar metallicities of
−1.04 · · · − 0.62 dex. The estimated truncation ages for the seven galaxies with bright tails (in-
cluding GMP 3016) are younger (180 . . . 500 Myr) than for the remaining five, whose tails faded
close to the limit of detectability. Deriving mass-to-light ratios from our best-fitting parameters,
we estimate the total stellar masses of our PSGs to be in the range 5.1×108M� (GMP 3176) to
2.36×109M� (GMP 2640). Therefore, despite their large sizes these are all dwarf galaxies. Trun-
cation age profiles (see Extended Data Figure 4) for most galaxies show weak global gradients
across the disc superimposed on radially increasing gradients. The radial gradients are more pro-
nounced for denser and more massive galaxies, e.g. GMP 4348, GMP 2640, GMP 3640. The
radially increasing gradients correspond to the outside-in star formation quenching expected from
the ram pressure stripping. SN feedback would cause inside-out quenching and produce radially
decreasing truncation age profiles. Ram pressure strips the disc gradually from one side to the
other (excepting in face-on cases), consistent with the observed truncation age gradients across the
disc. The gradients across the disc are preserved for hundreds of Myr because the inner regions of
all the galaxies in our sample rotate like a solid body.

Young stars boost the surface brightness and allow us to measure stellar kinematics (VR and
σ) to radii as large as 2.5 re (Figure 3), substantially further than for other low-mass galaxies
beyond the Local Group. All 11 galaxies from the primary sample have VR/σ > 1 in their outer
parts suggesting that they are rotationally supported systems; GMP 3016 has a nearly face-on
orientation. The absence of observed UDGs with such a pronounced degree of rotational support
can be explained by the lack of observations to a comparably large radius and also because the
stellar rotation in the inner part of a disc slows down over time due to disc expansion. If we restrict
our view of the low-mass PSGs to the 0.5 . . . 1.0 re typically reached for faint dEs30 and UDGs15,
only 6 have rotational velocities exceeding 10 km/s.

We fit axisymmetric Jeans anisotropic models31 to the stellar kinematics and structural prop-
erties assuming that each galaxy resides in a spherical dark matter halo. In all cases, the modelling
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yielded significant dark matter fractions, from 70% to 95% of the total mass within 1 re, and mod-
erately anisotropic orbits, similar to those of UDGs15. However, the data are of far higher quality
for the diffuse PSGs. The gravitational potential in these objects is rapidly changed by the removal
of a substantial fraction of the gas by ram pressure on a timescale of 30 . . . 70 Myr, significantly
shorter than typical dynamical times in galaxies (200 . . . 350 Myr). The rapid gravitational poten-
tial change transforms quasi-circular stellar orbits to rosette-like32 orbits even in a massive dark
matter halo. The stellar density decreases and its radial profile becomes shallower, the orbital ra-
dial anisotropy increases, manifested by a rotational velocity drop in the galaxy central regions.
The disc expansion due to slow stellar mass loss during slow passive evolution (5 . . . 10 Gyr) can
be neglected when a galaxy has a massive dark matter halo. However, numerical simulations33

suggest that a dark matter halo will be gradually stripped by tidal interactions with other galaxy
cluster members during flybys, which would cause the overall stellar disc expansion by about 25%
over 10 Gyr.

Assuming passive evolution, based on best-fitting stellar population parameters and a slow
disc expansion, we can predict internal properties (luminosity, surface brightness, luminosity- and
mass-weighted stellar metallicities) of our galaxies up-to 10 Gyr from now (Figure 4). The Faber–
Jackson34 relation connecting stellar velocity dispersion to total luminosity and the luminosity–
metallicity relation, predict that our low-mass PSGs will settle in the locus of known UDGs (7
Coma galaxies and 2 Abell 2147 galaxies) and dEs/dS0s (2 Coma galaxies) in 3–10 Gyr. The
luminosity-weighted stellar metallicity will decrease over time because the contrast of the final
ram pressure-induced starburst over an underlying metal-poor population will diminish. Stellar
velocity dispersion will also decrease following the expansion of a galaxy. The same 9 “future
UDGs” will also settle in the UDG locus in the 〈µRc〉 - re diagram presenting their global structural
properties35.

Implications for evolution of ultra-diffuse galaxies

Because our PSG sample in the Coma cluster is complete and because all galaxies were likely
formed via ram pressure stripping, we can estimate the observed UDG fraction formed through
this evolutionary channel. We compare the surface brightness evolution of low-mass PSGs to a
complete photometric sample of Coma UDGs36. The reconstructed SFHs followed by passive evo-
lution and slow stellar disc expansion, allow us to estimate how long each PSG will remain above
the SDSS magnitude limit (mr < 17.77 mag) after star formation quenching, and if (or when) its
surface brightness drops below the adopted UDG threshold (〈µe,R〉 > 24.0 mag arcsec−2). The
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ratio of the duration of the UDG phase to the duration of the SDSS spectroscopic phase gives us a
statistical estimate of the number of UDGs corresponding to each PSG in our sample. We estimate
that in the next 10 Gyr, 7 of the 9 low-mass Coma PSGs (not counting GMP 3016) combined
correspond to 19.3±7.0 “future” UDGs with 〈µe,R〉 > 24.0 mag. The remaining 2 galaxies will
evolve into dEs/dS0s with higher surface brightnesses. To estimate the number of present-day
Coma cluster UDGs which could have met the SDSS spectroscopic surface brightness and mag-
nitude selection criteria any time in the past, we need to make an assumption about their SFHs.
We bound the possibilities with the extreme assumption of an instantaneous starburst 12 Gyr ago
represented by a simple stellar population. This produces 90 UDGs, with 21±7% formed via ram
pressure stripping. If we assume a scenario suggested by our PSGs but that occurred 10 Gyr ago,
constant star formation and a final starburst that formed 30% of the stellar mass, we end up with
44 UDGs and a fraction of 44±16 % formed by ram pressure stripping (see Extended Data Figure
5).

All nine low-mass Coma PSGs have high peculiar radial velocities (500 . . . 2000 km/s) and
move on non-radial orbits like many jellyfish galaxies37. Their positions in the ∆vr − dproj caustic
diagram of the Coma cluster are consistent with the hypothesis that they have entered the inner part
of the cluster for the first time. They have never crossed the dense cluster centre and are unlikely
to ever do so, allowing them to survive for an extended period in a dense cluster environment.
Observations38 and simulations13, 39 confirm that ram pressure efficiently strips galaxies on tangen-
tial orbits, but the longer stripping timescales increase the efficiency of star formation triggered by
ram pressure-induced gas compression40. During such a starburst a galaxy may reach its maximum
lifetime surface brightness. GMP 4188, GMP 4118, and J160215.29+160904.3 are examples of
systems on non-radial orbits with lower stellar mass and therefore low surface brightness, which
barely made it into the SDSS.

For a galaxy infalling on a radial orbit, the ram pressure-induced starburst produces fewer
stars due to rapid gas removal, and the stripped tail will be longer, fainter and harder to detect.
Qualitatively, we can assume that for a galaxy infalling towards the cluster centre, the ram pressure
becomes sufficient to ignite a starburst when it reaches some critical pressure value (PSB); and
then when it reaches PS = PSB + ∆P ; ∆P � PSB, the galaxy is stripped completely. The
mass of stars formed should depend on the time needed to gain ∆P . ∆P will be gained much
faster if a galaxy approaches the cluster core on a purely radial orbit with a pericentral distance
close to zero than if it approaches on an orbit with a similar eccentricity (e ∼ 1) but with a larger
pericentral distance just sufficient to strip the galaxy completely. In the former case, the radial
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density gradient and the radial component of the orbital velocity vr,orb work together because
P ∝ ρv2

orb and vorb ≈ vr,orb. The large fraction of rapidly removed gas would also strongly increase
the orbital anisotropy and decrease the observed stellar rotational velocity. The galaxies on radial
orbits will fade and evolve into the UDG regime more quickly, but their low surface brightnesses
will reduce their chances of inclusion in the SDSS spectroscopic sample anytime during their
lifetime. Fainter and smaller GMP 3016, GMP 2673, GMP 266215, and J160231.45+155749.9
illustrate such a fainter continuation of the UDG evolutionary sequence. Such galaxies will also
be harder to distinguish from those formed via different proposed UDG formation channels, which
often produce non-rotating spheroidal stellar systems7.

Were the late-type UDG progenitors normal-sized dwarf galaxies prior to falling onto the
cluster that expanded due to ram pressure stripping? Or were they pre-processed by tidal interac-
tions and supernovae feedback that had puffed them up first, followed by ram pressure stripping
that quenched them without increasing their size? Simulations32 suggest that a stellar disc of a low-
mass gas-rich (gas fraction 70%) galaxy sitting in a M200 = 1011M� dark matter halo (slightly
more massive than our PSGs) would expand by a factor of ∼1.5 due to ram pressure stripping
alone while the stellar mass loss would remain negligible. On the other hand, the “Little Things”
survey41 of local dwarf late-type galaxies includes 9 of 37 objects with regular kinematics having
re > 1 kpc, high gas fractions, and dark halo masses in the range of 1010.2 . . . 1010.7M�42. If they
fell onto a cluster, they would first become brighter because of the ram pressure induced starburst,
but later, when stripped, would expand to re = 1.5 . . . 5 kpc and fade as a result of passive evolu-
tion, finally ending up in the UDG locus of the 〈µe〉 − re diagram as shown by red tracks for the
two examples in Fig. 4. Their largely undisturbed morphology and kinematics along with sparse
environment suggest that they are “normal” low-mass discs, which did not undergo significant
pre-processing, hence, corroborating the scenario that ram pressure stripping alone can transform
many dwarf spiral and irregular galaxies into UDGs by causing both quenching and disc expan-
sion. Because the radial distribution of neutral gas in gas-rich dwarfs is usually much shallower
than stellar density profiles41, the ram pressure induced star formation could further grow re by
stronger stellar surface density increase in the outer parts of the disc compared to the inner regions.
A search in RCSED for low-mass (M∗ < 3×109M�) extended (re > 2 kpc) star-forming galaxies
within 5 Mpc from the Coma cluster centre reveals about 50 objects with the morphologies resem-
bling those of “Little Things” dwarfs, which might become the progenitors of a new generation of
PSGs and then UDGs, should they fall onto the Coma cluster core in the future.

Our observations of recently ram-pressure stripped low-mass disc galaxies suggest: (i) that

7

Appendix

109



ram pressure stripping is a viable channel of UDG formation and that UDGs formed via this chan-
nel de facto extend the corresponding dE/dS0 sub-class to lower surface brightnesses and larger
sizes; (ii) that ram pressure stripping is responsible for a substantial fraction of large rotating UDGs
in galaxy clusters including extreme objects like DF 4443 and also higher surface brightness, spa-
tially extended, dwarf early-type galaxies; (iii) that ram pressure stripping affects not only mor-
phological appearance but also stellar dynamics by increasing the stellar disc orbital anisotropy;
and (iv) that the tangential orbits of UDG progenitors at large pericentral distances lead to higher
ram pressure-induced star formation efficiencies, and higher stellar masses and surface densities.
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Figure 1: Positions of Coma cluster members selected from RCSED and one additional galaxy,
GMP 3016. The insets showing zoomed-in galaxy images were constructed from Subaru and
CFHT optical data in the u∗, B, V and R bands. A scale bar corresponding to 10 kpc is shown
inside each inset. In GMP 2640 the image reveals a blue clump of recently formed stars south-east
of the centre which was masked for dynamical modelling purposes.
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Figure 2: Positions of the two Abell 2147 cluster members selected from RCSED and an additional
photometrically selected PSG, J160231.45+155749.9. The insets showing zoomed-in images for
individual galaxies (marked by red arrows) are constructed from g, r, and i broadband HSC images.
The two galaxies from the main sample exhibit tails of stripped material. We mark the positions of
clumps in the tails with white arrows.
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Figure 3: Top panel for each galaxy: an optical colour image with an over-plotted slit position;
middle panel: stellar radial velocity v; bottom panel: stellar velocity dispersion σ. Black lines
show the best-fitting Jeans models for stellar kinematics. The estimated dark matter contribution
within 1re (indicated by vertical dashed lines) and the anisotropy parameter βz are shown in the
upper and lower corners of each v panel. For 8 out of 9 galaxies σ and v profiles are shown in the
same scale. For the most massive galaxy, GMP 2640 the scale of these profiles is decreased. This
galaxy also has a clump of young stars whose dynamics cannot be explained in the framework of
axisymmetric modelling – the data points corresponding to this clump are greyed out.
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Figure 4: Predicted passive evolution of low-mass PSGs from their SFHs during the next 10 Gyr on
the Faber–Jackson σ −MB (panel (a)), metallicity–luminosity [Fe/H]−MB (panel (b)) and mean
surface brightness – effective radius 〈µRc〉 - re (panel (c)) relations. We show our primary targets
from the Coma and Abell 2147 clusters and additional PSGs galaxies not included in the statis-
tical calculations by green, cyan and grey arrows respectively. Each arrow starts at the currently
observed position of a galaxy and points to its expected location in 10 Gyr. On the Faber–Jackson
relation we show the L ∼ σ4 and the L ∼ σ2.5 best-fitting linear correlations44 for giant and dwarf
galaxies. A cyan solid line in the right panel at 〈µRc〉 = 24.0 mag/arcsec2 denotes the UDG
surface brightness cut. All PSGs but two will move into the UDG locus in the next 10 Gyr. The
two remaining galaxies, GMP 2640 and GMP 2923 will settle in dE region. The literature sample
includes dEs30, 45, 46, photometric36, 47, 48 and spectroscopic11, 15, 49–51 samples of UDGs, Local Group
dwarf spheroidal galaxies52, Local Volume dwarf late-type galaxies from Little Things41, a sample
of giant early-type galaxies53 complemented by a selection of Coma cluster early-type galaxies
(grey dots) and elliptical galaxies at z < 0.2 (grey shaded region) from RCSED. In panel (c), the
red tracks display evolutionary models of the two Little Things objects, NGC 4214 and DDO 168
if they were ram pressure stripped: (i) a ram pressure induced starburst and disc expansion (curved
tracks) followed by (ii) slow passive evolution (straight tracks).
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Table 1: Internal dynamics, and dark matter contents of diffuse post-starburst galaxies.
No. Name RA Dec vr σ∗ DM(< re) βz log ρ0 rs M200 R200

deg deg km/s km/s % M�kpc−3 kpc 108M� kpc
1 GMP 4348 194.57587 27.84848 7524±1 51±2 85±8 0.3 -0.5 1.2 213 57.8
2 GMP 3176 194.94282 27.74625 9690±2 46±4 88±5 0.4 -0.5 1.0 123 48.2
3 GMP 2639 195.12170 27.33322 8449±1 43±2 84±3 0.4 -0.8 1.0 56 37.2
4 GMP 4118 194.65901 27.82258 5350±3 33±7 80±10 0.5 -1.2 1.5 66 39.6
5 GMP 4060 194.67746 27.76050 8683±1 26±2 87±15 0.0 -1.2 2.0 141 60.4
6 GMP 2923 195.03358 27.77332 8665±1 40±1 69±9 0.6 -1.0 1.5 112 47.1
7 GMP 2640 195.12180 27.51484 7304±1 78±2 90±4 0.7 -0.4 2.2 1445 181.4
8 GMP 3640 194.81245 28.25101 7446±1 37±2 87±10 0.5 -0.8 1.5 186 56.1
9 GMP 4188 194.63453 28.37797 5863±1 41±2 80±9 0.4 -1.5 2.1 195 54.3
10 J160154.20+160016.8 240.47583 16.00467 11506±1 52±2 96±2 0.6 -0.8 2.0 407 85.3
11 J160215.29+160904.3 240.56369 16.15119 12478±2 44±5 95±19 0.5 -1.0 1.2 58 37.6

Additional sample
12 GMP 3016 195.00431 28.08188 7702±2 31±5 83±7 0.6 n/a n/a n/a n/a
13 GMP 2673 195.10945 27.45978 6915±4 41±8 82±6 0.8 n/a n/a n/a n/a
14 GMP 2552 195.16098 27.47647 7885±3 52±5 96±1 0.0 n/a n/a n/a n/a
15 J160231.45+155749.9 240.63104 15.96387 11270±5 39±12 87±15 0.0 n/a n/a n/a n/a
16 GMP 2662 195.11375 27.43855 7360±6 54±12 94±2 0.6 n/a n/a n/a n/a

GMP54 designations for Coma cluster galaxies and IAU-style names for Abell 2147 mem-
bers (Name). Positions on the sky (RA, Dec), radial velocities (vr) and stellar velocity dis-
persions (σ∗) obtained from the full spectrum fitting. Dynamical parameters: dark matter
contribution to total mass within re (DM),the orbital anisotropy parameter (βz), logarithm
of the central density (log ρ0) and radial scale (rs) of the dark matter halo (for the main
galaxy sample), dark matter halo mass (M200) inside R200, radius (R200), where the dark
matter density reaches the value 200 times greater than the critical density.
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Table 2: Structural properties, Stellar population parameters and stellar masses derived
from the Binospec spectra and SED modelling of diffuse post-starburst galaxies.
No. MRc 〈µRc〉 re ttrunc Starburst Gas λ [Z/H]L [α/Fe]L [Z/H]M [α/Fe]M (M/L)Rc M∗

fraction fraction
mag mag/arcsec2 kpc Myr % % dex dex dex dex 108M�

1 -18.21 22.45 2.73 825.6±3.0 40±2 98±1 3.7 -0.55±0.01 0.09±0.02 -0.74±0.01 0.09±0.01 0.45±0.02 6.0
2 -17.75 22.51 2.21 233.5±1.2 10±1 99±2 1.5 -0.07±0.04 0.06±0.06 -0.43±0.02 0.07±0.03 0.59±0.01 5.1
3 -18.69 23.34 4.99 779.3±5.5 60±1 83±1 1.5 -0.45±0.01 0.10±0.02 -0.58±0.01 0.09±0.01 0.39±0.01 7.9
4 -17.88 22.79 2.98 563.8±5.8 10±1 99±1 5.1 -0.58±0.05 0.07±0.07 -0.83±0.03 0.09±0.04 0.59±0.01 5.8
5 -18.43 22.32 3.09 413.4±2.7 40±2 47±1 1.5 -0.64±0.01 0.05±0.01 -0.83±0.01 0.06±0.01 0.35±0.01 5.8
6 -18.33 21.78 2.14 182.8±1.1 10±1 96±8 1.5 -0.04±0.06 0.05±0.09 -0.43±0.03 0.07±0.04 0.54±0.02 8.0
7 -19.59 21.31 3.06 351.3±0.5 20±1 98±2 2.5 -0.28±0.03 0.06±0.04 -0.58±0.02 0.07±0.02 0.50±0.02 23.6
8 -18.68 22.47 3.74 517.8±3.7 30±4 98±1 3.7 -0.57±0.02 0.07±0.02 -0.80±0.01 0.08±0.02 0.45±0.03 9.2
9 -18.06 22.68 2.69 400.1±4.9 10±1 55±1 2.5 -0.72±0.02 0.06±0.02 -0.93±0.01 0.09±0.02 0.53±0.01 6.1

10 -18.81 22.33 2.85 498.9±9.9 30±2 98±1 5.1 -0.64±0.01 0.06±0.01 -0.87±0.01 0.07±0.01 0.41±0.01 9.4
11 -18.54 23.23 3.77 969.9±10.9 60±38 78±3 1.5 -0.43±0.12 0.11±0.18 -0.56±0.04 0.10±0.07 0.41±0.21 7.4

Additional sample
12 -17.34 22.86 2.17 264.7±3.8 10±1 96±2 5.1 -0.53±0.02 0.06±0.03 -0.84±0.01 0.08±0.02 0.51±0.01 3.1
13 -17.04 24.33 3.70 327.2±3.1 5±2 91±1 1.5 -0.25±0.02 0.06±0.03 -0.51±0.01 0.08±0.02 0.69±0.01 3.1
14 -16.13 23.80 1.90 786.7±4.5 20±4 99±1 1.5 -0.22±0.03 0.08±0.04 -0.44±0.01 0.08±0.01 0.64±0.05 1.3
15 -17.25 23.29 2.20 245.8±3.7 5±1 99±1 5.1 -0.51±0.02 0.06±0.03 -0.82±0.01 0.09±0.01 0.59±0.02 3.2
16 -15.74 23.63 1.66 230.0±5.1 10±3 96±8 5.1 -0.51±0.01 0.06±0.01 -0.83±0.01 0.08±0.01 0.50±0.02 0.7

Galaxy number corresponding to the Table 1. Structural parameters: absolute magni-
tude, mean surface brightness in the Rc band within the effective radius and effective
radii (〈µRc〉, re). Stellar population parameters from the full spectrum fitting: age of
truncation (ttrunc), fraction of stellar mass formed in the final ram-pressure-induced
starburst (SB fraction), fraction of gas consumed into stars prior to ram-pressure stripping
(Gas fraction), linear coefficient for galactic winds (λ). Parameters computed from the
stellar population models: luminosity-weighted metallicities ([Z/H]L), α-enhancements
([α/Fe]L) and their mass weighted equivalents ([Z/H]M , [α/Fe]M )
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Methods

PSG selection criteria. We select blue extended PSGs from the RCSED16 database by applying
two sets of selection criteria. One of them has a stricter stellar age limit, and another one limits
the integrated g − r colour with slightly more relaxed stellar age restriction. This allows us to
minimize the loss of possible objects of interest because of the age-metallicity degeneracy that af-
fects the results of the full spectrum fitting of a large galaxy sample using simple stellar population
models: the reported overestimated intermediate stellar age (2–3 Gyr) is compensated by the un-
derestimated stellar metallicity, and this degeneracy can be resolved by using broad-band colours.
The first set of selection criteria includes:

• FHα/∆FHα < 5 AND F[OIII] < 2 × 10−16erg/cm2/s to select galaxies without prominent
emission lines.

• Mean stellar populations younger than 1 Gyr. If a spectrum of a galaxy has low signal-to-
noise ratio (SNR), its age may shift to the higher values with lower values of metallicity due
to age-metallicity degeneracy. To take into account this fact we supplemented our criteria by
joining with boolean OR a metallicity condition: [Z/H] < −1.3 dex.

• Galaxies with spectral SNR > 4 reported by SDSS, which is typically underestimated by
30–35%. This criterion rejects spectra with unreliable signal.

• There is no template mismatch, χ2
ssp < 1

• We select extended objects by setting the difference between 3-arcsec fiber magnitude and
integral magnitude greater than 0.5 mag in the r band. This criterion selects galaxies with
re > 1.5kpc at the Coma cluster distance.

• Blue integrated colour g − r < 0.55 mag

• Low redshift 0.015 < z < 0.06

This set of criteria returned 7 objects. After visual inspection we rejected one with unreliable
Hα flux measurements and another one with unreliable integrated photometry in SDSS DR7 bring-
ing its g − r colour below 0.55 mag, when in Dark Energy Camera Legacy Survey (DECaLS55) it
has g − r = 0.61 mag. Finally this filter yielded 5 galaxies.

The second filter includes the following conditions:
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• FHα/∆FHα < 10 AND FHα < 2.5×10−16erg/cm2/sAND F[OIII] < 2.0×10−16erg/cm2/s

• Mean stellar populations younger than 2 Gyr.

• χ2
ssp < 1

• Difference between 3-arcsec fiber magnitude and integral magnitude greater than 0.5 mag in
the r band.

• Blue integrated colour g − r < 0.4 mag

• Low redshift 0.015 < z < 0.06

These criteria select 10 galaxies. We rejected one object that is apparently interacting with a
companion and has incorrect photometric measurements in the SDSS/RCSED, leaving 9 galaxies.

We joined the lists of galaxies selected using both sets of criteria. The two lists have two
objects in common, leaving 12 galaxies. All belong to the SDSS main galaxy sample so that these
12 galaxies form a nearly complete magnitude limited sample within the SDSS DR7 footprint. Ten
galaxies are Coma cluster members, 2 galaxies are Abell 2147 cluster members, and the remaining
galaxy is a group member5. In this study we consider only 11 cluster galaxies, because the remain-
ing object does not possess deep high-quality optical imaging data that can be used to assess its
structural properties.

We selected additional candidate PSGs without SDSS spectroscopic confirmation as blue
5σ outliers towards fainter near-UV magnitudes from the universal three-dimensional ultraviolet–
optical colour–colour–magnitude relation for non-active galaxies56 with sizes corresponding to
re > 1.5 kpc at the distance of their host cluster (Coma or Abell 2147). This selection returned
5 objects in Coma and 2 in Abell 2147. We placed three Coma and one Abell 2147 candidates
in the Binospec slitmasks and all were spectroscopically confirmed as PSGs without current star
formation and members of their host clusters.

Spectroscopic observations and data reduction. We obtained spectroscopic observations of
11 PSGs using the 6.5-m MMT. We obtained long-slit spectroscopy for each galaxy with the
Binospec27 multi-object spectrograph and reduced the data using the Binospec data reduction
pipeline57 optimized for extended low-surface brightness objects. Small angular distances be-
tween galaxies allow us to observe 2–3 galaxies simultaneously with the same slit mask. For
nine galaxies in Coma cluster we designed 4 masks: “Coma 1” (GMP 2640, GMP 2639), “Coma
3” (GMP 4348, GMP 4118, GMP 4060), “Coma A” (GMP 2923, GMP 3176) and “Coma B”
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(GMP 4188, GMP 3640). “Coma 1” was observed in two runs: (i) December 14, 2017, during the
instrument commissioning and (ii) April 10, 2018. To increase S/N both datasets were combined
into one. “Coma 3” was observed on April 7, 2018. “Coma A” was observed in two consecutive
nights: 4th and 5th of June 2018 with mean seeing of 1 arcsec. “Coma B” was observed on 8th of
June 2018 with 1 arcsec seeing. Both galaxies in Abell 2147 were placed on one “A2147” mask
which was observed on the 14th of June 2018. GMP 3016 was observed on 29th of January 2020
as a filler target for another Binospec program. In all runs we used the 1000 line mm−1 grating
with a 1 arcsec-wide slitlets with the central wavelength of 4400–4500 Å that yielded the overall
wavelength coverage of 3760 Å to 5300 Å. This configuration provides an instrumental resolution
of σinst ∼ 26. . . 34 km/s. The total exposure time was 2h 20min for the “Coma 1” mask and 2h
for all remaining masks.

We also added optically selected galaxies and UDGs as filler targets to each mask. Spectra of
UDGs obtained with these masks were used for dynamical modelling and dark matter contribution
estimate15. After the analysis of all dwarf galaxy spectra, we created an additional sample that
comprised of five galaxies: 3 filler galaxies in Coma cluster and one in A2147 that met our post-
starburst selection criteria. The fifth galaxy, GMP 3016, is the only galaxy from study19 without
detected emission inside its 27 mag isophote in the deepR-band Subaru imaging. There is no SDSS
spectrum for this galaxy, because its total magnitude is 0.03 mag below the magnitude limit of the
SDSS spectroscopic selection. These galaxies have low stellar masses and surface brightnesses
and are not included in SDSS spectroscopic sample.

After the reduction of all spectroscopic data using the Binospec data reduction pipeline57 we
obtained sky subtracted, flux calibrated, wavelength calibrated two-dimensional images with error
frames for each slitlet. For the sky subtraction we used a global sky model implemented in the
pipeline.

Additionally, we observed GMP 3640 using the GMOS-N spectrograph operated at the 8 m
Gemini-North telescope on the 24th and 25th of June of 2017 (fast turnaround program N2017-
FT-22) with the median image quality of 0.7 and 0.9 arcsec for these two nights respectively. We
used the B 1200 grating and a 0.75 arcsec slit with the wavelength setup centered at 4500 Å that
yields the spectral resolution σinst ∼ 45 km/s. The total exposure time was 3h 25min. We reduced
the data using our own data reduction pipeline for GMOS data.

Stellar population properties. For all PSGs we simultaneously fit optical spectra and broadband
magnitudes. We take ultraviolet fluxes from the catalogs based on deep (23 ksec in near-UV and
18 ksec in far-UV) GALEX imaging data. Mid-infrared magnitudes were obtained by applying
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Sextractor58 to Spitzer IRAC frames available from the Spitzer Heritage Archive combined into
super mosaics. Optical broadband fluxes were generally taken from SDSS17 and DECaLS surveys.
We use deep CFHT observations in the u∗ band instead of shallow data in SDSS u. We take near-
IR magnitudes from UKIDSS LAS DR10 data and CFHT K and J where available. We apply
foreground extinction correction and K-correction59 to all magnitudes.

We use a 4-dimensional MILES-based (for spectra) and PEGASE.2-based (for broad-band
SEDs) grid of stellar population models28 computed for the Kroupa IMF60 to perform stellar pop-
ulation analysis. We treat the chemical evolution of the stellar population self-consistently using
an analytic formulation61 of the “leaky box” model62–64. This model allows a fraction of heavy
elements produced in stars to escape via galactic winds with the rate proportional to the current
SFR65, 66. We model the evolution of iron and α-elements separately, accounting for the delayed
contribution from SN Ia explosions67. We use spatially co-added spectra in one re to maximize
S/N of optical spectra . As galaxy rotation may smooth spectral details, we correct spectra for the
radial velocity profile. We minimize a linear combination of χ2 values for spectrum and SED with
the weight of χ2

SED varying between 0.4 and 0.6 for different galaxies against the two parameters:
truncation age and fraction of consumed gas. During this procedure we model observed spectra
as a template convolved with the Gaussian LOSVD and multiplied by a polynomial continuum
with degree from 9 to 15. Because the spectral resolution of MILES-based models is lower than
that of Binospec spectra, we convolve the data with a Gaussian to match the resolution of stellar
population models. Then we scan the grid of two remaining parameters: fraction of stellar mass
born in the final starburst and galactic winds coefficient λ. We obtain uncertainties for the first
two parameters from the covariance matrix resulting from the minimization procedure. For the
two remaining parameters we estimate the uncertainties by approximating the χ2 profile near the
minimum by a quadratic function. We provide formal statistical uncertainties in Tables 1–2, but for
our galaxies with high SNRs, the systematic errors that originate from the choice of input spectral
and SED templates are much higher than statistical ones (10–15% on truncation age and ∼0.1 dex
on metallicity and α-enhancement). We compare luminosity weighted metallicities computed for
the SFHs with the parameters derived from our modelling with the values obtained in other stud-
ies in the 3-rd panel of Fig. 4. For this comparison we only use spectroscopic measurements
of stellar populations from the literature done using different forms of the full spectrum fitting of
intermediate- and high-resolution spectra and exclude those based on SED fitting68 or line-strength
indices69 and also obtained through excessively wide slits hence reducing the spectral resolution70.
We also excluded spectroscopic measurements of NGC1052-DF271 from our analysis despite on
good quality of data and reliable measurements, because distance to this galaxy remains a matter
of debate72, 73.
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Stellar kinematics. We use the NBURSTS74 full spectrum fitting technique to measure radial ve-
locity and velocity dispersion profiles. We use adaptive binning along the slit to reach sufficient
signal-to-noise ratio to reliably measure internal kinematics (7–10 per pixel depending on the ob-
ject). We use PEGASE.HR-based models28 that implement PSG SFHs with self-consistent evolution
of stellar metallicity. These models are similar to those used for the stellar population analysis but
do not include α-element enhancements. The spectral resolution (R∼10000) of the model ex-
ceeds Binospec’s (R∼4000) making it possible to measure velocity dispersion down to 10 km/s75.
All galaxies from the main sample exhibit some sort of regular rotation within re. GMP 4060,
GMP 2640 and GMP 4188 have noticeable kinematical disturbances localised in the area of sig-
nificant morphological irregularities. Detailed analysis of high-resolution HST images for the
brightest galaxy in our sample, GMP 2640, revealed a large number of luminous star clusters in its
central part whose asymmetric distributions on the sides of the slit causes the non-uniform slit illu-
mination and, hence, affects the radial velocity measurements. Disturbances of kinematics profiles
of GMP 4060 and GMP 4188 are also of the same origin. We notice that some simulations suggest
that the ram pressure stripping by itself can lead to the displacement of the dark matter cusp in a
low-mass galaxy76, which will cause a slight lopsidedness a galaxy with a stellar mass close to the
lower end of what we sample in our study.

Structural parameters and deep Subaru images. For Coma cluster galaxies we use deep Rc-
band Subaru Suprime-Cam77 images (1470 – 7980 s exposure time) to determine structural param-
eters. For Abell 2147 only raw archival Subaru Hyper Supreme-Cam78 images are available, so we
reduced and co-added them. Using GALFIT79 we model each galaxy with a double Sérsic profile
convolved with the point-spread-function (PSF) obtained from Gaussian fits to non-saturated stars.
We use uncertainty frames obtained from reduced, sky subtracted Subaru images for the fitting pro-
cedure, adding sky background as a constant value obtained from the sky variation analysis. We
derive the deprojected effective radius for each galaxy as follows. We construct the deprojected
image of the galaxy using the Sérsic components from the fit results, changing the axis ratio to 1.
We then measure the radius enclosing exactly half the total flux of the deprojected image.

We also inspected Subaru Suprime-Cam B-band, V -band, Rc-band, and Hα images down-
loaded from the Japanese Virtual Observatory. Rc-band images of GMP 3176 revealed a filamen-
tary structure 70 kpc to the west from the galaxy main body. Another galaxy, GMP 3640 has three
bright filaments, emerging from its main body. Several galaxies show clumps or other irregular-
ities in their central parts. GMP 4060 and GMP 3640 exhibit the most noticeable disturbances.
However, they are substantially less significant in the Rc band compared to the bluer bands (V and
B) and, therefore, they are likely caused by different stellar population properties (i.e. younger
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stellar age) rather than variations in the stellar mass density which would significantly affect the
gravitational potential. For Abell 2147 we retrieved raw Hyper Supreme-Cam data in the g, r,
and i bands with the total exposure times of 3720, 240, and 2160 sec correspondingly from the
Subaru archive and reduced them using the Hyper Suprime-Cam pipeline. In g-band images both
Abell 2147 galaxies reveal faint tails with a complex filametary structure reaching 70 kpc in length.
Both these tails point roughly towards the cluster centre. The brightest filaments of these tails are
also detected in the r and i bands.

Dynamical modelling. We base our dynamical modelling algorithm on the JAM routine31 which
has been used extensively to model galactic kinematics in nearby and intermediate-redshift galax-
ies. It solves the Jeans80 equations assuming axial symmetry. For each galaxy we construct a suite
of dynamical models that correspond to different parameter values. We use a customised version
of this code, which allows us to handle a dark matter halo separately from the stars. The main
steps are as follows: (i) We use GALFIT to fit the R-band Subaru image of each galaxy using a
two-component Sérsic model. (ii) The model image of a galaxy is converted into multiple two-
dimensional Gaussians (6–10 per galaxy). The same procedure is applied to a spherical Burkert81

dark matter density profile, and then the two Gaussian sets are co-added to construct a model of
the gravitational potential. The dark matter density profile is truncated at R200 to prevent the diver-
gence of the multiple Gaussian expansion procedure. (iii) A set of Gaussians is then supplied to
the modelling routine that computes the radial velocity and velocity dispersion profiles convolved
with the PSF from observations for a grid of parameter values. We then scan χ2 values evaluated
for each model to find the best values of following parameters: the dark matter central density
ρ0, halo scale radius rs and stellar vertical anisotropy βz. We also allow the inclination i to vary
between arccos(b/a) and 90 deg. The stellar mass-to-light ratio M/L∗ is fixed to the best-fitting
value from the stellar population analysis. We compute grids of dynamical models with the fol-
lowing steps: 0.1 for βz, 0.25 for log ρ0, 0.2 kpc for rs, and 6◦ for inclination. This spacing allows
us to confidently locate the position of the χ2 minimum, but does not yield statistical uncertainties
for these parameters.

We apply this method to all the galaxies in our main sample because it is more physically
motivated than the traditionally used “mass follows light” approach. It also better reproduces the
observed kinematics of our galaxies. The “mass follows light” approach implies that the mass and
luminosity profiles of a galaxy have the same shape and differ only by a constant factor M/Ldyn,
which becomes an extra free parameter of the fitting procedure. We use this approach for the
additional galaxy sample, because the lower quality of spectra prevents us from reliably determin-
ing the dark matter halo parameters. As we mentioned above, the kinematic disturbances in three
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galaxies, GMP 4060, GMP 2640 and GMP 4188 are unlikely to be of a dynamical origin.

Disc expansion due to ram pressure stripping. By selection, the galaxies in our sample al-
ready have sizes comparable to rather large UDGs being at the same time substantially more ex-
tended than typical gas-rich dwarfs in sparse environments. To estimate the importance of ram
pressure stripping as a disc expansion mechanism for “normal” dwarf late-type galaxies infalling
on-to a massive galaxy cluster like Coma, we took two galaxies from LITTLE THINGS41 sample:
NGC 4214 having stellar mass comparable to GMP 2640, the most massive galaxy in our sample,
and DDO 168 comparable to the smallest galaxy in the additional sample. Because the ram pres-
sure timescale is shorter than the rotation period at re by a factor of a few, we estimate the average
disc expansion using a formula for the change of the orbital radius in case of the rapid mass loss82

rf/ri = ε
2ε−1

. In this formula, ε = Mf/Mi, Mi is initial total mass inside re that includes dark
matter83, stars and gas; Mf is the same without gas. This approach suggests that there is no change
in the outer surface brightness profile slope, but in the inner parts the dark matter contribution de-
creases causing the orbital expansion to a higher degree than in the galaxy’s outskirts. This creates
a large flat core in the surface brightness profile and also increases re.

Our modelling shows that ram pressure stripping is capable in expanding a stellar disc by
a factor of 2 and even more and might be solely responsible for transforming compact gas-rich
galaxies to quiescent stellar systems with UDG sizes and densities. We model the ram pressure
induced starburst with a constant SFH for 60 Myr so that the stellar mass formed in it is 20%
of the total final stellar mass, the rest of the gas is stripped. We expect that the disc expansion
initiated by ram pressure stripping will continue for 300 Myr, which roughly corresponds to the
rotation periods of the galactic discs in our PSGs as well as in NGC 4214 and DDO 168. Both, the
starburst and the disc expansion start simultaneously but the expansion lasts longer – these stages
correspond to the curved parts of the red tracks with an arrow at the end in Fig. 4. Then the galaxies
are left to evolve passively for 10 Gyr with a slow disc expansion due to stellar evolution (straight
portions of the tracks in Fig. 4.) At the end of the first stage of the disc expansion, 300 Myr after
they entered the cluster DDO 168 and NGC 2414 would resemble GMP 3016 and GMP 2640
respectively.

Slow disc expansion modelling. After a stripping event, the stars evolve, and the most massive
of them will die. We assume that the galaxy will stay in the cluster after stripping and the final
starburst, and that the gas released as a result of stellar evolution will be gradually stripped and
will not form new stars. Therefore, the stellar mass decrease with time, leading to disc expansion.

We estimate the expansion of the disc assuming angular momentum conservation, which
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gives us the following expression:

v(Mtot(t0), r(t0)) · r(t0) = v(Mtot(t0 + δt), r(t0 + δt)) · r(t0 + δt). (1)

For δt −→ 0 we get the exact expression for ṙ:

ṙ/r =
∂Mtot

∂t

∂v

∂Mtot

/

(
∂v

∂r
r + v

)
(2)

This formula can be expressed in terms of logarithmic derivatives:

ṙ/r = α(r) · Ṁ/M ; α(r) = Mtot
∂v

∂Mtot

/

(
∂v

∂r
r + v

)
(3)

Applying it to an exponential disc, we find that α(r) is a smooth function with values between 1.3
and 3.0, reaching the maximum (3.0) at r = 0 and r −→ ∞, with the minimum at 2re. The central
disc expansion is therefore larger than in the outskirts. Therefore, the slope of light profile will
decrease with time and the Sersic index will drop to values seen in ordinary ultra-diffuse galaxies.

The presence of significant amounts of dark matter keeps the relative change of Mtot and its
derivative ∂Mtot/∂t quite small, driving the full expression for ṙ/r to near-zero values. This leads
to a decrease of overall disc expansion from 20% with no dark matter case to 3–5% for PSGs with
dark matter fractions of 70–90%. This small value cannot affect mean surface brightness by more
than 0.1 mag arcsec−2. However, numerical simulations suggest that dark matter haloes of low-
mass galaxies can be efficiently stripped by tidal forces during close passages near other cluster
members, therefore one would still expect a slow disc expansion over time reaching the same 20–
25% over 10 Gyr. Strong tidal interactions, which substantially disturb the galaxy morphology are
rare so they generally have little effect on the UDG shapes or leave visible tidal features84. The disc
expansion will lead to the decrease of the average stellar surface density in the disc by 40–50%
without substantial disc thickening. In addition, the stellar volume density also decreases because
of the slow stellar mass loss reaching 20% over 10 Gyr. These two factors combined will lower the
stellar velocity dispersion by ∼35% because σ is proportional to the square root of the local stellar
density.

Simulations33 also show that disc expansion causes the dark matter density decrease by some
40% in the central parts of galaxies what leads to the drop of the circular velocity by 20%, because
it is proportional to the square root of combined density of stars and dark matter, which dominates
the mass. Combined with the stellar density decrease, this effect reaches ∼25%. However, ob-
served stellar rotational velocity is smaller than the circular velocity at a given position in a galaxy
due to asymmetric drift (va) and to estimate the change of its value we applied the formula 4.228

23

Appendix

125



from Binney & Tremaine85 under the assumption that during the process of slow expansion the ra-
tios of the different velocity dispersion components do not change. In this case, the change of the
asymmetric drift velocity is proportional to σ2

R/vc. For 85% of dark matter inside 1 re the decrease
of stellar rotational velocity will be 25%.

UDG number statistics. We assess the importance of the ram pressure stripping scenario to
other UDG formation channels. We statistically estimate how many present-day UDGs corre-
spond to each PSG in our primary sample of 9 Coma cluster galaxies and compare the result to
the observed number of UDGs in the Coma cluster. We model the surface brightness evolution
from the reconstructed SFH and calculate the two epochs: (i) tSDSS when a galaxy becomes too
faint to be included in the SDSS spectroscopic sample (rtot > 17.77 mag) and (ii) tUDG when
it dims enough to be classified as a UDG. UDG classification has a surface brightness cutoff of
〈µR〉eff > 24 mag/arcsec2. Statistically speaking, a given PSG will correspond to the number of
UDG estimated as NUDG = (tSDSS − 100Myr)/(10Gyr − tUDG) if tUDG < 10 Gyr. At 100 Myr
emission lines disappear from a PSG spectrum, and 10 Gyr is the reference passive evolution time.
At the end we co-add NUDG for all 9 galaxies in the primary sample. We find that only 7 galaxies
reach the UDG regime within 10 Gyr. The total number of expected UDGs from these 7 pro-
genitors is 19.34±7.00. This estimate is made assuming a constant rate of infall of galaxies on a
cluster. Simulations86 show that during the first 2–3 Gyr of the cluster formation epoch, the infall
rate might be up-to twice as high as now. This may only increase our estimate of UDGs formed via
the ram pressure stripping channel. The uncertainty is estimated by assuming the Poisson process
of the galaxy infall and propagating stellar population parameter statistical errors and the estimated
10% systematic errors for the effective radii47 and truncation ages61.

We now need to estimate the total number of present-day UDGs in a complete magnitude
limited sample4, 36 with sufficient stellar mass so that 100 Myr after star formation quenching they
would be bright enough to meet the SDSS spectroscopic selection. Our initial PSG selection
criteria includes a minimum 0.5 mag difference between the 3-arcsec fiber magnitude and the total
magnitude. This corresponds to a lower re limit of ≈1.5 kpc for galaxies at the distance of the
Coma cluster. During passive evolution, these galaxies will expand by ≈25%, so we only count
the present-day UDGs having re > 1.875 kpc. To estimate the stellar mass we need to assume
an SFH in a present-day UDG, which we cannot infer directly from the available data. The most
extreme case would be an instantaneous starburst modelled by a simple stellar population. Such
a SFH leads to the minimal possible stellar mass cutoff and, hence, the largest number of UDGs
passing the selection. For a 10 Gyr age, there are 90 galaxies in UDG sample36 which could satisfy
the selection criteria for our PSGs in the past at some moment during their lifetime. Our lower
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limit of of UDGs is therefore 21±7 %, which could be explained by the ram pressure stripping
formation scenario.

For a more realistic estimate we consider a typical observed SFH for our PSGs: a truncated
constant SFR started 13.0 Gyr with 30% of the total stellar mass formed in the final starburst 10 Gyr
ago. This corresponds to the median mass fraction we found in the PSG analysis. The number of
UDGs that could possibly satisfy our selection criteria decreases to 44, increasing the importance
of the ram-pressure-stripping UDG formation channel to 44±17 %. This fraction would increase
even more if we take UDG SFHs with a lower final starburst fraction. In Extended Data Figure 5
we show how the adopted SFH affects the total number of UDGs from the study36 that satisfy the
SDSS spectroscopic selection criteria and our selection criteria anytime during their lifetime. We
consider three SFHs, all starting 13 billion years ago with truncation ages of 10, 8 and 5 billion
years. In all cases we estimate the number of UDGs as described above. In the case of earlier
truncation time, M/L ratio and stellar mass change significantly. Given the SDSS magnitude limit
we have a individual magnitude limit of UDG for each scenario of star formation. If a galaxy was
bright enough 10 billion years ago to pass the selection criteria, this galaxy can now be very faint,
and many galaxies from the sample of present-day UDGs are brighter than this limit. In case of
more extended scenario of star formation, the M/L ratio and stellar mass change less, we infer
a significant fraction of long-lived old stars. The magnitude limit for UDGs is correspondingly
brighter, decreasing the number of UDGs. The most extreme case is a SFH with truncation age of
5 Gyr without a final starburst, i.e. constant SFR from 13 Gyr to 5 Gyr. In this case none of known
UDGs pass the SDSS selection criteria.

Data availability. Reduced flux calibrated Binospec spectra co-added within 1re and thier best-
fitting NBURSTS+PHOT spectrophotometric models (see Extended Data Figures 1–2), the spatially
resolved profiles of internal kinematics and stellar populations and corresponding axisymmetric
Jeans models for every galaxy as are available through ZENODO data repository with the follow-
ing permanent identifier: https://doi.org/10.5281/zenodo.5031351. That package
also contains a compilation of data points used in Fig. 4 and a PYTHON procedure to reproduce
the figure. Fully reduced Subaru and CFHT images used for the dynamical modelling proce-
dure are available in the corresponding open access data archives (http://jvo.nao.ac.jp/
index-e.html; http://www.cadc-ccda.hia-iha.nrc-cnrc.gc.ca/en/).
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Extended Data Figure 1: Observed data (black) degraded down to correspond template resolu-
tion and best-fitting templates (red) for Binospec spectra (left panels) and broad-band SEDs (right
panels) for PSGs from the main sample. For the spectra we also show 1σ uncertainty profiles
(magenta) and fitting residuals (grey). SED panels show observations and best-fitting models as
black and red dots correspondingly. The residuals are shown with black stars around a cyan line
representing zero level in the same scale as SEDs. The upper right corner of each spectrum con-
tains a median signal-to-noise ratio for a degraded spectrum per pixel. Main spectral features and
broad-band filter bandpasses are marked in the upper row of panels.
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Extended Data Figure 2: The same as Extended Data Figure 1 for the additional galaxy sample.

Extended Data Figure 3: Low-contrast filaments suspected to be ram-pressure-stripped tails for
five Coma galaxies. For GMP 2639 we show an inverted Rc-band image binned with a 4×4 pix
window. For GMP 4118 and GMP 4348 we show Hα images without continuum subtraction
convolved with a 2-D Gaussian kernel having FWHM in range 5 . . . 7 pix depending on S/N of
input images. For GMP 3176 we show a difference between B and Rc Subaru frames. A spot at
the end of the short filament in GMP 4188 pointed by an arrow is a bright Hα source.
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Extended Data Figure 4: Resolved stellar population profiles for the PSGs from the main sample
and GMP 3016 obtained from full spectral fitting of long-slit spectra using PEGASE.HR-based
templates28. We perform the χ2 minimization varying the truncation age and final metallicity
which describes the metallicity of final starburst while other parameters (wind coefficients and SB
fraction) are fixed to values derived from the modelling of the co-added 1D spectra with broadband
photometry. For galaxies with non-radial age gradients likely caused by the ram pressure stripping,
solid blue lines show the gradient trend sometimes over-imposed on the radial gradient illustrating
the outside-in quenching. Dotted and dashed lines mark ±re/2 and ±re respectively.
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ABSTRACT

We study the galaxy mass-size relation in 15 spectroscopically confirmed clusters at 1.3 < z < 2.8 from the Clusters Around Radio-
Loud AGN survey. Our clusters span a total stellar mass in the range 11.3 < log(Mc

∗/M�) < 12.6 (approximate halo mass in the
range 13.6 < log(Mc

h/M�) < 14.6). Our main finding is that cluster passive early-type galaxies with mass log(M/M�) > 10.5 are
systematically (& 3σ) larger then field galaxies from the CANDELS survey. The passive ETG average size evolution with redshift
is slower at 1 < z < 2 when compared to the field. This could be explained by early-epoch differences in the formation and early
evolution of galaxies in haloes of different mass, as predicted by models. It does not exclude that other physical mechanisms, such as
strong compaction/gas dissipation in field galaxies, followed by a sequence of mergers may have also played a significant role in the
field early-type galaxy evolution, but not necessarily in the evolution of cluster galaxies. Our passive ETG mass-size relation show a
tendency to flatten at 9.6 < log(M/M�) < 10.5, where the average size is log(Re/kpc) = 0.05± 0.22, which is broadly consistent with
galaxy sizes in the field, and in the local Universe. This implies that the low end of the mass-size relation does not evolve much from
z ∼ 2 to present, and that sizes evolve in the same way in clusters and in the field. Brightest cluster galaxies lie on the same mass-size
relation as the satellites, suggesting that their size evolution is not different from the satellites at redshift z > 2. Half of the active
early-type galaxies, which are 30% of our early-type galaxy sample, follow the field passive galaxy mass-size relation, and the other
half the field active galaxy mass-size relation. These galaxies likely went through a recent merger or neighbour galaxy interaction, and
would most probably quench at a later epoch and increase the fraction of passive early-type galaxies in clusters. We do not observe a
large population of compact galaxies (only one), as is observed in the field at these redshifts, implying that the galaxies in our clusters
are not observed in an epoch close to their compaction.

1. Introduction

In the local Universe and up to z = 3, the most massive galax-
ies are also among the largest (Kauffmann et al. 2003; Gadotti
2009; Poggianti et al. 2013; Huertas-Company et al. 2013b; Fer-
nández Lorenzo et al. 2013; Delaye et al. 2014; Belli et al. 2014;
van Dokkum et al. 2015). For example, local elliptical galax-
ies follow a rather tight relation with intrinsic scatter less than
0.3 dex (Nair et al. 2011; Bernardi et al. 2011a,b, 2014). This
dependence is called the galaxy mass-size relation (MSR), and
provides an insight on the past and present evolution of galaxies.

The first results on the mass-size and size-luminosity rela-
tion at z = 1 and beyond to z = 3 were reported by Trujillo
et al. (2004, 2006); McIntosh et al. (2005) who initially did not
find strong size differences for massive (M∗ > 2 − 3 × 1010 M�)
galaxies at 2 < z < 3 compared to z = 0, but later claimed that

? afanasiev@apc.in2p3.fr

galaxies at z = 2.5 are on average two times smaller. Later re-
sults (Trujillo et al. 2011; Mosleh et al. 2011; Dutton et al. 2011;
Szomoru et al. 2012) confirmed that the stellar mass-size rela-
tion was already in place at least at z = 1, but its normalization
increased at low redshift.

The arrival of the new data, such as the Cosmic Assembly
Near-infrared Deep Extragalactic Legacy Survey (CANDELS;
PI: S. Faber, H. Ferguson; Koekemoer et al. 2011; Grogin et al.
2011), and new observational techniques, such as strong lensing
(Yang et al. 2021), confirmed this view. van der Wel et al. (2012,
2014) measured the MSR redshift evolution for both passive and
star-forming galaxies in the field in the redshift range z = 0 − 3.
They demonstrated that the slope of the MSR does not evolve
for both populations. However, galaxies become more compact
with increasing redshift, which was explained by Carollo et al.
(2013) by the fact that the Universe was more dense in earlier
times, and the galaxy density evolves approximately as the den-
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sity of the Universe. Dimauro et al. (2019) analyzed the MSR of
bulges and discs, and finds that they follow different MSR. Their
MSR weakly depend on the morphology of the host galaxy, and
the sizes of disks do not depend on their star-formation activity.
They concluded that quenching did not affect disc structures.

The shape of the MSR is consistent with a scenario in which
galaxy growth is dominated by star formation due to cold gas
accretion up to a certain mass (which is redshift- and size-
dependent, corresponding approximately to M = 1011M� at
z = 2 and Re = 1 Kpc) and by galaxy mergers at higher masses
(e.g., Shankar et al. 2013; van Dokkum et al. 2015; Zanisi et al.
2020) In fact, hierarchical models could explain the fast size
growth of giant elliptical galaxies only by sequential minor dry
mergers since z = 2 (Naab et al. 2009; Trujillo et al. 2011; New-
man et al. 2012; van Dokkum et al. 2015). On the other hand,
spiral galaxies do not require minor mergers, since their growth
can be attributed to cold gas accretion (Dekel et al. 2009).

It is less clear though if galaxies in clusters and in the field
evolved in the same way. Semi-analytical models predict a mod-
erate to strong environmental dependence in the local Universe
(Shankar et al. 2014). However, observational results are contra-
dictory. Several works have shown that this relation is indepen-
dent from environment (e.g., Guo et al. 2009; Weinmann et al.
2009; Cappellari 2013; Huertas-Company et al. 2013b; Mosleh
et al. 2018). Others found that cluster early-type galaxies (ETG)
are smaller than those in the field (e.g. Poggianti et al. 2013),
however they included a large fraction of S0 galaxies which ap-
pear to have smaller radii then elliptical galaxies at fixed stellar
mass (Bernardi et al. 2013; Huertas-Company et al. 2013a), and
different environmental relations (Erwin et al. 2012; Sil’chenko
et al. 2018). On the other hand, Huang et al. (2018) found that
massive galaxies in clusters are as much as 20%-40% larger than
in the field with deep observations with the Hyper Suprime-Cam
(see also Yoon et al. 2017).

For spiral galaxies, the environmental dependence of the
mass-size relation is even more pronounced: its scatter is much
larger (Maltby et al. 2010; Cappellari 2013; Lange et al. 2015)
and their disks are smaller in clusters (Kuchner et al. 2017; De-
mers et al. 2019). This means that dense environment either de-
stroys the disks or inhibits their growth, for example through
tidal interactions, ram-pressure and strangulation (Boselli &
Gavazzi 2006).

To better understand and confirm which evolutionary phys-
ical processes led to the environmental effects observed in the
local Universe, it is essential to study the dependence of galaxy
size growth on environment through cosmic time.

At 0.4 . z . 2, some works found no differences be-
tween galaxies in the field and moderately dense environ-
ments (Huertas-Company et al. 2013a; Kelkar et al. 2015)
(log(M/M�) ∼ 10.5−11.8), others found larger quiescent galaxy
sizes in clusters in both high (Delaye et al. 2014, log(M/M�) ∼
10.5− 11.5) and low (Mei et al. 2015, log(M/M�) ∼ 9.5− 10.5)
mass regime. Others report smaller sizes in clusters (Raichoor
et al. 2012, log(M/M�) ∼ 10 − 11.5), in low statistical signif-
icant samples. At z = 2, Allen et al. (2015) report that cluster
star-forming galaxies are larger compared to the field, while qui-
escent galaxies do not show such a difference being only slightly
larger in clusters (in the mass range log(M/M�) ∼ 9−11.5). This
notion is supported by Saracco et al. (2017) at log(M/M�) ∼
10.3 − 11.3, who have found no environmental effect on the
z = 1.3 elliptical MSR, noting that cluster ellipticals tend to be
more massive. On the other hand, Chan et al. (2018) find that at
z = 1.4 passive cluster galaxies (log(M/M�) ∼ 10.2 − 11.5) are
about 30% larger than in the field. Noordeh et al. (2021) also find

larger cluster quiescent galaxy sizes at fixed log(M/M� = 10.7)
with Sérsic n > 2 at z = 2. Sazonova et al. (2020) found that
z = 1.5 bulge-dominated cluster galaxies with log(M/M� <
10.5) are significantly more compact than the field counterparts.
Mowla et al. (2019); Marsan et al. (2019) focused at high-mass
(log(M/M� > 11.3)) passive galaxies, whose MSR was found to
be consistent with the lower-mass galaxy MSR and experiencing
strong evolution with redshift.

There is also some evidence, that the MSR flattens up at low
masses in the local Universe Bernardi et al. (2011b), and up to
z ∼ 1 (Nedkova et al. 2021), as predicted by models (Shankar
et al. 2014).

Finally, several studies found high percentages of compact
post-starburst (Maltby et al. 2018; Socolovsky et al. 2019; Math-
aru et al. 2020; Wilkinson et al. 2021) and massive compact
galaxies (Lu et al. 2019; Gu et al. 2020; Tadaki et al. 2020) in
dense environments at z = 1.5 − 2.

In this paper, we extended MSR studies in an unique sample
of galaxy clusters at redhift 1.3 . z . 2.8 from the CARLA
(Clusters Around Radio-Loud AGN (Wylezalek et al. 2013,
2014) survey. We find that cluster passive early type galaxies
are significantly (> 3σ)larger than in the field at these redshifts,
while late-type galaxies have similar sizes. Combining our re-
sults with other cluster studies we demonstrate that cluster pas-
sive ETG have much slower size evolution than their field coun-
terparts. The Brightest cluster galaxies lie on the same mass-size
relation as the satellites. Half of the early-type galaxies with ac-
tive star-formation lie on the late-type galaxy mass-size relation.
The mass-size relation flattens at low mass, and we do not ob-
serve large percentages of very compact galaxies in our sample.

The structure of the paper is as follows. We describe our ob-
servations in Section 2. The galaxy property measurements are
presented in Section 3. Section 4 describes our sample. Our re-
sults are presented in Section 5, and discussed in Section 6. Sec-
tion 7 is the summary of the paper.

Throughout this paper, we adopt a ΛCDM cosmology, with
of ΩM = 0.3, ΩΛ = 0.7, Ωk = 0 and h = 0.7, and assume a
Chabrier initial mass function (IMF) (Chabrier 2003). The pho-
tometry and structural parameters in this paper were measured
adopting the 3D-HST empirical PSF model 1 for the HST/WFC3
GOODS-S images in F140W (H140) band. Hereafter, we define
galaxies with active star formation as active galaxies.

2. The CARLA survey

2.1. CARLA cluster candidates

CARLA is a 408h Warm Spitzer/IRAC survey of galaxy over-
densities around 420 radio-loud AGN (RLAGN). The AGN were
selected across the full sky and in the redshift range of 1.3 < z <
3.2. Approximately half of them are radio loud quasars (RLQs)
and the other half are radio galaxies (HzRGs). With the aim to
detect galaxy cluster candidates, Wylezalek et al. (2013) selected
galaxies at z > 1.3 around the AGN, using a color selection in
the IRAC channel 1 (λ = 3.6 µm; IRAC1, hereafter) and chan-
nel 2 (λ = 4.5 µm; IRAC2, hereafter). They found that 92% of
the selected RLAGN reside in dense environments, with the ma-
jority (55%) of them being overdense at a > 2σ level, and 10%
of them at a > 5σ level, with respect to a field sample in the
Spitzer UKIDSS Ultra Deep Survey (SpUDS, Rieke et al. 2004).

From their IRAC luminosity function, Wylezalek et al.
(2014) showed that CARLA overdensity galaxies have probably

1 https://archive.stsci.edu/prepds/3d-hst/
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quenched faster and earlier compared to field galaxies. Some of
the CARLA northern overdensities were also observed in either
deep z-band or deep i-band, with Gemini/GMOS, VLT/ISAAC
and WHT/ACAM (P.I. Hatch (see below); Cooke et al. 2015).
These observations permitted us to estimate galaxy star forma-
tion rate histories, and to deduce that, on average, the star for-
mation of galaxies in these targets had been rapidly quenched
(Cooke et al. 2015).

The twenty highest CARLA Spitzer overdensities candidates
were followed by a Hubble Space Telescope Wide Field Camera
3 (HST/WFC3) observations (P.I. Stern (see below); Noirot et al.
2016, 2018), and sixteen of them were spectroscopically con-
firmed at 1.4 < z < 2.8, together with seven spectroscopically
confirmed serendipitous structures at 0.9 < z < 2.1 (Noirot et al.
2018). The structure members were confirmed as line-emitters
in Hα, Hβ, [OII], and/or [OIII], depending on the redshift, and
have star formation estimates from the line fluxes (Noirot et al.
2018). The galaxy star-formation (for stellar mass & 1010M�) is
below the star-forming main sequence (MS) of field galaxies at
similar redshift. Star-forming galaxies are mostly found within
the central regions (Noirot et al. 2018).

Mei et al. 2022 (hereafter, M22) performed an in-depth study
of the morphology, quiescence and merger incidence of CARLA
clusters. They found that the galaxy morphology-density and
passive-density relations are already in place at z ∼ 3 and 2,
respectively. The cluster ETG and passive fractions depend on
local environment and mildly on galaxy mass. Active ETG are
30% of the total ETG population. Cluster merger fractions are
significantly higher than in the CANDELS fields, as predicted
from previous studies to explain high quiescent fractions at
z . 1.5. Their findings confirm that all the spectroscopically
confirmed CARLA overdensities have properties consistent with
clusters and proto-clusters.

We describe our observations below. More details on the
Spitzer IRAC, HST/WFC3 and ground-based observations, data
reduction and results can be found in Wylezalek et al. (2013,
2014), Noirot et al. (2016, 2018), and Cooke et al. (2015), re-
spectively.

2.2. Spitzer Observations

All CARLA clusters were observed with Spitzer IRAC1 and
IRAC2 (Cycle 7 and 8 snapshot program; P.I.: D. Stern), with to-
tal exposure times of 800 s/1000 s in IRAC1 and 2000 s/2100 s in
IRAC2, for radio galaxies at z < 2/z > 2, which provided a sim-
ilar depth in both channels. The IRAC cameras have 256 × 256
InSb detector arrays with a pixel size of 1.22 arcsec and a field of
view of 5.2 × 5.2 arcmin. Wylezalek et al. (2013) performed the
data calibration and mapping with the MOPEX package (Makovoz
& Khan 2005) and detected sources with SExtractor (Bertin &
Arnouts 1996), using the IRAC-optimized SExtractor parame-
ters from Lacy et al. (2005). The final Spitzer IRAC1 and IRAC2
mosaic has a pixel size of 0.61 arcsec, after taking into account
dithering and sub-pixelation. The 95% completeness limit is ob-
tained at IRAC1=22.6 mag and IRAC2=22.9 mag.

2.3. HST Observations

The HST/WFC3 imaging and grism spectroscopy were obtained
with the dedicated HST follow-up program (Program ID: 13740;
P.I.: D. Stern). The program consisted of F140W band (hereafter
H140) imaging (with a field of view of 2 × 2.3 arcmin2 at a res-
olution of 0.06 arsec pix−1, after taking into account dithering),

and G141 grism spectroscopy (with a thoughtput > 10% in the
wavelength range of 1.08 µm < λ < 1.70 µm and spectral resolu-
tion R = λ/∆λ = 130). This grism was chosen in order to permit
the identification of strong emission lines at our target redshift,
such as Hα, Hβ, [OII] and [OIII]. Noirot et al. (2016, 2018) per-
formed the data reduction using the aXe (Kümmel et al. 2009)
pipeline, by combining the individual exposures, and removing
cosmic ray and sky signal. They performed the source detec-
tion with SExtractor (Bertin & Arnouts 1996), and extracted
two-dimensional spectra for each field, based on the positions
and sizes of the sources. The redshifts and emission line fluxes
were determined using the python version of mpfit and are pub-
lished in Noirot et al. (2018). Our HST image 5σ magnitude
limit within an aperture of radius 0.17 arcsec is H140 = 27.1 mag.

2.4. Ground-based optical observations

Ground-based optical imaging in i or z-band is available for nine
of the CARLA clusters (Cooke et al. 2015). Seven clusters were
observed in September 2013 - December 2014 using ACAM at
4.2m William Hershel telescope (P.I. Hatch). ACAM has a cir-
cular field of view, 8.3 arcmin in diameter with a pixel scale
0.25 arcsec pixel−1. Two other clusters were observed between
February and April 2014 with GMOS-S (at Gemini South tele-
scope) using the EEV detectors. The field of view of GMOS-S is
5.5 × 5.5 arcmin with a pixel scale of 0.146 arcsec pixel−1. Ex-
posure times were calculated depending on the actual seeing, in
order to reach a consistent depth across all fields. The reduction
of the i-band images was performed with the publicly available
THELI software (Erben et al. 2005; Schirmer 2013). For the pho-
tometric calibration we used either available Sloan Digital Sky
Survey photometry or standard stars observed before and after
the cluster observations. More details on these observations and
image reduction can be found in Cooke et al. (2015). CARLA
J2039-2514 has archival imaging observations with VLT/ISAAC
(run ID 69.A-0234) in the z-band with 4800s exposure time (see
also Noirot et al. 2016).

3. Sample selection and galaxy property
measurements

We focus this study on 15 of the 16 CARLA confirmed clusters
in Noirot et al. (2018), i.e. those that present enough high over-
density to yield low field galaxy contamination (M22). Details
on our cluster and galaxy selection are found in M22, and we
describe below the main steps leading to our cluster and galaxy
sample selection, and the galaxy property measurements.

3.1. Galaxy photometry and mass measurement

Our photometry was obtained from a joint analysis of IRAC1,
IRAC2, H140 and, when available, ground-based i-band or z-
band images, as described in M22. For an efficient source de-
blending, we used the T-PHOT software (Merlin et al. 2015,
2016), with the high-resolution HST images as priors to derive
PSF-matched fluxes in the other lower-resolution bands.

M22 also describe in detail our stellar mass measurements.
We measured our CARLA galaxy stellar masses by calibrat-
ing our PSF-matched Spitzer/IRAC1 magnitudes with galaxy
stellar masses from Santini et al. (2015) derived from the Guo
et al. (2013) multi-wavelength catalog in the CANDELS WIDE
GOODS-S field. The Spitzer IRAC1 magnitudes correspond to
the rest-frame near-infrared in the redshift range of the CARLA
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Table 1. SExtractor parameters used for source detection.

SExtractor Cold Mode Hot Mode
DETECT_MINAREA 5.0 10.0
DETECT_THRESH 0.75 0.7
ANALYSIS_THRESH 5.0 0.8
FILTER_NAME tophat_9.0_9x9 gauss_4.0_7x7
DEBLEND_NTHRESH 16 64
DEBLEND_MINCONT 0.0001 0.001
BACK_SIZE 256 128
BACK_FILTERSIZE 9 5
BACKPHOTO_THICK 100 48

Table 2. Constraints on GALFIT parameters.The constraint on magni-
tude is relative to the measured SExtractor magnitude.

parameter description constraints units
n Sérsic index 0.2 : 8
Re effective radius 0.3 : 400 pixel
Q axis ratio 0.0001 : 1
m magnitude -3 : +3 SExtractor mag

sample, and we expect them not to be biased by extinction. M22
found a very good correlation between these magnitudes and
the Santini et al. (2015) mass measurements, with scatters of
≈ 0.12 dex at the redshift of the cluster studied in this paper.
Adding in quadrature the scatter of the relation and uncertainties
from Santini et al. (2015), we obtained mass uncertainties in the
range ∼ 0.4− 0.5 dex, and ≈ 0.2− 0.3 dex for masses larger than
log10(M/M�) > 10.5. Hereafter, we use the symbol M for the
galaxy stellar mass.

3.2. Sample selection

Our sample selection is described in M22. Our selection aims
at optimizing the sample completeness and purity. Observations
of most of the CARLA clusters and proto-clusters include three
(H140, IRAC1 , IRAC2 ) to five bandpasses (ground based i-band
and z-band , H140, IRAC1, IRAC2), and we cannot perform a
precise photometric redshift analysis from their spectral energy
distribution. Instead, we selected galaxies in color and given spa-
tial regions where we expect a small outlier contamination.

M22 selected galaxies with (IRAC1 − IRAC2) > −0.1,
IRAC1 < 22.6 mag, from which we obtained a sample ∼ 90%
pure and complete of galaxies at z > 1.3. To reduce the contam-
ination from outliers with z > 1.3, but not at the cluster redshift,
we only selected galaxies hosted by the densest cluster regions,
in circles of radius of 0.5 arcmin (∼ 0.25 Mpc at our redshifts), in
which the background contamination is . 20% in most clusters
(M22). The scale of these regions corresponds to the scale of the
dense cluster cores at z > 1 (Postman et al. 2005). van der Wel
et al. (2012) and Kartaltepe et al. (2015) showed that morpho-
logical classification and the measurement of galaxy structural
parameters are dependable only for magnitudes brighter than the
WFC3/F160W magnitude H160 = 24.5 mag, and in this paper
we select galaxies brighter than H140 = 24.5 mag.

Our final sample includes a total of 271 galaxies in
the sixteen CARLA confirmed clusters and nineteen over-
dense regions. In fact, three of our clusters are dou-
ble structures (CARLAJ1358+5752, CARLAJ1018+0530, and
CARLAJ2039-2514; see details in M22), as predicted by cos-
mological models for clusters assembling at z = 1.5 − 3 (Chi-
ang et al. 2013; Muldrew et al. 2015). Galaxies that were spec-

Fig. 1. A two color diagram to separate stars and galaxies. The 3σ locus
of the modelled star distribution is shown by a black contour, the unre-
solved object from our sample is shown in red, and is most probably
extragalactic.

troscopically confirmed at a redshift different than the clusters
by Noirot et al. (2018) and a recent photo-spectral analysis of
CARLAJ1018+0530 by Werner et al. (in preparation) were not
considered in this analysis. The details on our galaxy sample se-
lection are in M22.

3.3. Galaxy morphological classification and Passive and
active galaxy selection

The details on our morphological classification and passive and
active galaxy selection are provided in M22. Here we reiterate
the main points.

M22 performed a galaxy visual morphological classifica-
tion using two large morphological classes, early-type galaxies
(ETG) and late type galaxies (LTG). ETG include spheroid and
compact galaxies, and LTG include disks and irregular galax-
ies. Those correspond to the main morphological classes used in
the CANDELS survey (Kartaltepe et al. 2015): (1) Disk. These
galaxies have a disk even if they don’t show clear spiral arms;
(2) Spheroid. These galaxies are resolved spheroids and do not
show a disk; (3) Irregular. All galaxies that cannot be classified
either as Disk or Speroids; (4) Compact/Unresolved. These are
compact or unresolved galaxies; (5) Unclassifiable. The sample
used in this paper does not include any Unclassifiable galaxy.

For clusters that were observed in four bandpasses, M22
identified passive and active galaxies using color-color diagrams,
which correspond to the UVJ diagrams used in the literature to
separate passive from active dusty galaxies up to a redshift z=3.5
(e.g., Labbé et al. 2005; Wuyts et al. 2007; Williams et al. 2009;
Whitaker et al. 2011; Fang et al. 2018).

Passive galaxies were selected as galaxies with specific star
formation rate log(sSFR) < −9.5, using the CANDELS Santini
et al. (2015) sSFR as the reference "true" sSFR for our selection
calibration. This selection permitted us to obtain passive sam-
ples that are ∼80-85% complete and pure, and includes recently
quenched galaxies at ∼ 3σ below the field star formation main
sequence.

3.4. Measurements of galaxy structural properties

We measured galaxy structural parameters using the software
GALAPAGOS (Barden et al. 2012), using the high-resolution
H140 images. The H140 channel corresponds to the V-band rest-
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Fig. 2. CARLA cluster structural parameter distribution for our main morphological classes, ETG (red continuous line), and LTG (blue dashed
line). Left: Sérsic index distribution; Middle: GALFIT Q distribution; Right: GALFIT Q distribution for asymmetric (continuous line) and sym-
metric galaxies (dash-dotted line). Our parameters are consistent with the visual morphological classification.

frame for most of our clusters, but the highest redshift one,
CARLA J1017+6116, for which H140 corresponds to the U-band
rest-frame. GALAPAGOS performs the following main steps:
source detection; creation of image and noise cutouts for each
detected source; estimation of the local background; fit of the
surface brightness profile to a Sérsic profile; compilation of all
objects in a final output catalog.

The source detection is based on SExtractor (Bertin &
Arnouts 1996). Following Barden et al. (2012), we run SEx-
tractor on the H140 images in the cold and hot modes, which
are optimized to detect bright and faint objects, respectively. We
adopt the same configuration of parameters used for the catalogs
released by the Cosmic Assembly Near-IR Deep Extragalac-
tic Legacy Survey (CANDELS, Grogin et al. 2011; Koekemoer
et al. 2011), and published by Galametz et al. (2013) and Guo
et al. (2013). More specifically, we create a first catalog includ-
ing all the cold sources; then we compare every source detected
in the hot mode to the first catalog detections, add to the first
catalog those whose central position does not lie inside the Kron
ellipse of any cold source, and discard the others. Table 1 shows
the key SExtractor parameters used in our source detection.

The photometric and structural parameter estimation is based
on GALFIT (Peng et al. 2002), that fits the surface brightness
profile of each detected source to a one-component Sérsic model
(Sersic 1968), defined by the following free parameters: the total
magnitude m, the half-light radius measured along the major axis
(effective radius) Re, the Sérsic index n, the axis ratio Q (the ratio
between the model minor and major axis, b/a), the position angle
P.A., and the central position. The software uses the Levenberg-
Marquardt algorithm to minimise the residual between a galaxy
image and the PSF-convolved model by modifying the free pa-
rameters.

We use the same GALFIT configuration as van der Wel
et al. (2012, 2014) (Table 2). While this CANDELS analysis
was not performed in the same observational bandpass as for
CARLA, the H160 images for the CANDELS “wide” catalog
(Koekemoer et al. 2011) have a 5σ magnitude limit of H160 =
27.4 mag, which is comparable to the CARLA magnitude limit
of H140 = 27.1 mag (both were calculated within an aperture
with 0.17′′radius), when the different filter response functions
are taken into account. The conversion to physical length-scale in
kiloparsec is performed using the angular distance of each clus-

ter, and assuming that all cluster galaxies have the same redshift
as the average redshift of the cluster from Noirot et al. (2018).

We re-run GALFIT on the 22 galaxies for which either
GALAPAGOS did not converge or the resulting values had un-
certainties greater than the value itself, or the parameters hit the
constraints in either Re, n or q. In those cases, we try different
values of the input parameters to find a stable global minimum of
the residuals and resolve the problems listed above. We divided
our sample in 3 categories: (i) Galaxies with a good quality fit;
(ii) QSO, whose effective radii are uncertain due to saturation
in the HST image (9 objects); (iii) Unresolved galaxies, where
GALFIT converged close to the minimum constraint for the ef-
fective radius. We exclude QSO from our analysis.

The unresolved galaxy category consists of only one object
with an effective radius Re = 0.5 pix, which is close to the
lower limit for the Re estimate used by van der Wel et al. (2012)
(Re,min = 0.018 arcsec or 0.3 pix in WFPC3 image). The objects
with such effective radii are essentially indistinguishable from
point sources due to PSF, so their Re is an upper limit, and they
might be either a bona-fide extragalactic galaxy, or a Milky Way
foreground star. This object is not listed in the Gaia EDR3 cat-
alogue as a star (Gaia Collaboration et al. 2020). We used the
TRILEGAL model2 (Girardi et al. 2005) to obtain a sample of
simulated stars with magnitudes IRAC1 < 26 mag at the source
RA and DEC, and with standard settings for the geometry of the
thin disk, the thick disk and the halo of the Milky Way, as well as
for their stellar population parameters. We built a (H140-IRAC1)
vs (IRAC1-IRAC2) diagram (see Fig. 1), to identify the locus of
the synthetic star colors (see Fig. 1). The source does not lie in
the star locus and we keep it as a bona-fide extragalactic galaxy.

In Fig. 2, we compare our GALAPAGOS structural parame-
ters with visual morphology from M22. The median Sérsic index
for ETG, and LTG, is ∼3 and ∼1, respectively, consistent with
what is expected for ETG de Vaucouleur and LTG exponential
profiles. The median Q for early, late, asymmetric and symmet-
ric galaxies is ∼ 0.7, 0.55, 0.7, and 0.55, respectively, with early
and symmetric galaxies being rounder, as expected.

4. Results

Fig. 3 shows each cluster passive and active galaxy mass-size
relation, compared to CANDELS (van der Wel et al. 2014). We
2 http://stev.oapd.inaf.it/cgi-bin/trilegal
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Fig. 3. The mass-size relations for each cluster. Red and blue colors show passive [log(sSFR) < −9.5], and active galaxies, respectively. Green
symbols show galaxies for which we could not separate passive from active galaxies. Circles, squares, and diamonds correspond to ETG, LTG
and irregulars, respectively. The largest symbols show the BCG, the second largest indicate the second brightest galaxies. The compact galaxy in
the J2039-2514 is shown by the smaller symbol. A yellow contour around the galaxy symbol indicates a HzRG. The red and blue solid lines are
CANDELS van der Wel et al. (2014)’s mass-size relation for passive and active galaxies respectively, interpolated to the redshift of each cluster.
The dashed lines are 1-σ uncertainties of these relations, the average measurement uncertainty is provided on the right-hand side of each box.
Cluster active and LTG galaxies lie on the van der Wel et al. (2014)’s active galaxy MSR. Cluster passive ETG have systematically larger sizes
than van der Wel et al. (2014)’s passive galaxies.
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Fig. 4. The mass-size relation in two redshift bins. The symbols are the same as in Figure 3, the van der Wel et al. (2014)’s mass-size relations are
shown at the the mean redshift of each bin (z = 1.47 and z = 1.8). The average measurement uncertainty is provided on the right-hand side of each
box. In both redshifts bins, cluster active and LTG galaxies lie on the van der Wel et al. (2014)’s active galaxy MSR. Cluster passive ETG have
systematically larger sizes than van der Wel et al. (2014)’s passive galaxies.

interpolated van der Wel et al. (2014)’s relations at each cluster
redshift. While the active and LTG distributions lie on the same
active galaxy mass-size relation as van der Wel et al. (2014), the
passive and ETG population systematically lie above the van der
Wel et al. (2014)’s passive galaxy relation. This is also shown in
Fig. 4, where we divide the sample in two redshift bins, where we
observe a similar behavior. The relation also indicates a tendency
to flatten at log(M) . 10.5. About ∼ 30% of the cluster ETG are
active, and mostly lie on the LTG galaxy MSR. The bulk of these
active ETGs is found in just two clusters (J1018 and J2039, both
around z ∼ 2). The cluster Brightest Cluster Galaxies (BCG) and
the second brightest are shown with larger symbols, and lie on
the same MSR as the satellites.

Fig 5 shows the evolution of the passive ETG mass-size re-
lation in clusters in the redshift range 0.7 < z < 2 as compared
to the CANDELS (van der Wel et al. 2014)’s mass-size rela-
tion. We added to our sample the passive ETG observations from
Strazzullo et al. (2013), Delaye et al. (2014), and Newman et al.
(2014), which used analyses similar to ours. When authors pub-
lished circularized effective radii, defined as Re,circ = Re

√
(b/a)

(e.g., Delaye et al. 2014), we convert their sizes to the Sérsic
profile half-light radii along the major axis.

Fig 6 shows the redshift evolution of the mass-normalized
radius R10.7, defined as (van der Wel et al. 2014) :

Re(kpc) = R10.7(kpc)
(

M
5 × 1010M�

)β
(1)

In the conversion, we use the slope β ∼ 0.74−0.76 from (van der
Wel et al. 2014), interpolated at the redshifts that we are consid-

ering. Here we compute the average log(R10.7/kpc) in each red-
shift bin for Delaye et al. (2014) and our data, and in each clus-
ter for Strazzullo et al. (2013) and Newman et al. (2014). The
Delaye et al. (2014) observations are averaged over the same
redshift bins (0.7 < z < 0.9; 0.9 < z < 1.1; 1.1 < z < 1.3
and 1.3 < z < 1.6) as in Figure 5. Our CARLA cluster obser-
vations are averaged over two redshift bins: 1.35 < z < 1.65,
and 1.9 < z < 2. The uncertainties on R10.7 are calculated us-
ing Monte Carlo simulations. For this figure, we only consider
galaxies with log

(
M/M�

)
> 10.5 for an homogeneous sample

comparison.
While the cluster mass-size relation of cluster and field pas-

sive ETG is mostly similar in the local Universe (e.g., Huertas-
Company et al. 2013a), cluster ETG sizes are systematically
higher than field passive galaxies at log

(
M/M�

)
> 10.5 and

z > 1 and their evolution is slower in the range 1 . z . 2.
In fact, while the cluster and field MSR are superposed within
∼ 1σ (Fig. 5), the average normalized radii are clearly different.
This is quantified by our fit to the redshift evolution of the cluster
R10.7 for galaxy mass log

(
M/M�

)
> 10.5:

log(R10.7/kpc) = (−0.16 ± 0.02) (z − 1) + (0.44 ± 0.01) (2)

compared to the evolution in the field from van der Wel et al.
(2014):

log(R10.7/kpc) = (−0.32 ± 0.02) (z − 1) + (0.33 ± 0.02) (3)

The fit was performed by taking into account the uncertainties on
both axes, and the uncertainties are quantified with Monte Carlo
simulations. For galaxies with log

(
M/M�

)
> 10.5, at 1 < z < 2,
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cluster passive ETG are on average & 3σ larger than the field.
At z = 1.5 the cluster passive ETG are ∼40% larger than those
in the field, and at z = 2 they are larger by ∼120%. The passive
ETG fraction in clusters is ∼ 60 ± 10%, compared to ∼ 28 ± 2%
in CANDELS.

At lower mass, log
(
M/M�

)
< 10.5, the mass-size relation

is predicted (Shankar et al. 2013) and observed (Graham et al.
2006; Lange et al. 2015; Li et al. 2018; Hamadouche et al. 2022)
to flatten at least up to z = 2 (Nedkova et al. 2021).In the range
9.6 < log

(
M/M�

)
< 10.5 , where we observe a flattening of

the MSR, the average cluster passive ETG size is log(Re/kpc) =
0.05 ± 0.22.

5. Discussion

We observe higher passive ETG sizes in CARLA clusters (1.4 ≤
z ≤ 2.8) when compared to field CANDELS’s passive ETG (van
der Wel et al. 2014). Larger passive early-type galaxy sizes in
clusters at z > 1 were also observed by Delaye et al. (2014);
Strazzullo et al. (2013); Newman et al. (2014). From these and
our results, we obtain the evolution of the mass-normalized ra-
dius R10.7 as a function of redshift, which shows that passive
ETG with log

(
M/M�

)
> 10.5 and z > 1 are systematically

larger than field passive ETG galaxies. Their mass growth at
1 . z . 2 is slower than in the field.

5.1. The Mass-size relation at z ∼ 1

At the lower redshift range 0.86 < z < 1.34, Matharu et al.
(2019) finds that cluster quiescent galaxies with log

(
M/M�

)
&

10 are 0.08 ± 0.04 dex (∼ 20 %) slightly more compact than
in the field, and also consistent within 1σ with the field MSR,
which has an intrinsic scatter σlog(kpc = 0.13 dex. They used a
toy model to show that these galaxies will in part merge with the
brightest cluster galaxies and in part be tidally destroyed, and
new, larger, galaxies will be accreted in clusters from the field,
maintaining a similar MSR in field and clusters in the redshift
range 0 < z . 1. The model considers that galaxies in groups and
filaments constantly fall onto the cluster larger haloes with the
flow of the cosmic time (progenitor bias; van Dokkum & Franx
1996; Saglia et al. 2010). Because of this accretion, new passive
members are added to the original early type passive population.
The new passive objects can form either through environmen-
tal quenching by ram-pressure (Gunn & Gott 1972), harassment
(Moore et al. 1996) or strangulation (van den Bosch et al. 2008),
or they can infall already being quenched prior to the entry to the
cluster, by group preprocessing (Fujita 2004). In the first case
predominantly late-type disky galaxies are mostly transformed
into lenticulars and dwarf ellipticals. In the second case, galaxies
preprocessed in the group environment are larger. A part of the
size growth in the clusters can be attributed to the addition of the
group elliptical galaxies and lenticular galaxies that mix with the
native cluster ETG population and homogenize the size distribu-
tion to that of the field. This is further compounded by results by
Matharu et al. (2020), that can be explained by the accretion of
old compact ETGs onto BCG or their disruption into the intra-
cluster light. The Matharu et al. (2019)’s results at 1 < z < 1.34
show larger sizes, and are consistent with Delaye et al. (2014)’s
results and our findings in this paper.

5.2. The Mass-size relation at z ∼ 2 : galaxy sizes are larger
in clusters than in the field

Field galaxies at 2 . z . 3 (van der Wel et al. 2014; Patel et al.
2017; Marsan et al. 2019) show larger sizes than the extrapo-
lation of the field size evolution at lower redshift (e.g., see the
highest redshift field point in Fig 6). This is explained by the
transition from the epoch in which galaxy growth is dominated
by gas accretion and the epoch in which minor mergers become
dominant (Naab et al. 2009). On the other end, cluster galaxies
are already larger than field galaxies at z ∼ 2, then grow more
slowly than field galaxies, to reach the same average sizes by
z = 1 and then evolve to z ∼ 0 on average in the same way as
field galaxies, mainly because of accretion of field larger galax-
ies and disruption of the cluster more compact galaxies (Matharu
et al. 2019).

Our work has highlighted a clear dichotomy in the evolu-
tion of the mean passive early-type galaxy sizes of similar stellar
mass : galaxies in clusters tend to be larger at z & 1 than their
counterparts in the field, and evolve slowly throughout. Passive
ETG in the field are more compact at high redshift, show a faster
growth, and eventually show similar MSR as the cluster galaxies
at z ∼ 0, as shown in the works cited above. In other words, pas-
sive early-type galaxies of similar stellar mass appear to have a
significant environmental (halo) dependence which tends to pro-
gressively disappear when approaching the local Universe.

This non-trivial evolution in the size evolution is not eas-
ily reconciled with theoretical models. Mergers, especially dry
ones, have traditionally often been invoked as the main driver
behind the (strong) size evolution of massive galaxies, and in
general of all ETG galaxies, as confirmed by a number of cosmo-
logical theoretical analytic (e.g., Guo et al. 2011; Shankar et al.
2013, 2014) and numerical (e.g., Naab et al. 2009; Genel et al.
2018; Furlong et al. 2017) studies.

Therefore, one could hypothesize that galaxies in clusters
may have undergone a more rapid size increase via mergers
before infall into a larger halo. To investigate this hypothe-
sis, we show in Fig 7 the number of expected mergers that a
central galaxy of log

(
M/M�

)
> 10.5 undergoes as a func-

tion of host halo mass for different redshifts, making use of
the DREAM semi-empirical model by Fu et al. (2022, sub-
mitted). DREAM can flexibly compute the number of merg-
ers of any central galaxy at any given redshift and host halo
(cluster or field) without limits of mass or volume resolution
and for any given input stellar mass-halo mass relation. Fig 7
shows that the number of both major and minor mergers under-
gone by central galaxies (dashed and solid lines, with thresh-
olds as labelled) is steadily increasing as a function of the host
halo mass, at all redshifts. Satellite galaxies with stellar mass
log

(
M/M�

)
> 10.5, which at a given redshift reside in cluster

environments with log
(
Mh/M�

) ∼ 14, were before infall cen-
trals in host haloes with lower mass. In fact, central galaxies
with stellar mass log

(
M/M�

)
> 10.5 typically reside in host

haloes of log
(
Mh/M�

)
& 12.5 with a weak dependence on red-

shift (e.g., Moster et al. 2018; Grylls et al. 2019) Fu et al. 2022,
which hardly go through to any major or minor merger accord-
ing to Fig 7. Even allowing for more massive host haloes for
these galaxies, the models predict zero mergers at z > 2 up to
log

(
Mh/M�

) ∼ 13.7, thus disfavouring an early size growth via
a sequence of minor or major mergers.

Alternatively, progenitor bias could explain the difference
between older, more compact and younger, more extended
galaxies (e.g., Shankar & Bernardi 2009; Lilly & Carollo 2016),
or simply the time a galaxy spends in the main sequence could
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Fig. 5. The evolution of the cluster passive ETG mass-size relation. The red circles are our sample. The brown triangles, grey squares, and orange
diamonds are observations from Delaye et al. (2014), Strazzullo et al. (2013), and Newman et al. (2014), respectively. The red continuous line
is the van der Wel et al. (2014) CANDELS passive galaxy relation, and the dashed lines show the 1 σ uncertainty. The black dashed line shows
the lower limit of our high mass sample. The average data uncertainties are shown in their corresponding color in the bottom-right corner of each
sub-plot. Cluster passive ETG are systematically larger than CANDELS galaxies.

make them larger (e.g., Genel et al. 2018). We lack any clear age
distributions for our galaxies compared to field counterparts, but
galaxies in overdense regions would be, if anything, expected to
be older and thus more compact than similar mass galaxies in
the field, at variance with our findings.

AGN feedback could induce a rapid puffing up of the host
galaxy, if a proportionally significant gas mass is expelled from
the central regions (Fan et al. 2008, 2010). However, it is not
clear why a strong AGN feedback should act only in those galax-
ies destined to become satellites in larger haloes and not in all
galaxies of similar stellar mass at a given epoch. In addition, we
inspected the central surface brightness within 2 kpc of galax-
ies of similar stellar mass in the field and in clusters, finding no
signs of a reduced central density in cluster galaxies (see Fig. 8),

which would be expected if AGN feedback has been expanding
the central densities (Fan et al. 2010).

Kravtsov (2013) found evidence of a close linear relation be-
tween the effective radii of galaxies and their host haloes of the
type Re = k × R200c, where R200c is the host halo radius3, and
the constant of proportionality k equal to a few percent, depend-
ing on the exact definition of host halo mass. This relation has
also been measured at higher redshifts (e.g., Somerville et al.
2018), confirmed in hydrodynamic simulations (e.g., Rohr et al.
2022), and it has been used in analytic models to show that the
size evolution and local size functions of intermediate and mas-
sive galaxies can be reproduced (e.g., Stringer et al. 2014; Zanisi
3 defined as the region containing a mass density equal to 200 times
the critical density of the Universe

Article number, page 9 of 14

Appendix

147



A&A proofs: manuscript no. output

Fig. 6. The size evolution of passive ETG the mass-normalized radius R10.7 (see text) with redshift. The red circles are CARLA sample (this
study). The brown triangles, grey squares and orange diamonds show observations from Delaye et al. (2014), Strazzullo et al. (2013), and Newman
et al. (2014), respectively. The black circles are field ETG sizes taken from Bernardi et al. (2014) and Huertas-Company et al. (2013b) for z = 0,
and from van der Wel et al. (2014) for the other redshifts.

et al. 2020, 2021b), along with the environmental halo depen-
dence in the local Universe Zanisi et al. (2021a).

By using DREAM, we have assigned an effective radius
to all centrals and satellites galaxies at different epochs liv-
ing in the field and in clusters as those in our sample (13.6 <
log

(
Mhalo/M�

)
< 14.6), assuming throughout a constant Re =

k × R200c. The exact value of the constant k assumed in this ex-
ercise is irrelevant as we are only interested in the relative dif-
ference between the mean sizes of field and cluster galaxies. We
found that indeed cluster galaxies have a weaker evolution than
field galaxies of similar stellar mass, which catch up with their
cluster counterparts at z < 0.5, as in the data. However, for both
predicted cluster and field galaxies’ radii we find an evolution
of the type H[z]2/3, i.e., as R200c(z) (e.g., Stringer et al. 2014),
which is a weaker evolution than the one observed for ETGs
(Figure 6) which is closer to ∼ 1/(1+ z)α, with α & 1 in the field.
This apparent discrepancy could be interpreted by the fact that
the Kravtsov relation is more appropriate to describe the bulk of
the population for a given halo/stellar mass, which is represented
by star-forming galaxies with log

(
M/M�

) ∼ 10.5. We conclude
that possibly an imprint in the formation/early evolution of clus-
ter galaxies, as mirrored in the Kravtsov relation, could explain
at least in part the systematic difference observed in our sam-
ple for cluster and field ETG galaxies, but other factors, such as

strong compaction/gas dissipation in field galaxies, followed by
a sequence of mergers (e.g., Hopkins et al. 2009 (e.g., Lapi et al.
2018) may have also played a significant role in shaping field,
but not necessarily cluster, ETG galaxies.

5.3. BCG sizes

Our cluster BCG and the second brightest lie on the same MSR
as the satellite galaxies, in contrast with models that predict them
larger due to increased rate of dry minor mergers (e.g., Hopkins
et al. 2009; Shankar et al. 2013). On the other hand, there are
models that predict that BCG evolve from normal galaxies at
z = 2, which then become larger due to different merger history
(Zhao et al. 2017). This last wotk also finds that the most massive
cluster galaxy at z = 2 is a true progenitor of a z = 0 BCG less
than 50% of the time.

Observations show different results, even in the local Uni-
verse. For example, in the local Universe, Bernardi (2009) find
that BCG are larger than satellite galaxies, while Weinmann et al.
(2009) did not size difference between central and satellite ETG.

Article number, page 10 of 14

Chapter 6

148



Anton V. Afanasiev et al.: The Galaxy Mass-Size Relation in CARLA

12.5 13.0 13.5 14.0 14.5 15.0 15.5
log10 (Mh(z)/M )

0

2

4

6

8

10

N
m

er
ge

rs
on

ce
nt

ra
ls

Minor mergers (0.1 < < 0.25)
Major mergers ( > 0.25)
z = 0
z = 1
z = 2
z = 3

Fig. 7. Number of expected major and minor mergers of mass ratios in the progenitor masses of µ > 0.25 and 0.1 < µ < 0.25 (dashed and solid
lines, respectively) that a central galaxy of log
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> 10.5 undergoes as a function of host halo mass at different redshifts, as labelled. The

curves are derived from the DREAM semi-empirical model by Fu et al. (2022).

5.4. Star forming ETG

We observe active ETGs that follow the passive ETG MSR in
four of our five clusters at z = 1.5−2. The presence of active ETG
in clusters has been observed at z ∼ 0 (e.g., Sheen et al. 2016)
and up to z ∼ 2 (Ferreras & Silk 2000; Mei et al. 2006, 2015;
Jaffé et al. 2011; Mansheim et al. 2017). At 1.35 < z < 1.65 our
active ETG are 20+7

−5% of all ETG, of which 45 ± 18% (64+16
−20%

for 2.5σ) lie within 1σ of the passive MSR. At 1.65 < z < 2.05
active ETG are 55±13% of all ETG, of which 42±17% (58±17%
for 2.5σ) lie within 1σ of the passive MSR.

These galaxies indicate that their morphological transforma-
tion happened before quenching Barro et al. (2013, 2014) or that
a recent event triggered the star formation again (e.g. Shapiro
et al. 2010; Kaviraj et al. 2011).

In the local Universe (z . 1), star forming ETG show ev-
idence for recent gas-rich minor merger events or interactions
with gas-rich neighbour galaxies, and are thought to become
quiescent when the gas acquired during the merger, and which
fuels star formation, will have been exhausted (e.g., Lee et al.
2006; Huertas-Company et al. 2010; George & Zingade 2015;
George 2017). If this is true also at the higher redshifts that
we probe, these galaxies have gone through a recent merger or
neighbour galaxy interaction, and would most probably quench
at a later epoch and increase the fraction of passive ETG in the
cluster population. This explains why they follow the passive
ETG MSR, and not the active galaxy MSR.

5.5. The MSR flattening for log(M) . 10.5

Our MSR indicates a tendency to flatten at log
(
M/M�

)
. 10.5.

In the range 9.6 < log
(
M/M�

)
< 10.5, we observe a average

cluster passive ETG size of log(Re/kpc) = 0.05 ± 0.22. This is
a trend observed in passive ETG in clusters and field in the the
local Universe (e.g., Bernardi et al. 2014; Nedkova et al. 2021)
and at z . 2 (e.g., Nedkova et al. 2021) for galaxies in the mass
range 7 . log(M) . 10.5. It is predicted in semi-analytical mod-
els (e.g., Shankar et al. 2013), where it occurs at the transitional
mass (log(M) ∼ 10.5) below which galaxy growth is dominated
by both disk instabilities and mergers, and above which galaxy
growth is due to minor mergers. Our average cluster passive ETG
size is ∼ 0.2 dex smaller than the average size from Nedkova
et al. (2021), and consistent within ∼ 1σ. This implies that the
low mass end of the MSR does not evolve much from z ∼ 2 to
present.

6. Summary

We studied the mass-size relation of galaxies in a sample of 15
spectroscopically confirmed clusters from the CARLA survey
(Wylezalek et al. 2013, 2014; Noirot et al. 2018). Our cluster to-
tal stellar mass spans ithe range 11.3 < log(Mc

∗/M�) < 12.6,
which corresponds to an approximate halo mass in the range
13.6 < log(Mc

h/M�) < 14.6 (Mei et al., submitted to A&A).

Our main results are:

– Cluster LTG at 1.4 < z < 2.8 lie on the same MSR as active
field galaxies from van der Wel et al. (2014)’s CANDELS
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The continuous red and blue lines show cluster and field galaxies, respectively. Bottom: The dependence of 2 kpc average surface brightness on
galaxy mass in mass bins as shown in the labels. More massive galaxies have on average brighter inner regions. In both cases, the figures show
that cluster and field galaxies have similar surface brighness distributions.

analysis, and we do not observe significant differences be-
tween field and cluster LTG.

– Cluster ETG at 1.4 < z < 2.8 show sizes that are & 3σ
systematically higher than passive field galaxies from van
der Wel et al. (2014) CANDELS analysis. The evolution of
cluster passive ETG sizes is slower at 1 < z < 2 when com-
pared to the field. We fit the average evolution for the mass-
normalized radius as:
log(R10.7/kpc) = −0.16 (z − 1) + 0.44 (4)
compared to the evolution in the field from van der Wel et al.
(2014), which is:
log(R10.7/kpc) = −0.32 (z − 1) + 0.33 (5)

– Brightest cluster galaxies lie on the same mass-size relation
as the satellites

– Half of the active ETG, which are 30% of our ETG sample,
follow the field active galaxy MSR.

– In the range 9.6 < log
(
M/M�

)
< 10.5, Our passive ETG

MSR flattens at log
(
M/M�

)
< 10.5 , where we obtain an

average log(Re/kpc) = 0.05± 0.22, which is 0.2 dex smaller,
and consistent with galaxy sizes at z = 0 − 2 from Nedkova
et al. (2021).

– We do not observe a large population of compact galaxies
(only one), as it is observed in the field at these redshifts
(e.g., Barro et al. 2013).

Article number, page 12 of 14

Chapter 6

150



Anton V. Afanasiev et al.: The Galaxy Mass-Size Relation in CARLA

These results could be explained by similar size evolution
for cluster and field galaxies. The systematic difference in
size that we observe between cluster and field passive ETG
galaxies could most probably be explained by early-epoch
differences in the formation and early evolution of galaxies
in haloes of different mass, as predicted by models (Kravtsov
2013). However, other physical mechanisms, such as strong
compaction/gas dissipation in field galaxies, followed by a
sequence of mergers (e.g., Hopkins et al. 2009; Lapi et al.
2018) role in the field ETG galaxy evolution, but not neces-
sarily in the evolution of cluster galaxies.
The brightest cluster galaxies lie on the same MSR as the
other cluster galaxies, implying that their size evolution has
not be very different from the other cluster galaxies. On the
other end, the active ETG that follow the LTG MSR most
probably went through a recent merger or neighbour galaxy
interaction, and would most probably quench at a later epoch
and increase the fraction of passive ETG in the cluster popu-
lation.
The low mass end of the MSR (9.6 < log

(
M/M�

)
< 10.5)

did not evolve much between z ∼ 2 to present and does not
show significant environmental dependence. This suggests
that the physical mechanisms that govern these low mass
galaxies are similar in clusters and field. The lack of com-
pact galaxies implies that the galaxies in our clusters are not
observed in an epoch close to their compaction (e.g., Dekel
et al. 2009; Barro et al. 2013), which might have happened
at higher redshift (e.g., Lustig et al. 2021).
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