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Abstract

Galaxy clusters are the largest gravitationally bound structures of the Universe. At the center
of these clusters generally reside the most massive galaxies observable today. These galaxies are
refered to as Brightest Cluster Galaxies (BCGs), and are the final products of 10 Gyrs of consecutive
galactic mergers in the densest regions of the cosmic web. In this thesis, we focus our attention
on these very peculiar objects, excellent tracers of cluster formation, and ideal to study the impact
of environmental processes on galactic formation. The characterization of the physical properties
of BCGs is important to obtain better knowledge of these galaxies. Previous studies have found
contradicting results concerning their growth: while some studies find that they are still evolving
today, others find that they may have stopped growing a long time ago. In order to put things in
perspective, I present here new catalogues of BCGs which have allowed me to conduct a deeper
analysis of the formation of BCGs, thanks to the bigger statistics we reached.

My work on the characterization of the physical properties of BCGs has shown a lack of evo-
lution of their sizes and luminosities in the last 10 Gyrs, hinting at an earlier formation epoch
and absence of recent significant growth. However, their structures may have changed over time,
as hinted by the observation of a second component at recent epoch. This may only be due to
observational biases, but deeper surveys such as the ones expected from the Euclid or the Ru-
bin Observatory’s Legacy Survey of Space and Time (LSST) missions should enable us to confirm
this. BCGs, because of their central locations, are more likely to undergo mergers in their lifetimes,
which leave marks on their shapes. As a result, we confirm the special bond between BCGs and
their host clusters as inferred from their alignments.

I also offer new tools for automatic detections of BCGs on optical images. These may be ap-
plied to large surveys with the use of already existing or future catalogues of clusters.

In this manuscript, I also tackle the subject of fossil groups (FGs). We increase the number of
known FGs and are carrying on observations in order to confirm the fossil nature of candidate
FGs. We find that Brightest Group Galaxies (BGGs) of FGs show an evolution which may be more
similar to that of BCGs of clusters than that of BGGs of non-FGs, as inferred from the Kormendy
relation. However, the stellar evolution of FGs and non-FGs may still be comparable.

Zooming in the central regions of BCGs, we look at the supermassive black holes (SMBHs)
harbored at the center of clusters. From the Illustris TNG-300 cosmological simulation and using
orbital integration methods, we show that radial mergers of galaxies can kick away the black hole
from its central position to distances of a few parsecs to hundreds of kiloparsecs. I discuss the
consequences of such an offset on the growth of SMBHs and the impact on the dynamics reigning
in the central regions of BCGs and clusters.

The observations and modeling of these large samples of BCGs and BGGs have given us in-
sight on the formation and evolution of clusters and groups at various scales, from that of a large
cluster down to the central supermassive black hole. Future instruments and surveys such as Eu-
clid or LSST will provide us with samples of tens of thousands of clusters, and the tools developed
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here should be useful to analyse such large samples, to derive with a better precision the epoch of
formation of clusters and groups.
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Abstract

Les amas de galaxies sont les structures gravitationnellement liées les plus grandes de l’Univers.
En général, au centre de ces amas, résident les galaxies les plus massives observées aujourd’hui,
appelées les galaxies les plus brillantes d’amas (BCG, Brightest Cluster Galaxy). Elles sont le pro-
duit de 10 milliards d’années de fusions successives de galaxies dans les régions les plus denses
de la toile cosmique. Dans cette thèse, nous nous focalisons sur ces objets très spéciaux, excellents
traceurs de la formation de leur amas, et cibles idéales pour étudier l’impact que l’environnement
peut avoir sur la formation des galaxies. La caractérisation de ces galaxies est importante pour
mieux comprendre ces objets. Plusieurs auteurs trouvent des résultats contradictoires concer-
nant leur évolution: certaines études trouvent que les BCGs évoluent encore aujourd’hui, d’autres
pensent qu’elles auraient arrêté d’évoluer il y a bien longtemps. Afin de choisir entre ces deux
hypothèses, je présente ici de nouveaux catalogues de BCGs dont le grand nombre d’objets per-
mettra d’effectuer des analyses encore plus profondes sur la formation des BCGs.

Mon travail sur la caractérisation des propriétés physiques des BCGs montre une absence
d’évolution de leur taille et de leur luminosité depuis 10 milliards d’années, ce qui suggère une
époque de formation qui aurait eu lieu tôt dans l’histoire de l’Univers. Cependant, leur structure
aurait pu changer au cours du temps, ce que suggère l’observation d’une deuxième composante
dans les galaxies les plus proches de nous. Des relevés d’images plus profonds comme ceux
prévus avec les futures missions Euclid et Legacy Survey of Space and Time (LSST) devraient
nous permettre de vérifier et confirmer s’il s’agit en effet d’une évolution ou d’un biais observa-
tionnel. Les BCGs, grâce à leur localisation centrale, sont plus enclines à subir des fusions durant
leur vie, qui les alignent avec leur amas, montrant un lien très particulier entre les deux structures.

Je décris également de nouveaux codes pour la détection automatique des BCGs sur des im-
ages optiques, qui peuvent être appliqués sur de grands relevés à partir de catalogues de galaxies.

Dans ce manuscrit, j’aborde aussi le sujet des groupes fossiles (GFs). Nous augmentons le
nombre de GFs connus et avons fait des demandes d’observations afin de confirmer la nature
«fossile» de candidats GFs. Nous montrons que les galaxies les plus brillantes (Brightest Group
Galaxy, BGG) des GFs ont des évolutions qui semblent plus similaires à l’évolution des BCGs
d’amas plutôt qu’à l’évolution des BGGs de non-GFs, comme indiqué par la relation de Kormendy
des GFs qui se superpose à celle des BCGs d’amas. Les populations stellaires des BGGs de GFs,
cependant, ne diffèrent pas beaucoup de celles des BGGs de non GFs.

En zoomant dans la région centrale des BCGs, je m’intéresse aussi au trou noir supermassif
(TNSM) qui vit au centre des amas. Grâce aux informations données dans la simulation cos-
mologique Illustris TNG-300, et avec des méthodes d’intégration d’orbites, nous montrons que
des fusions radiales de galaxies peuvent éjecter le trou noir de sa position centrale à des distances
allant jusqu’à des centaines de kiloparsecs. Nous discutons des conséquences d’un tel décentrage
sur le grossissement des TNSMs et de l’impact que cela peut avoir sur la dynamique qui règne
dans les régions centrales des BCGs et des amas.
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L’observation et la modélisation de tels échantillons de BCGs et BGGs nous donnent un aperçu
de la formation et de l’évolution des amas et des groupes à différentes échelles, depuis les amas de
galaxies jusqu’au TNSM. De futurs instruments tels que Euclid et LSST vont nous faire découvrir
des dizaines de milliers d’amas, et les outils développés et décrits dans ce manuscrit devraient
nous aider à analyser ces grands échantillons, afin de mieux déterminer l’époque de formation
des amas et des groupes de galaxies.
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Chapter 1

Introduction

From the concentration of small local fluctuations in the primordial field of the Universe, to stars
and galaxies, the objects which constitute our Universe were formed by assembling small elements
of matter together to form bigger and bigger objects, which in turn merge to create even bigger
entities. This is the hierarchical evolution scenario of the Lambda Cold Dark Matter (ΛCDM)
cosmology model that is believed to explain the formation of structures such as galaxy clusters
that we observe today.

Galaxy clusters are one of the largest and most massive structures known today (after su-
perclusters of galaxies which are a structure of several clusters gravitationally bound together).
As so, they are also one of the latest structures to have been assembled, and are believed to have
formed from proto-clusters, their progenitors, more than 10 Gyrs ago. These systems are extended
structures of about 1 to 2 Mpc, with a mass ranging from 1013 M⊙ to 1015 M⊙. They are home to
hundreds to thousands of galaxies, and are filled with hot gas (106 - 108 K), bound by gravity.
Smaller similar structures, which host less than a hundred galaxies, are referred to as groups of
galaxies.

Clusters are believed to be located at the intersection of cosmic filaments. The cosmic web
is a complex structure which describes the tri-dimensional matter distribution in the Universe.
The Universe is mostly empty, or is characterized by very low density regions which are called
voids. Sheets, also referred to as the "walls" of the cosmic web, are 2D structures which surround
these voids. Filaments are 1D structures, the starting and ending points of which are located in
the sheets, and they connect several clusters i.e. the very dense regions of the Universe identified
as the knots in the cosmic web. Filaments are composed of mostly dark energy and dark matter,
and also of gas and galaxies which end up falling into clusters. As a result, the cluster grows
by constantly accreting matter, and by merging with other smaller groups or clusters that would
have fallen into its gravitational potential.

Eventually, all this ordinary matter (baryons) ends up at the bottom of the cluster potential
well which is commonly at the center of the cluster. As more and more matter sink to the central
region of the cluster, a supermassive galaxy forms as it accretes all this material. Ultimately, it
very often ends up becoming the most massive and the brightest galaxy of the cluster. This galaxy
is referred to as the Brightest Cluster Galaxy (BCG hereafter).

BCGs are exceptional objects in the Universe. Not only are they the most massive galaxies that
can be observed today, but their properties can teach us to a great extent how the Universe has
evolved, and more specifically, how galaxies have formed. BCGs, similarly to their host clusters,
grow by accreting matter and merging with other smaller systems through their lives. Their pe-
culiar location makes them particularly interesting objects to study. Indeed, galaxy clusters are
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very dense regions in the Universe, in which hundreds to thousands of galaxies are trapped in a
volume of a few Mpc3. BCGs tend to lie very close to the center of the cluster where the number of
galaxies is even greater. This is not by chance: as galaxies fall to the bottom of the cluster potential
well, they are accreted by the central galaxy, which as a result becomes more massive. The central
location of BCGs favors their encounters with other galaxies, and thus, their growth. Hence, BCGs
are peculiar objects which were formed in particularly dense environments, and are the results of
billions of years of galaxy and cluster mergers which shaped them. BCGs reflect the dynamical
processes that govern the formation of their host cluster. Retracing the history of BCGs can enable
us to retrace the history of their clusters, as each interaction that happened throughout their lives
left an imprint on the central galaxy. As the most massive galaxies that can be found in the sky,
and because of their very particular environment, they are also very good probes to test cosmo-
logical models and better constrain the parameters defined to explain how the Universe formed
and evolved.

My research work at the Institut d’Astrophysique de Paris focuses on these exceptionally
bright and massive galaxies, BCGs. Using observations, as well as simulations, I have tried to
characterize the properties of BCGs to better understand how these galaxies formed and evolved
with time.

This chapter introduces notions that are important for the comprehension of this manuscript.
We refer the reader to From Messier to Abell: 200 years of science with galaxy clusters by Biviano (2000)
for an extensive review on the history of galaxy clusters, Formation of galaxy clusters by Kravtsov
and Borgani (2012) for a detailed review of our current understanding on galaxy cluster formation,
and finally Extragalactic Astronomy and Cosmology - an Introduction by Peter Schneider for a very
thorough course focused on extragalactic astronomy (Schneider, 2006).

1.1 Galaxy clusters

1.1.1 Discovery of galaxy clusters

Galaxy clusters were first observed by French astronomer Charles Messier in 1784, more than
two centuries ago. At this time, the existence of extragalactic objects was still unknown to as-
tronomers, and Messier referred to these galaxies as "nebulæ" because of their extended nature.
He noticed a big concentration of nebulæ in the Virgo constellation, as captured on photographic
plates. Messier made his observations public in the review Catalogue des nébuleuses et des amas
d’étoiles que l’on découvre parmis les étoiles fixes. Following his discovery, several other similar sys-
tems were identified. For example, the German-British astronomer William Herschel discovered
hundreds of nebulæ in the Coma Berenices constellation (Herschel, 1785), which is today most
commonly referred to as the Coma cluster. William Herschel, his sister Caroline Herschel, and
his son John Herschel identified more than 8000 groups and clusters of galaxies (still referred to
as "nebulæ" at their time), which were later published in Herschel (1864) and other papers. In
Herschel (1785), William Herschel also mentioned NGC 205, second small satellite of the M31 An-
dromeda galaxy. The other satellite, M32, was discovered years before by the French astronomer
Guillaume Le Gentil. These three galaxies, along with the Milky Way and the two Magellanic
Clouds, as well as the Triangulum Galaxy M33 observed by Messier, and other satellites, form the
Local Group.
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The name "Local Group" was only given in 1936 by American astronomer Edwin Hubble, as
he showed that these galaxies belong to the same system. For this, he used the luminosity-period
relationship determined by Henrietta Leavitt in 1908 for cepheids. The discovery of cepheids
in the Andromeda galaxy in the early 1920s, allowed Hubble to establish the velocity-distance
relation also known today as the Hubble law (Hubble, 1929):

v = H0D (1.1)

with v the radial velocity of the object, H0 the Hubble’s constant, and D the proper distance of
the object. He proved, using this relation, that nebulæ are in fact not part of our galaxy, and are
extragalactic objects.

Few of the greatest contributors to the discovery of clusters include of course Charles Messier,
William and John Herschel, but also Swiss astronomer Fritz Zwicky as well as American as-
tronomer George Abell.

In 1961, Zwicky published his Catalogue of Galaxies and Galaxy Clusters (Zwicky et al., 1961)
which contained about a thousand rich clusters which have at least 50 cluster members with lu-
minosities within 3 magnitudes of the brightest galaxy’s magnitude. He is mainly known for his
discovery of dark matter in clusters (see Section 1.1.3). Abell built an impressive sample of 2712
clusters in the local Universe detected on red photographic plates which was published in Abell
(1958). From this catalogue, he extracted a subsample of 1682 rich clusters which is estimated to
be about 85% complete. This sample is one of the richest samples built, still today, and is still sub-
ject to many studies. Zwicky’s catalogue, compared to Abell’s, could not be used as a statistically
homogeneous cluster, as the sizes of the clusters were distance-dependent (Abell, 1962).

1.1.2 Hierarchical evolution scenario

Galaxy clusters were formed from the collapse of small overdensities in the initial density field.
In the hierarchical evolution scenario of the ΛCDM model, large structures are formed from the
accretion and the merging of smaller structures (Gott and Rees, 1975). For example, galaxies
are the results of the gathering of globular clusters, which are themselves conglomerations of
thousands to millions of stars bound together by gravitation. These galaxies can then form a
bigger entity, which, depending on the size of the resulting assembly, can range from a group of
galaxies to a cluster of galaxies.

1.1.3 Galaxy clusters as cosmological probes

Although we do not tackle the cosmological aspect of galaxy clusters in this thesis, we briefly
present here the role of galaxy clusters as powerful cosmological probes.

Clusters of galaxies are, by definition, systems which bind hundreds to thousands of galax-
ies by gravitation. They make excellent targets to test cosmological models (Allen, Evrard, and
Mantz, 2011), as they can reveal which processes took part in the formation of the large scale
structures, and on a smaller scale, can help us understand how galaxies were formed and evolved.

Almost a hundred years ago, in 1933, Zwicky estimated for the first time the mass of the
Coma cluster by applying the Virial theorem to the cluster (see the republication of Zwicky’s
work in Zwicky, 2009) and showed evidence for unseen matter that he called "Dark Matter" (DM).
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From the galaxy catalogues published by Hubble and Humason (1931), he noticed a huge velocity
dispersion between the eight galaxies of the Coma cluster that had been observed. He calculated
the observed velocity dispersion along the line-of-sight to be about 1000 km/s. He then attempted
to determine the velocity dispersion by applying the Virial theorem. He estimated the mass of the
cluster by counting the number of observable galaxies in the cluster, and multiplying this number
by the average mass of a galaxy. Then, he computed the average potential energy of the system
by estimating the physical size of the cluster. Knowing that the 3D radial velocity squared is
proportional to the square of the velocity dispersion, this allowed him to determine a velocity
dispersion of 80 km/s. From this huge discrepancy between the observed and calculated velocity
dispersion, he concluded:

”If this would be confirmed, we would get the surprising result that dark matter is present in
much greater amount than luminous matter.”

Indeed, the velocity dispersion derived from the Virial theorem was much smaller than the
one measured from observations, hinting at an underestimated total mass, and thus, to matter
that had not been detected with observations.

Zwicky showed another piece of evidence for the existence of DM four years later, in 1937,
by calculating the average mass-to-light ratio of a galaxy in the Coma cluster, again making use
of the Virial theorem (Zwicky, 1937). He computed a mass-to-light ratio of around 500, which
is enormous as the mass-to-light ratio of an elliptical galaxy should be around 8.5 (Faber and
Jackson, 1976; Schechter, 1980; Bacon, Monnet, and Simien, 1985). Once again, he showed that
additional mass was needed to explain the dynamics of cluster galaxies. The discovery of DM by
Zwicky is explained more in depth in Bertone and Hooper (2018) and in the introduction of Amaël
Ellien’s thesis1.

Today’s most accepted model, the ΛCDM model, predicts a Universe which is composed dom-
inantly of dark energy (73%), DM (23%), and of only a small fraction of visible baryonic matter
(4%) (Komatsu et al., 2011).

The cluster number density evolution in bins of mass and redshift is a strong constrain for
cosmological models as it depends on the underlying cosmology. In particular, the observed
abundance of galaxy clusters is a powerful test to validate structure formation models (see the
review by Kravtsov and Borgani, 2012). Because galaxy clusters are one of the largest and most
massive bound systems formed from hierarchical clustering, the number of clusters observed is
exponentially sensitive to small variations in the different cosmological models used (see Mana
et al. 2013 and references therein: Evrard 1989; Frenk et al. 1990; Bahcall, Fan, and Cen 1997).
The cluster abundance is linked to the critical density of the Universe, Ω0, which is defined as the
ratio of the mean density observed to the density in a flat Universe. The cluster counts are also
a time dependent function and are to be linked with the primordial fluctuations in the density
field, which makes it an even greater probe for cosmology (Clerc et al., 2012). In a high density
Universe, galaxy clusters would be forming today, thus we would not expect to observe clusters at
high redshifts. On the contrary, in a low density Universe, they would have formed long ago and
we would thus expect to observe a large number of clusters at high redshifts (see Biviano, 2000,
and references therein). Press and Schechter (1974) were the first to propose a statistical model to

1https://www.theses.fr/2020SORUS305
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predict the abundance of galaxy clusters (or other collapsed objects or systems) as a function of
their mass.

The cluster abundance can also give us information on the power spectrum, or the two-point
correlation function in Fourier space, which describes the density contrast of the Universe as a
function of scale. In other words, the power spectrum gives information on the fluctuations in the
distribution of galaxies, i.e., on the local density compared to the mean density of the Universe
(Baugh, 2000). This function, predicted by simulations, infers how large scale structures were
formed, and was measured on big data surveys such as the Sloan Digital Sky Survey (SDSS) (see
for example Hütsi, G. 2006; Gil-Marín et al. 2015; and references cited in Cui et al. 2008 for more
examples).

1.1.4 Detection of galaxy clusters

Galaxy clusters are extended structures, identified by a concentration of galaxies in an aperture
of 1 or 2 Mpc, that can be observed at multiple wavelengths. The combination of the information
brought by multi-wavelength studies completes the frame to understand galaxy cluster formation.
Spectroscopy, though, is still needed to confirm the existence of a cluster. This is done by mapping
the cluster field with multi-object spectroscopy or with integral field unit (IFU) spectroscopy that
enable to obtain redshifts of many galaxies in the cluster’s vicinity and to confirm that they are
bound together. Before proceeding to spectroscopy, though, clusters need to be identified via
imaging which can be done in several ways. We describe here different methods used to detect
galaxy clusters.

Bremsstrahlung effect

Galaxy clusters are dense regions of the Universe filled with hot intracluster gas (106 - 108 K).
Cavaliere, Gursky, and Tucker (1971) first suggested that clusters of galaxies could be associ-
ated with extended X-ray sources. Bahcall (1974) also showed that most clusters in the studied
sample present a massive galaxy near the X-ray center. She found a strong correlation between
X-ray luminosity and the optical classification of clusters: clusters which have dominant bright cD
galaxies (supermassive elliptical galaxies with an extended halo of stars) in their central regions
have stronger X-ray emission than others that do not. Clusters were also found to present strong
correlations between their total mass and their X-ray properties (Kravtsov and Borgani, 2012).

Clusters emit strongly in X-rays due to the Bremsstrahlung effect: the Bremsstrahlung effect,
also called the braking radiation or free-free radiation, is an eletromagnetic radiation due to the
deceleration of an electron which suffers the strong electric field of a nucleus (Sarazin, 1986). As
they interact, the electron slows down, gets deviated and emits a high energy photon in X-rays.
The denser the gas, the stronger the radiation. Indeed, the intensity of the radiation is directly
proportional to the product of the density of electrons, ne times the density of protons, np. np

being close to ne, the intensity is thus proportional to the square of the density of electrons :

LX ∝ n2
e R3

XT0.5
X e−hν/kBTX (1.2)

with LX, RX, TX the X-ray luminosity, radius, and temperature of the cluster; h the Planck constant,
kB the Boltzmann constant, and hν the ionisation energy of the electron.
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The Bremsstrahlung radiation is brighter as the gas gets hotter. At high temperature, the
Bremsstrahlung effect becomes dominant and the X-ray spectrum resembles a Bremsstrahlung
spectrum with a few emission lines, the main characteristic emission line being the strong 6.7 keV
Fe line (Sarazin, 1986). The position and the exact energy of the Fe line are however difficult to
measure precisely because of the low resolution of telescopes at high energies, and the need of a
high signal to noise ratio. It is also possible to constrain the redshift of an extended X-ray source
from its spectrum, without the Fe line, as it presents a break at e−hν/kBTX . If the temperature of the
gas was well known, we could still determine the redshift of the source, but with a low precision.

At lower temperature (1 - 2 keV), electrons have a lower velocity, and collisions are thus not
as frequent. As a result, the Bremsstrahlung effect is less important, and the emission of recombi-
nation lines is more important (Sarazin, 1986). The corresponding spectrum is a Bremsstrahlung
spectrum with stronger emission lines.

The main advantage of this detection via X-rays is its dependency to the square gas density
of the cluster. Clusters being one of the densest systems in the Universe, this means clusters
detected via their extended X-ray emission are less likely to be subject to projection effects from
other systems on the line-of-sight. This enables to build X-ray surveys of galaxy clusters with very
good purity and completeness.

Sunyaev-Zel’dovich effect

The Sunyaev-Zel’dovich (SZ) effect comes from the distortion of the Cosmic Microwave Back-
ground (CMB) due to inverse Compton scattering by high energy electrons in galaxy clusters
(Sunyaev and Zeldovich, 1970; Birkinshaw, 1999). It can be observed in the sub-millimeter do-
main. As hot electrons of the cluster interact with the sea of photons of the CMB in which the
cluster is embedded, they transfer energy to the photons of the CMB during the collision. These
photons, which originally have low-energy, leave with a smaller wavelength and a boost in energy
to the detriment of the electron. The intensity I of the distortion is proportional to the density of
electrons ne in the cluster and to the temperature T on the line of sight (Allen, Evrard, and Mantz,
2011):

I ∝
∫

neTdl (1.3)

Similarly to the information obtained from X-rays, the SZ effect allows to trace the hot gas of
the cluster and therefore, the two methods are complementary. Indeed, the X-rays provide infor-
mation on the density of the gas, whereas the SZ effect gives information on the thermal pressure
of the gas. Using these two properties, it is possible to determine other dynamical properties such
as the temperature, the entropy or the mass of the cluster (Pointecouteau, 2020). The SZ signal of
a cluster is not affected by cosmological dimming which reduces the surface brightness of sources
by a factor (1+ z)4. Consequently, the SZ effect enables to detect structures independently of their
distance, and thus, of their redshift. Hence, it can be used to detect massive clusters at high red-
shifts (Allen, Evrard, and Mantz, 2011). It is however less effective in detecting low-mass clusters
as, contrary to the Bremsstrahlung effect, its dependency to the gas density is only linear.
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1.1.5 Intra Cluster Light (ICL)

The origin of intra cluster light (ICL) comes from the merging of galaxies inside a cluster: as galax-
ies interact with each other, and following the violent event of a galactic merger, stars from the
galaxies get stripped from their host galaxies and settle as a very faint and extended component
of the cluster. These stars are not bound gravitationally to the galaxies anymore, but are instead
trapped in the potential of the whole cluster. The ICL appears mostly concentrated around the
central massive galaxy, at the center of the cluster, which is where most of the principal mergers
are happening.

FIGURE 1.1: Optical image of the galaxy cluster Abell S1063 obtained with the Hubble Space
Telescope. The central galaxy (the BCG) appears surrounded by a very diffuse light (here, in
blue) which corresponds to the ICL. Credit: NASA, ESA, and M. Montes (University of New

South Wales, Sydney, Australia)

Due to its nature, ICL has a very faint surface brightness and as a result is very difficult to
detect. Long exposure times are needed in order to detect this component, as its surface brightness
is usually fainter than µ > 26.5 mag/arcsec2 in the V band (Holmberg, 1958). It becomes even
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fainter at higher distances due to cosmological dimming. As a result, most studies of the ICL
have been done on massive local clusters such as the Virgo cluster or the Coma cluster (see for
example Mihos et al., 2005; Castro-Rodriguéz, N. et al., 2009; Jiménez-Teja, Y. et al., 2019; Gu et al.,
2020). Not only is it difficult to detect, but separating it from the other cluster components is also
a complex task. Indeed, the stars which compose it form a very extended and diffuse light halo
around the central galaxy, and can meddle with its extended envelope. Differentiating what is
part of the galaxy and what is not is important in order to model correctly the size and luminosity
of the galaxy, the profile of which can otherwise be contaminated by ICL. This can be seen on the
image of the cluster Abell S1063 in Figure 1.1. The ICL, visible as the blue diffuse and extended
light, surrounds the central galaxy and blurs its borders.

Different methods are used to extract the ICL, the most efficient one being via spectroscopy.
Authors have found an effective method to separate ICL from the halo of the galaxy by measuring
the velocity dispersion as a function of the distance to the central galaxy (see Kluge et al. 2021 and
references therein: Dressler 1979; Carter et al. 1981; Ventimiglia et al. 2010; Toledo et al. 2011;
Arnaboldi et al. 2012; Melnick et al. 2012; Murphy, Gebhardt, and Cradit 2014; Bender et al. 2015;
Barbosa et al. 2018; Loubser et al. 2018; Spiniello et al. 2018; Gu et al. 2020). They find that the
stellar velocity dispersion starts to increase in the outskirts of the central galaxy, and sometimes
reaches the velocity dispersion of the cluster. This is an indication of the presence of stars which
do not belong to the central galaxy in the outer halo.

Since spectroscopy is not easily accessible, algorithms have been developed in order to extract
the ICL directly on images. These algorithms rely on different methods in order to bring out
low surface brightness features. One of the existing methods, which was implemented in the
algorithm CICLE developed by Jiménez-Teja and Dupke (2016) used in one of our studies, relies
on the modeling of the luminosity profiles of the sources in the field which, once subtracted, return
an image with only the ICL remaining. The DAWIS code developed by Ellien et al. (2021) based on
the decomposition on wavelet functions, considers all structures with a size above a given scale as
ICL. These two algorithms will be more detailed in Chapter 2 and Chapter 3 respectively. Others,
instead of considering the size, use the surface brightness as an indicator. The typical surface
brightness threshold is µ = 26.5 mag/arcsec2 in the V band (Holmberg, 1958).

However, different detection methods return different ICL fractions. The ICL fraction is de-
fined as the ratio of the integrated flux of the ICL over the total integrated flux of the cluster. As
the formation of the ICL is directly linked with the formation of the cluster, we can expect a de-
pendence of the ICL fraction with the number of mergers a cluster may have experienced; and
more importantly, with the cluster mass or dynamical state (Rudick, Mihos, and McBride, 2011;
Jiménez-Teja et al., 2018; Kluge et al., 2020).

1.2 Galaxies in clusters

1.2.1 Morphological types of galaxies and segregation

Galaxies come in different shapes and colors. Their different characteristics indicate that all galax-
ies were not formed in the same way, and questions arise regarding their evolution. The need to
classify them became very rapidly apparent to understand galaxy evolution. In 1926, astronomer
Edwin Hubble showed evidence for a sequence, later called the Hubble Sequence, which allows



Chapter 1. Introduction 9

FIGURE 1.2: The Hubble Sequence throughout the Universe’s history. Credit: NASA, ESA, M.
Kornmesser

to classify galaxies visually according to their morphology (Hubble, 1926a; Hubble, 1926b; Hub-
ble, 1927). At first, the classification was only done by eye, but as new observational instruments
developed, it became more and more precise with other physical criteria. We distinguish four
main categories as seen in Figure 1.2 (from left to right): elliptical, lenticular, spiral, and irregular
galaxies.

• Elliptical galaxies are, as their name suggests, galaxies which have ellipsoidal 2D profiles,
and they are categorized depending on their ellipticity (ϵ = 1 - a/b with a the major axis of
the galaxy and b the minor axis). The ellipsoidal shape could be explained in some part by
their rotation which, due to centrifugal forces, would push stars outwards and thus flatten
the profile of the galaxy. Ellipticals, however, are known to have very low rotational veloc-
ities (which is even more true for massive ellipticals), so their spin does not play a big role
in the shaping of these galaxies (Binney, 1976; Jedrzejewski and Schechter, 1989). Their mor-
phology can be mainly explained by the anisotropic motions of their stars: stars in elliptical
galaxies follow an ellipsoidal orbit, and are characterized by anisotropic random velocities
(Schneider, 2006). Ellipticals have very little or no gas left in their vicinities. As a result, they
do not have any ongoing star formation, and let their stellar population age increase. These
quiescent galaxies are characterized by an old and red stellar population. Some would even
define them as "dead" galaxies, which can be debatable. Their size range is very variable:
on one hand, some elliptical galaxies can be as small as a fraction of the radius of the Milky
Way, of the order of a few kiloparsecs; on the other hand, they can also constitute the most
massive and largest galaxies in our Universe, with sizes reaching hundreds of kiloparsecs
and masses up to 1013 M⊙.

• Spiral galaxies are composed of a bulge, a flat rotating disk, and spiral arms in the disk. They
are classified according to the ratio of light contained in the bulge over the light in the disk.
The arms are composed of gas and dust, and more specifically HII regions, which are sites
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of active star formation, and are characterized by a young, hot and blue stellar population.
Bulges contain redder and older stars than disks. Two-thirds of spiral galaxies present a bar
in their center (Lee, Ann, and Park, 2019). Our galaxy, the Milky Way, belongs to the class
of barred spirals. The presence of a bar can affect the motions of the matter (stars, gas or
dust) present in the disk and may play a key role in the dynamical evolution of spirals (Vera,
Alonso, and Coldwell, 2016). For example, some matter can travel from the disk to the center
of the bulge through these bars which can trigger starburst events in the bulge (see Nair and
Abraham, 2010, and references therein).

• Lenticular galaxies are an intermediate category between ellipticals and spiral galaxies. Like
ellipticals, they appear elongated and have low star formation rates (SFR), i.e the stellar mass
formed per year; due to the lack of gas in their disk, but they also have a very prominent
bulge which is well distinguishable from the disk, and sometimes shows traces of a bar
similar to that of barred spirals.

• Irregular galaxies are galaxies which do not have a regular shape, and in most cases they are
still forming. They are often small (e.g dwarf galaxies).

Other morphological types exist, such as dwarf galaxies, starburst galaxies, or others with more
exotic names such as blueberry galaxies, greenpea galaxies or even jellyfish galaxies... Those are
subcategories in the galactic classification which present different morphologies and physical and
dynamical properties, and will not be detailed in this thesis.

The main morphological types can also be identified by their colors in a color-magnitude di-
agram such as the one shown in Figure 1.3. On this diagram, two principal peaks can be distin-
guished: the blue cloud (represented by blue points) and the red sequence (represented by red
points). This is the bimodal color distribution of galaxies (Baldry et al., 2004; Menci et al., 2005).
These two regions are mostly populated by blue spiral galaxies and red elliptical galaxies respec-
tively. In between resides the green valley (represented by the green points), which represents
a transitional region between the blue cloud and the red sequence. This diagram gives, in other
words, the SFR as a function of the galactic morphological type. Bluer colors indicate the presence
of new young stars, hence a high SFR; and red colors trace the presence of old passively evolving
stars, hence a low SFR.

Late-type galaxies (spirals and irregulars) constitute approximately 60% of the total population
of galaxies in the Universe, whereas the remaining 40% are constituted by early-type galaxies
(ellipticals and lenticulars). The terms "early-type" and "late-type" galaxies originate from the
Hubble sequence, as Hubble thought that ellipticals and lenticular-like galaxies would form first,
hence an early formation, and would then evolve into spirals or irregular galaxies, hence a late
formation. This was proven to be false, as the effects of interactions between galaxies became
better and better understood with time.

Indeed, whereas they are a minority overall, early-type galaxies dominate the galaxy popu-
lation in dense environments such as clusters and groups of galaxies, whereas late-type galaxies
dominate in environments of average or low density such as the field. This is the morphology-
density relation that was first brought up by Hubble’s observations (Hubble, 1936). He noticed
that "the density of the cluster diminishes as the most frequent type advances along the sequence
of classification". This relation was confirmed by Dressler (1980), who demonstrated the well-
defined relationship between the local galaxy density and the galaxy morphological type. He
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FIGURE 1.3: Color-magnitude diagram of a population of galaxies showing the three main
regions: the blue cloud, the green valley, and the red sequence. Credit: Astronomy: Roen

Kelly, after Gavazzi, G. et al. (2010)

showed that, as Hubble remarked years before him, the population of ellipticals and lenticulars
increases with density, whereas the population of spirals decreases with density. Rood et al. (1972)
also found that rich clusters such as the Coma cluster are dominated by ellipticals and lenticulars.
This was also noted by Oemler (1974) who defined density as the significant physical parameter
to determine the galaxy population of a cluster.

So, where does the morphology-density relation come from?
Galaxy clusters are high-density environments, which means that collisions, mergers or inter-

actions between galaxies must be more frequent than in the field. Very early, astronomers under-
stood the importance of collisions to explain the evolution of galaxies. More importantly, Spitzer
and Baade (1951) suggested that collisions between two galaxies would be the main mechanism to
transform the morphology type of a galaxy into another one. They detailed how collisions would
expel all interstellar matter out of the galaxies, thus preventing the formation of population I stars
(highly luminous and young stars which can be found in the star forming arms of spirals), and
leaving galaxies in clusters with only population II stars (old red stars). Zwicky (1937) had already
mentioned such a discrepancy as he stated that collisions could lead to the disruption of certain
"nebulæ", and that would be the reason why field galaxies differ morphologically from cluster
galaxies.

Whereas gas or stars can be ejected during mergers, these violent events can also provoke
intense star formation, as gas in molecular clouds can get compressed as the two galaxies approach
and then coalesce. Shock waves can also appear, which can trigger starbursts in molecular clouds
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located in the outskirts of the galaxy (Sobral et al., 2015; Stroe et al., 2015). It is commonly believed
that elliptical galaxies form by the merger of two spiral galaxies of similar masses (Toomre, 1977).
As the merger happens, the gravitational potential of the two galaxies transforms, and the stars
get scattered in a random fashion. Due to the interaction, spiral arms are pulled away more and
more as each galaxy passes by the other, and eventually get destroyed in the process, losing their
"spiral" characteristic. As the result, as the merger relaxes, what were originally two spiral galaxies
become one massive elliptical galaxy.

Additionally, clusters in very dense environments were shown to host a supergiant galaxy in
their center (Morgan and Lesh, 1965). These supergiant galaxies were missing in poor groups and
poor clusters, as well as in the field. The existence of these very massive galaxies in the center
of clusters is directly linked to the higher galactic density in the cluster center. In 1943, Chan-
drasekhar (1943a) published his theory of dynamical friction which describes how astrophysical
objects in motion which undergo the gravitational force of their environment lose energy and de-
celerate as a result. A simplified version of the Chandrasekhar dynamical friction force is given
as:

Fdyn ≈ C
G2M2ρ

v2
M

(1.4)

with G the gravitational constant, M the mass of the object, ρ the density of the medium through
which the object is passing through, and vM the velocity of the object. As they slow down, ob-
jects which suffer dynamical friction move towards the center of the cluster where the density is
greater, thus increasing the chances of collisions with other galaxies. The massive central galaxy
is the ending point of all galaxies trapped in the gravitational potential of the cluster, and it will
"cannibalize" or merge with these other systems. The Chandrasekhar dynamical friction is also
what explains the transformation of spiral galaxies to an elliptical galaxy following a collision:
stars, because of dynamical friction, sink down to the center of the galaxy, and adopt random
anisotropic orbits, which explains the final ellipsoidal profile of the resulting galaxy.

1.2.2 The red sequence and its application to cluster detection

The dominant population of galaxy clusters consists of elliptical and lenticular galaxies which are
mainly located towards the center of the cluster, whereas late-type galaxies are mainly found in
the outskirts. These early-type galaxies, as we described, are quiescent galaxies with an old stellar
population which does not get renewed. This is why, when looking at clusters through a telescope
or on color images, one can distinguish an overdensity of red galaxies at the location of the clus-
ter. These galaxies have no gas left, have similar properties as they grew in the same environment,
and are at the same distance (redshift). As a result they have very similar red colors, and they
constitute what is called the red sequence of the cluster. The red sequence can be extracted from a
color-magnitude diagram (Baum, 1959; de Vaucouleurs, 1961), an example will be given in Chap-
ter 2. The color-magnitude diagram presents a very small dispersion due to the similar nature
of the galaxies which constitute it. The depth and the slope of the sequence can also provide us
with information on the formation of the cluster: indeed, with time, as the gas gets consumed and
galaxies are left with no material to induce new star formation, the stellar population will evolve
passively and all galaxies will evolve to resemble each other. Consequently, the red sequence will
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FIGURE 1.4: Illustration of the SED of a typical cluster elliptical galaxy at redshift z = 1.3
(black solid line). The dotted red vertical line represents the 4000 Å break redshifted to the
cluster’s redshift. The filter transmissions are normalized to 1, and are shown as dash dotted
lines: (from left to right, from the bluest to the reddest colors) F435W, F606W, F775W, F105W,

F140W and F160W.

become narrower and narrower as it ages. The slope of the sequence, on the other hand, is related
to the metallicity of the stellar population.

The red sequence is an excellent tool to indicate which galaxies are likely to be members of the
cluster, if no spectroscopy is available. Looking for the red sequence is equivalent to determining
which galaxies are at the same redshift. The downside, however, is the need for appropriate filters
in order to compute a color that will best remove the interlopers (galaxies in the background and
foreground).

The Spectral Energy Distribution (SED) of an elliptical galaxy (see Figure 1.4) is characterized
by a strong 4000 Å break. The 4000 Å break is caused by the absorption of high energy radiation
from metals in the atmosphere of the red stars which compose the galaxy. Young stars are mostly
hot and emit in the bluer wavelengths, whereas old stars are cold and emit in the redder wave-
lengths. As can be seen in Figure 1.4, the 4000 Å break, marked by a red dotted line, represents
a separation between the population of young and hot stars dominant in the bluer side of the
spectrum, that only represents a small fraction of the stellar content of passive galaxies, and the
population of old and cold stars that is dominant on the redder side. The spectrum before and after
the break is mostly flat, it is thus necessary to select two filters which do not both fall on the same
flat part of the SED in order to compute a color that efficiently extracts the red sequence. Indeed,
in that case, the color computed by the difference of magnitude in two different filters (blue − red)
would be null, and would not contain the break, which gives the most information regarding the
redshift of the galaxy. For a galaxy at redshift z = 1.3, for example, taking filters from the Hub-
ble Space Telescope (HST) ACS and WFC3 instruments, both the colors (F435W − F606W) and
(F140W − F160W) would be equal to zero. However, they characterize two very different stellar
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populations: the first filter captures the younger stars whereas the second one captures the older
stars. Using only these colors would thus not enable us to know if this galaxy is at low or high
redshift. Similarly, choosing two filters which are on two extremes of the SED will not enable us
to constrain the break very well. Indeed, taking the same example, the color (F435W − F160W)

would contain the break; however, because both filters fall on flat regions of the SED, all galaxies
between redshifts 0.8 and 1.8 will have the same colors. This is why it is preferable to consider
two filters which are not too far from each other (without superposition) and at least one of the
two should be close to the break, preferably in the redder side of the SED (in order to have the
best signal to noise possible). The best case scenario would be to have one filter which contains
the beginning of the break, and the other one the end of the break. In the case shown in Figure 1.4,
the best would hence be the (F775W − F105W) color.

This condition is particularly difficult to meet for very low redshift (z < 0.1) and high redshift
(z > 1). At z < 0.1, the break is very narrow, and is thus hard to constrain via optical data (but UV
can be used). At z > 1, infrared becomes necessary.

1.2.3 Black holes in massive galaxies

The existence of black holes (BHs) was first speculated by physicist Albert Einstein in his theory
of general relativity. He defined them as objects so massive and compact that their gravitational
force could distort space and time, with such a strong gravitational pull that no matter, nor even
light, could escape it. The event horizon of a BH was defined by Rindler (1956) as "a frontier
between things observable and things unobservable". In other words, light that crossed the event
horizon can not escape and reach us, and can thus not be observed. The characteristic radius of
the event horizon of a BH is the Schwarzschild radius defined as:

rs =
2GMBH

c2 (1.5)

with G the gravitational constant, MBH the mass of the BH and c the speed of light.
BHs have masses that can range from a few solar masses (stellar BHs) to more than a million

or even a billion solar masses (supermassive BHs). Massive galaxies were found to host super-
massive black holes (SMBHs) in their centers. The BH at the center of our galaxy, Sagittarius A,
is a SMBH with a mass equivalent to more than 4 million Suns concentrated in a radius of about
51.8 million kilometers (or, as the NASA website states, that mass "would fit inside a very large
ball that could hold a few million Earths"). These extremely dense objects play a large role in
the shaping of their host galaxies (see the review in Cattaneo et al., 2009). Some galaxies may
present a very bright nucleus, caused by an accreting SMBH. As SMBHs accrete matter, they con-
vert and release the gravitational energy produced by the absorption of material into radiation,
radio plasma jets or winds, in the interstellar medium. The resulting jets can reach velocities of
1000 km/s with released energy amounting to 1045 erg/s (see Fabian, 2012). In these forms, the
released energy can heat dynamically the surrounding gas, preventing the collapse of cold gas
into new stars. These galaxies are called active galactic nuclei (AGN). From simulations, AGN
feedback was found to be able to regulate the star formation in host galaxies, and also affects their
sizes, masses, stellar surface densities or stellar ages (Rosito et al., 2021). More specifically, SMBHs
may have contributed greatly to the quenching of star formation in elliptical galaxies.
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The quenching may have happened already before the cluster was even formed. Massive
elliptical galaxies were shown to have had most of their stars formed in-situ a long time ago. Sim-
ulations such as those by De Lucia and Blaizot (2007) show that 80% of the stellar population was
already formed before z = 3, and are in agreement with observations by Thomas et al. (2010) who
state that most of the stars were already born by z = 2. The chemical composition of elliptical
galaxies also hints at a brief formation epoch that would have happened long ago. SMBH feed-
back, which is a very intense and rapid event, represents a very good candidate to explain the
rapid quenching of elliptical galaxies.

Ultimately, the growth of the central SMBH and bulge of massive elliptical galaxies appear
to be closely linked, as are the SMBH masses with the galaxy bulges’ stellar masses (Magorrian
et al., 1998; Marleau, Clancy, and Bianconi, 2013) and velocity dispersions (Gebhardt et al., 2000;
Ferrarese and Merritt, 2000; Gültekin et al., 2009; Ding et al., 2022). The SMBH and the bulge
of elliptical galaxies grow together by accreting the same surrounding gas. What is still unclear,
however, is whether the growths stop because of the deficit of gas due to star formation, or due to
the SMBH that would have ejected all the gas outside the galaxy (Cattaneo et al., 2009).

On a larger scale, SMBHs are also believed to regulate the star formation at the center of galaxy
clusters. Clusters are huge reservoirs of gas and emit strongly in X-rays, even more so in their
central region which tends to be denser. Hence, they lose energy proportionally to the number of
photons that is being released. The core of the cluster, as a consequence, is supposed to cool all
the more rapidly, leading clumps of gas to collapse together, then followed by the start of a new
period of star formation. However, observations show that the SFR measured at the core of galaxy
clusters is much below what is expected by hydrodynamical numerical simulations that only take
into account gravitational collapse or SN feedback as the main clustering processes (Kravtsov and
Borgani, 2012). This means that there exist heating processes that would prevent the gas from
cooling too rapidly, and thus, from forming stars. This problem, also known as the cooling flow
problem, is commonly solved by considering a central AGN at the center of the cluster, where
the brightest galaxy usually lies, with feedback that would dynamically heat the core. It was
shown in several studies that AGN feedback enables reduction of the SFR obtained in simulations
in the cores of clusters, and reduces the hot gas content in groups to values more comparable
to those actually observed. Taking into account AGN feedback, stellar masses of BCGs are now
better calculated, and so are the metallicity profiles and the relation between X-ray luminosity and
temperature (see Kravtsov and Borgani, 2012, and references therein).

1.2.4 Brightest Cluster Galaxies (BCGs)

Brightest cluster galaxies (BCGs) are exceptionally bright objects which are believed to lie at the
bottom of the cluster potential well and reflect the dynamical processes that govern the formation
of their host cluster. Similarly to their host clusters, BCGs, being the most massive galaxies, are
also the result of hierarchical merging with smaller galaxies which get cannibalized by the central
galaxy, contributing to its growth. They are, by definition, the brightest galaxy of their cluster, and
to make the link with Section 1.2.2, the brightest of the red sequence galaxies. BCGs are usually
described as massive cD galaxies. Since they are elliptical galaxies, BCGs are generally known as
having an old and passive stellar population, and quenched star formation from their lack of gas.
They are however different from other "normal" ellipticals. In fact, Tremaine and Richstone (1977)
and Dressler (1978) found that the BCG luminosity was determined by "some special process" and
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not by a statistical sampling of a universal luminosity function. The luminosity function, which
should rather be referred to as a luminosity distribution, is defined as the relative number of
galaxies in a given luminosity bin. For instance, the Schechter luminosity function is a good first
approximation of the total luminosity distribution of galaxies (Schechter, 1976). Moreover, BCGs,
contrary to elliptical galaxies, present an extended envelope in their surface brightness profiles
(Oemler, 1976; Schombert, 1986). These galaxies were formed through several dynamical and
environmental processes, including galactic cannibalism, cooling flows from the central AGN and
dynamical friction. The relative importances of these processes in the shaping of these galaxies
however is still not well constrained (see Castignani et al., 2020, and references therein).

Simulations show that most of the stars of BCGs have been formed in-situ during intense star-
burst events that would have happened more than 11 Gyrs ago (De Lucia and Blaizot, 2007). The
stars formed in progenitor galaxies before they were captured by the potential of the clusters and
merged to create today’s BCG. Following these events would be a phase of dry and wet mergers
during which even more stars are born, increasing the stellar mass of the BCG (Cooke et al., 2019).
Eventually, all the gas gets consumed or ejected during these violent interactions, leaving the re-
sulting galaxy (the BCG) with little to no gas left. The BCG continues its growth mainly through
dry mergers, as most of the galaxies in the cluster vicinity are now passive elliptical galaxies,
which should render the start of a new starburst impossible. Observationally, though, a few clus-
ters have been shown to still have a huge reservoir of molecular gas with SFR > 100 M⊙/yr (see
McDonald et al., 2016; Fogarty et al., 2019; Castignani et al., 2020). The existence of these star
forming BCGs questions our understanding on the formation and evolution of these galaxies.

Because of their central locations, they are more likely to experience mergers in their lifetimes
and they thus represent the final products of hierarchical evolution at the galactic scale. On a
cosmological point of view, galaxy clusters are perfect laboratories to study the effect of envi-
ronmental processes on the formation of galaxies (Spitzer and Baade, 1951), and BCGs allow us to
infer how these processes can affect the dynamics and the growth of galaxies. For example, Spitzer
and Baade (1951) mention how astrophysical signatures of mergers such as streams or tails can al-
low to test physical models. As BCGs grow at the same time as their host clusters, they also have
properties which are very closely linked to those of their host clusters (Lauer et al., 2014). As such,
BCGs are excellent tracers of their host cluster history, and they also represent the most massive
galaxies of the Universe, thus imposing upper limits on the evolution of the properties of galaxies
in simulations. In this thesis, more specifically, we measure how the physical properties of BCGs
evolve (or not) with time. This evolution, as well as other scaling relations such as the Kormendy
relation (Kormendy, 1977), which we try to refine with statistically bigger samples, are to be ver-
ified by simulations and can thus enable us to better constrain the cosmological parameters and
physical processes involved in models used to better probe galactic evolution.

In this thesis, we analyze four different samples. Three of them are chosen for observational
studies: the first one (see Section 2.1) consists in a sample of 149 BCGs between redshift 0.1 and 1.8
with HST data; the second one (see Section 2.2) represents a statistically significant bigger sample
of 1371 BCGs up to redshift 0.7 detected in the Canada-France-Hawaii Telescope Legacy Survey
(CFHTLS); and finally the third one (see Chapter 3) is a sample of about 30 brightest galaxies of
fossil groups from the SDSS.

Although it is commonly thought that BCGs lie at the bottom of the cluster potential well,
which is expected to be located in the center of the cluster, observations have shown that offsets
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between the BCG and the cluster center as defined by X-rays were common (see Patel et al., 2006;
Hashimoto, Henry, and Boehringer, 2014; De Propris et al., 2020; Chu, Durret, and Márquez,
2021). This motivated our last study (see Chapter 4), which is based on a sample of 370 BCGs
from the Illustris-TNG300 simulation, to investigate the effect of mergers on offsets between the
BCG and its SMBH.
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Chapter 2

Evolution of the physical properties of
BCGs through time

2.1 Detection and photometric properties of BCGs observed with the
Hubble Space Telescope

Large samples of BCGs are necessary in order to obtain statistically significant information on
their properties to infer their formation and evolution. In this study, we built a sample of BCGs
observed in the optical to near infrared with the HST instruments ACS and WFC3 respectively.
Our sample was constructed with the only criterium that HST images were available. We used
existing and already published samples from Whiley et al. (2008), Lidman et al. (2012), Lin et
al. (2013), Lauer et al. (2014), Bai et al. (2014), van der Burg et al. (2014), McDonald et al. (2016),
Bellstedt et al. (2016), Zhang et al. (2016), West et al. (2017), Durret et al. (2019), DeMaio et al. (2019),
Cerulo, Orellana, and Covone (2019) and Kluge et al. (2020). The resulting catalogue constituted
one of the largest samples of BCGs observed with HST to date (149 BCGs), and one of the samples
which covers the largest redshift interval (up to z = 1.8). Another particularity of this sample is the
fact that all clusters have a spectroscopic redshift available in the literature. The exquisite spatial
resolution of the HST images and the wide redshift coverage of our sample allow a detailed study
of the evolution of the physical properties of these BCGs and hence to retrace their histories.

2.1.1 Construction of the BCG catalogue, automatic detection method

Catalogues of BCGs are not as common as catalogues of galaxy clusters. In order to build our own
catalogue of BCGs, it was necessary to first retrieve catalogues of clusters and elaborate our own
procedure to detect the BCGs that we were going to study. Based on the cluster coordinates from
the samples above, I retrieved images available in the optical and near infrared of the clusters
from the Hubble Legacy Archive (HLA), and wrote an algorithm in order to identify the BCG on
these images. Indeed, the images contain many things that are not what we look for: stars, artifacts
(trails of satellites, diffraction spikes from bright stars, instrument defects), but also galaxies which
are not part of the cluster, and which can be in the foreground or in the background. These galaxies
in particular are difficult to filter out in the absence of spectroscopic data. Knowing that most
objects in the field would lack spectroscopic redshifts, we decided to use only photometric criteria
to classify objects in the sky into two categories: interlopers and cluster members.

The extraction of sources and their photometric properties was done using the software Source
Extractor (Bertin and Arnouts, 1996) which is a program that builds photometric catalogues of
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objects detected on an astronomical image. The separation between point sources and extended
objects is easily done using the corresponding parameter (CLASS_STAR). Two main properties
were used to distinguish interloper galaxies in a first step. On one hand, edge-on spiral galaxies
appear very elongated along the line of sight, we thus use the measured projected ellipticity to
filter these out. On the other hand, foreground galaxies, because of their closeness, can appear
bright in the sky. However, using their apparent magnitude directly to identify them is hazardous
as BCGs at a given redshift can vary in luminosity by several magnitudes. In order to distinguish
foreground galaxies from other objects at the right redshift, we compute what we refer to as a
"pseudo" absolute magnitude: this absolute magnitude is not the real absolute magnitude of the
object as it is not computed at its redshift but at the cluster’s redshift. Foreground galaxies, by
their pseudo absolute magnitude, will appear much too bright. They are thus excluded.

FIGURE 2.1: Red sequence of a cluster on a color-magnitude diagram. Red points correspond
to the colors of galaxies in the field, the blue dotted line shows the expected color of an el-
liptical galaxy at the cluster’s redshift. Cluster members show a very tight relation in this

diagram.

However, this is not enough and is only efficient in removing bright foreground objects. In
order to get rid of all remaining contaminations, we extract the red sequence of the cluster. The
red sequence, as was described in Chapter 1, enables us to identify the elliptical cluster mem-
bers only based on their colors. It can be traced on a color-magnitude diagram such as the one
shown in Figure 2.1 which shows the small dispersion of colors of the bright galaxies in the field
(accurate photometry on fainter objects is more difficult leading to higher uncertainties and color
dispersion). This diagram also indicates by the blue dotted line the typical color of an elliptical
galaxy at the cluster’s redshift. To serve as a model, we make use of the SED of an elliptical galaxy
from Bruzual and Charlot (2003). Based on this model, we can determine the expected color of an
elliptical galaxy at the cluster’s redshift (see Figure 1.4), which is known here. When compared
with observations, the red sequence can be extracted by removing all objects which have colors
too different from the model. The color used is adapted depending on the cluster’s redshift and
the filters available.

In Figure 2.2 the three different steps of the detection method are described: from left to right,
(1) the whole catalogue returned by Source Extractor, (2) after removing stars and bright fore-
ground galaxies, and finally, (3) after selecting the red sequence. Very obviously, the most im-
portant step is the extraction of the red sequence, which efficiently selects the red galaxies of the
cluster and removes other interlopers from the remaining catalogue. In theory, the BCG of the
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FIGURE 2.2: From left to right: MACS J1115.8+0129 (z = 0.349) (z = 0.45): all sources detected
by SExtractor, removal of stars and bright foreground sources, extraction of the red sequence

of the cluster.

cluster would be the brightest of the red sequence. Practically, some interlopers with similar col-
ors may remain, and therefore the brightest galaxy is not necessarily a member of the cluster. We
thus also look at the galaxy density around each galaxy to remove galaxies which appear isolated
(i.e. the density of galaxies in a certain aperture around them appears too low compared to the
defined threshold).

All detections were carefully checked by eye to confirm whether the BCG assigned automati-
cally by the algorithm was correctly chosen, using X-ray data if available as well as spectroscopic
redshifts if any. This method was shown to be very efficient to detect red BCGs, as all red BCGs in
the sample were correctly detected by the algorithm. This algorithm can be applied to any survey
as long as it is in the optical and/or infrared, two filters at least are available, and the cluster red-
shifts are confirmed via spectroscopy. The fact that this method has been automatized and only
relies on photometry (except for the cluster’s redshift) are also big advantages for large surveys.
This tool enables to obtain a large catalogue of "candidate" BCGs (technically, a BCG is still a can-
didate until it has been observed with spectroscopy and its redshift confirmed), and as result, to
increase the statistics on BCG studies.

2.1.2 Luminosity profiles

The luminosity profile of each BCG was then modeled with the GALFIT software, an algorithm
which fits 2-D analytic functions to objects on digital images (Peng et al., 2002). The Sérsic profile
(Sérsic, 1963) was shown to be a really good match for the surface brightness profile of elliptical
galaxies:

I(R) = Ie exp

{
−bn

[(
R
Re

)1/n

− 1

]}
(2.1)

with Re, Ie, R and bn the effective radius (radius which encloses half of the total luminosity of the
galaxy), the surface brightness enclosed in a radius Re, the radial distance from the center, and a
constant depending on the Sérsic index n, respectively. The Sérsic profile is a generalized version
of the de Vaucouleurs profile which corresponds to a Sérsic index n = 4. The exponential profile
is obtained by fixing n = 1. The Sérsic profile becomes steeper at higher radii with decreasing n.
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A mask, a PSF, as well as the image of the cluster are given to GALFIT with the coordinates of the
BCG and initial guesses for the apparent magnitude, effective radius, ellipticity, and Sérsic index
of the BCG. Two models were applied to each BCG: a model with a single Sérsic component, and a
model with two Sérsic components. The addition of a second component was done in an attempt
to better model the brighter inner structure of the BCG. The choice between the two models was
then done via the statistical F-test (Margalef-Bentabol et al., 2016).

2.1.3 Results

Results returned by GALFIT show no clear evolution up to redshift z = 1.8 for the absolute magni-
tude, effective radius, Sérsic index or ellipticity of BCGs with time. This implies that BCGs were
already formed long ago, before z = 1.8, and have evolved passively since. We also show that the
Kormendy relation (Kormendy, 1977), defined for elliptical galaxies, is also very well defined for
BCGs. The Kormendy relation is a scaling relation that links the mean effective surface brightness
to the effective radius. It indicates that bigger galaxies tend to be less concentrated than smaller
galaxies. We also show that BCGs modeled with two Sérsic profiles are mostly at lower redshift
(z < 0.4) but this is not due to the lower resolution resulting from larger physical scales at farther
distances. The presence of a double component mainly at lower redshift may hint at the late for-
mation of a disk or a bulge. However, observational biases may also come into play. We discuss
this further in Chu et al. (2022) (see Section 2.2).

We also study the alignment of BCGs with their host clusters, and show that 70% of BCGs
at z < 0.9 are aligned with their host clusters within 30 degrees. This confirms previous results
found by other authors such as West et al. (2017) and Durret et al. (2019) among others. This
alignment may be evidence for the effect of mergers on the central galaxy which gets aligned by
tidal interactions as galaxies which are going to merge with the BCG fall along cosmic filaments.
We also estimate the fraction of blue BCGs to be 2%. Blue BCGs are defined as BCGs with negative
colors: the difference between the magnitudes measured in two chosen filters blue − red < 0. The
existence of these blue BCGs is interesting in view of the definition of a BCG: BCGs are supposed
to be red quiescent galaxies with a passive, old stellar population. This blue color hints at the
presence of young stars, and thus, at star formation in the galaxy. These galaxies are still very
rare, but studying them can yield information on the processes which can trigger a new epoch of
star formation. They can help us to understand how these galaxies resulting from many mergers
which should have consumed or ejected all their gas long ago can still have some gas remaining
(see Castignani et al., 2020, for an extensive study of 19 CLASH BCGs with high molecular gas
content).

In this study, we also analyze how the properties of BCGs evolve with their host cluster prop-
erties (mass, position of the BCG from the X-ray peak) and find no correlation between them. We
do not find any correlation depending on the cluster-BCG alignment either (the mass of the clus-
ters were derived either from the richness of the cluster, or were taken in the literature and hence
come from different methods for estimating the mass).

In summary, this study gives new insights on the origin and evolution of BCGs using a large
sample which covers a wide redshift range, up to redshift z = 1.8. We offer here a new tool to
detect and model automatically the luminosity profiles of BCGs, which can be applied to any
imaging data set. Among the contradicting results regarding the evolution of BCGs through time,
we agree with Stott et al. (2011) and Bai et al. (2014), as we do not find any significant growth in
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size or luminosity for BCGs during the last 10 Gyrs. We however find an inner structure mostly at
lower redshift which may hint at an inside-out growth scenario of BCGs with time, as proposed
by Bai et al. (2014), Lauer et al. (2014) or Edwards et al. (2019).

2.1.4 The paper
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ABSTRACT

Context. Brightest cluster galaxies (BCGs) grow by accreting numerous smaller galaxies, and can be used as tracers of cluster
formation and evolution in the cosmic web. However, there is still controversy regarding the main epoch of formation of BCGs; some
authors believe they already formed before redshift z = 2, while others nd that they are still evolving at more recent epochs.
Aims. We study the physical properties of a large sample of BCGs covering a wide redshift range up to z = 1.8 and analyzed in a
homogeneous way, to see if their characteristics vary with redshift. As a rst step we also present a new tool to determine for each
cluster which galaxy is the BCG.
Methods. For a sample of 137 clusters with HST images in the optical and/or infrared, we analyzed the BCG properties by applying
GALFIT with one or two Sérsic components. For each BCG we thus computed the Sérsic index, eective radius, major axis position
angle, and surface brightness. We then searched for correlations of these quantities with redshift.
Results. We nd that the BCGs follow the Kormendy relation (between the eective radius and the mean surface brightness), with a
slope that remains constant with redshift, but with a variation with redshift of the ordinate at the origin. Although the trends are faint,
we nd that the absolute magnitudes and the eective radii tend to become respectively brighter and bigger with decreasing redshift.
On the other hand, we nd no signicant correlation of the mean surface brightnesses or Sérsic indices with redshift. The major axes
of the cluster elongations and of the BCGs agree within 30◦ for 73% of our clusters at redshift z≤ 0.9.
Conclusions. Our results agree with the BCGs being mainly formed before redshift z = 2. The alignment of the major axes of BCGs
with their clusters agree with the general idea that BCGs form at the same time as clusters by accreting matter along the laments of
the cosmic web.

Key words. galaxies: clusters: general – galaxies: bulges

1. Introduction

Galaxy clusters are the largest and most massive gravitationally
bound structures observed in the Universe. They are the perfect
probes to test cosmological models and help us better under-
stand the history of the Universe as they will constrain the lim-
its of observed physical parameters through time, such as mass
or brightness, in numerical simulations (Kravtsov & Borgani
2012). The Λ cold dark matter (ΛCDM) model proposes a hier-
archical evolution scenario starting from small uctuations that
assemble together via the gravitational force, and grow to form
bigger and bigger structures. As a result, galaxy clusters are the
latest and most massive structures to have formed.

Clusters are believed to be located at the intersection of cos-
mic laments, and to form by merging with other smaller clus-
ters or groups of galaxies, and by constantly accreting gas and
galaxies that preferentially move along cosmic laments and
end up falling towards the center of the gravitational potential
well, which often coincides with the peak of the X-ray emission
(see De Propris et al. 2020, and references therein). Generally,
the brightest galaxy in the cluster, the brightest cluster galaxy
(BCG) lies at the center of the cluster. It is usually a supermas-

? Full Tables 1–4 are only available at the CDS via anonymous ftp
to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.
u-strasbg.fr/viz-bin/cat/J/A+A/649/A42

sive elliptical galaxy that is formed and grows by mergers with
other galaxies, and can be up to two magnitudes brighter than
the second brightest galaxy. This property makes BCGs easily
recognisable. BCGs have often been referred to as cD galax-
ies (i.e., supergiant ellipticals with a large and diuse halo of
stars). Since their properties are closely linked to those of their
host cluster (Lauer et al. 2014), they can be extremely useful
to trace how galaxy clusters have formed and evolved. BCGs
tend to be aligned along the major axis of the cluster, which
also hints at the close link between the BCG and its host clus-
ter (Donahue et al. 2015; Durret et al. 2016; West et al. 2017;
De Propris et al. 2020). This alignment suggests that the accre-
tion of galaxies may occur along a preferential axis, with galax-
ies falling into clusters along cosmic laments.

Most of the stars in today’s BCGs were already formed at
redshift z ≥ 2 (Thomas et al. 2010). BCGs, especially the most
massive ones, can present an extended halo made of stars that
were stripped from their host galaxy during mergers, and form
the intracluster light (ICL). When measuring photometric prop-
erties of galaxies, some parameters such as the BCG major axis
can be dicult to measure accurately as the separation between
the ICL and the external envelope of the BCG is not clear. How-
ever, the ICL is a very faint component, and as we are observing
bright galaxies the ICL should not strongly aect our study, so
the ICL is not considered in this paper.

Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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The evolution of BCG properties with redshift is of inter-
est in the study of cluster formation and evolution, but this
topic remains quite controversial. Some authors report no evo-
lution of the sizes of the BCGs with redshift (see Bai et al.
2014; Stott et al. 2011, and references therein). Stott et al. (2011)
found that there was no signicant evolution of the sizes or
shapes of the BCGs between redshift 0.25 and 1.3; instead,
Ascaso et al. (2010) found that although the shapes show lit-
tle change, they have grown by a factor of 2 in the last 6Gyr.
Bernardi (2009) found a 70% increase in the sizes of BCGs since
z = 0.25, and an increase of a factor of 2 since z = 0.5.

Bai et al. (2014) found that while the inner region of the
galaxies does not grow much, the light dispersed around the
BCG forms the outer component, resulting in a shallow outer
luminosity prole. This is an indication of an inside-out growth
of BCGs: the inner component forms rst and then stops grow-
ing while the outer component develops. Edwards et al. (2019)
gave more evidence to justify this inside-out growth of BCGs
by showing that the stars in the ICL are younger and less metal
rich than those in the cores of the BCGs. They also showed
that the most extended BCGs tend to be close to the X-ray cen-
ter. This last statement is supported by Lauer et al. (2014), who
added that the inner component would have already been formed
before the cluster, while the outer component, the envelope of
the BCG, is formed and grows later. Numerical simulations with
AGN suppressed cooling ows show that about 80% of the stars
are already formed at redshift z ≈ 3 in the BCG progenitors
that merge together to form today’s BCGs (De Lucia & Blaizot
2007). Cooke et al. (2019a) found that BCG progenitors in the
COSMOS eld have an active star formation phase before z =

2.25, followed by a phase of dry and wet mergers until z = 1.25
that leads to more star formation and increases the stellar mass
of the progenitors, after which the stellar mass of progenitors
mainly grows through dry mergers, and half of the stellar mass
is formed at z = 0.5. Similarly, Cerulo et al. (2019) did not nd
signicant stellar mass growth between z = 0.35 and z = 0.05,
suggesting that most of the BCGs stellar masses were formed by
z = 0.35. Durret et al. (2019) observed a possible variation with
redshift of the eective radius of the outer Sérsic component of
BCGs for 38 BCGs in the redshift range 0.2 ≤ z ≤ 0.9, agreeing
with a scenario in which BCGs at these redshifts mostly grow by
accreting smaller galaxies.

Several conicts also arise on the growth of the stellar
masses of the BCGs. Collins & Mann (1998), Collins et al.
(2009), and Stott et al. (2010) found little to no evolution. On the
other hand, other studies found a strong evolution in the stellar
masses of BCGs since redshift z = 2 (Aragon-Salamanca et al.
1998; Lidman et al. 2012; Lin et al. 2013; Bellstedt et al. 2016;
Zhang et al. 2016).

In the present paper we characterize how the properties of
BCGs have evolved since z = 1.80, based on HST data to have
the best possible spatial resolution, which is particularly nec-
essary at high redshift. When dealing with a large amount of
data, identifying the BCG of a cluster to build a sample can be a
long task. This is why we present here a method based on sev-
eral photometric properties of the BCGs that will allow us to
detect BCGs automatically. We analyzed a sample of 137 galaxy
clusters, covering the redshift range 0.187 ≤ z ≤ 1.80 and var-
ious types of BCGs, including star forming BCGs (SF BCGs),
interacting BCGs, hosts of possible AGNs, and supercluster
members.

The present paper covers a large redshift range with one of
the largest samples observed with HST (see Fig. 1, which is
described in more detail in the next section). This will enable

Fig. 1. Comparison of the various samples of BCGs found in the liter-
ature, considering the redshift range, the number of galaxies analyzed,
and the type of data used. Only samples with at least 20 objects are
represented here. Cerulo et al. (2019) with a sample of 74 275 BCGs is
not represented here for reasons of legibility. The samples represented
in black use ground-based telescope data, space-based data excluding
HST, or a mix of ground-based and space-based data, while those in
red only use HST data. Our initial sample is represented by the red and
green dashed line, and our nal BCG sample is in green (see Sect. 4).

us to obtain more signicant statistics on the evolution of BCG
properties.

The paper is organized as follows. We describe the data in
Sect. 2, the method to automatically detect the BCGs in Sect. 3,
and the modeling of their luminosity proles in Sect. 4. The
results obtained as well as a short study of the link between the
BCG masses, the distance between the BCG and the X-ray cen-
ter of the cluster, and the physical properties are given in Sect. 5.
A nal discussion and conclusions are presented in Sect. 6.

Throughout this paper, we assume H0 = 70 km s−1 Mpc−1,
ΩM = 0.3, and ΩΛ = 0.7. The scales and physical distances are
computed using the astropy.coordinates package1. Unless speci-
ed, all magnitudes are given in the AB system.

2. Sample and data

2.1. Sample

The sample studied in this paper consists of 137 galaxy
clusters with HST imaging taken from Jee et al. (2011),

1 https://docs.astropy.org/en/stable/coordinates/
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Fig. 2. Histogram of the redshifts of the 149 BCGs in our sample. The
red histogram shows all the BCGs studied, while the blue histogram (37
BCGs) shows those observed in rest frame lters that are too blue com-
pared to the 4000Å break (see Sect. 3). The green histogram (25 BCGs)
shows all BCGs with an important inner component (see Sect. 4).

Postman et al. (2012a), Bai et al. (2014), Donahue et al. (2015),
West et al. (2017), DeMaio et al. (2019), Durret et al. (2019),
and Sazonova et al. (2020). We also add ve more distant clus-
ters at z ≥ 0.8, as well as the cluster Abell 2813 at z = 0.29.
Among them, we identify 12 clusters that have in their center two
BCGs similar in magnitude and size (see Sect. 3). As a result, our
nal BCG sample contains 149 BCGs; the number of BCGs is
not equal to the number of clusters studied because of the clus-
ters with two BCGs. This sample is a good representation of the
most massive BCGs in the range 0.1 ≤ z ≤ 1.80. The redshift
distribution is shown in Fig. 2.

All of these clusters have data available from the Hubble
Space Telescope, obtained with the Advanced Camera for Sur-
veys (ACS) in optical bands and/or the Wide Field Camera 3
(WFC3) in infrared bands, resulting in good-quality images.
This allows us to perform accurate photometry with relatively
good precision, and to treat all the BCGs in a homogeneous
way. Contrary to other studies such as Bai et al. (2014), we do
not exclude from our study clusters with bright nearby objects
that may hinder our measurements near the BCG area. We also
identify in our sample two clusters that host blue BCGs (nega-
tive rest frame blue-red color), with active star forming regions
inside the BCGs. These two BCGs will be described in more
detail in Sect. 3.

Our sample covers a large redshift range, which will enable
us to trace the history of cluster formation through time. Figure 1
shows the comparison of the sample sizes and redshift ranges
between dierent studies done on BCGs2. Cerulo et al. (2019)
studied a sample 74 275 BCGs from the SDSS in the redshift
range 0.05 ≤ z ≤ 0.35, and is not represented in this gure
for better legibility. Most large studies, especially those with
HST data (represented in red), were done exclusively on local
BCGs (z ≤ 0.1) (Lauer et al. 2014; Cerulo et al. 2019), while
farther clusters and BCGs were limited to relatively small sam-
ples (N ≤ 45) (Bai et al. 2014; DeMaio et al. 2019; Durret et al.
2019) and/or used ground-based data (represented in black). Our
sample contains more clusters and BCGs at high redshifts (z ≥

0.7) than that of Lidman et al. (2012) (73 and 33, respectively).

2 By increasing number of BCGs: Bai et al. (2014), Durret et al.
(2019), DeMaio et al. (2019), van der Burg et al. (2015), West et al.
(2017), McDonald et al. (2016), Bellstedt et al. (2016), Zhang et al.
(2016), Lidman et al. (2012), Kluge et al. (2020), Lin et al. (2013),
Lauer et al. (2014), Whiley et al. (2008), and Cerulo et al. (2019).

With the present study, we therefore almost double the previ-
ous samples and cover a larger range in redshift. This enables
us to obtain more signicant statistics on the evolution of BCG
properties.

Lidman et al. (2012), Lin et al. (2013), West et al. (2017),
and De Propris et al. (2020) mainly focus on the alignment of
BCGs with their host cluster and on the evolution of the BCG
stellar masses. Our work constitutes a deeper analysis since we
also study the luminosity proles of the BCGs.

2.2. Retrieving data and cluster information

We retrieved all the FITS images from the Hubble Legacy
Archive (HLA3). We looked for combined or mosaic images
according to what is available, and downloaded stacked images
directly from the HLA. To avoid handling such heavy les, we
rst cropped these images, dened the new center on the clus-
ter coordinates found in NED, and created a new image that
was 1.2Mpc wide. Linear scales (arcsecMpc−1) were deter-
mined from the cluster redshifts in the literature (from Jee et al.
2011; Postman et al. 2012a; Bai et al. 2014; Donahue et al.
2015; West et al. 2017; DeMaio et al. 2019; Durret et al. 2019;
Sazonova et al. 2020, or were found in NED for the ve other
clusters we added). Cluster information can be found in Table 1.
It was necessary to add the keywords “GAIN” and “RDNOISE”
in the header of the FITS images, to be used later by SExtractor
or GALFIT. As the images are in units of electrons s−1, we set the
GAIN to 1 and multiplied the images by the total exposure time
(EXPTIME) to get back to units in electrons. Single exposure
images were summed with AstroDrizzle to get the nal com-
bined images. We also retrieved the associated weight maps (wht
ts) obtained applying the inverse variance map (IVM) option of
AstroDrizzle.

3. Procedure for the detection of the BCG

The denition of the BCG that we use throughout this paper is
the following. The BCG is the brightest galaxy in the cluster that
lies close to the cluster center, dened as the center of the clus-
ter member galaxy distribution. Generally, the cluster center is
dened as the X-ray center of the cluster as X-rays trace the mass
distribution better. However, it is dicult to obtain X-ray data,
particularly at high redshifts. If a large sample is considered,
most probably a good fraction of the clusters do not have X-ray
data available. Moreover, it has been shown in several studies
(Patel et al. 2006; Hashimoto et al. 2014; De Propris et al. 2020)
that BCGs are often displaced from the X-ray center. For these
reasons, and anticipating future works with much larger sam-
ples, we use a denition that is independent from X-rays and
only relies on optical and infrared photometric data. We dene
the center as that of the spatial distribution of cluster galaxies (as
in Kluge et al. 2020). X-ray coordinates are only available for 68
out of the 137 clusters in our sample (see Table 4). These X-ray
positions are only used to study whether or not the BCG proper-
ties correlate with their position relative to the X-ray center (see
Sect. 5).

3.1. Method for detecting red BCGs

The method applied to automatically select red BCG is schemat-
ically summarized in Fig. 3, and is described in detail below. The

3 https://hla.stsci.edu/

A42, page 3 of 19



A&A 649, A42 (2021)

Table 1. Sample of the 149 BCGs studied in this paper.

Name RABCG DecBCG Redshift Class Instrument Filter Scale Color
(J2000) (J2000) (kpc/′′)

SPT-CLJ0000–5748 0.2504 −57.8093 0.702 1 ACS_WFC F814W 7.128 F606W−F814W
Cl0016+1609 4.64 16.4378 0.5455 1 ACS_WFC F850LP 2.83 F606W−F775W
SpARCS-J0335 8.9571 −43.2065 1.335 1 WFC3_IR F140W 8.353 F105W−F140W
ACO2813 10.8528 −20.6282 0.2924 1 ACS_WFC F814W 4.368 F435W−F606W
ACO2813 10.8548 −20.6169 0.2924 2 ACS_WFC F814W 4.368 F435W−F606W
XDCPJ0044–2033 11.0236 −20.5651 1.59 1 WFC3_IR F160W 8.42 F105W−F140W
RXJ0056–27 14.2374 −27.675 0.56 1 ACS_WFC F814W 6.449
SPT-CLJ0102–4915 15.721 −49.2528 0.87 1 WFC3_IR F105W 7.681 F625W−F775W
SPT-CLJ0102–4915 15.7409 −49.2719 0.87 2 ACS_WFC F850LP 7.681 F625W−F775W
RXJ0110+19 17.5758 19.6387 0.317 1 ACS_WFC F814W 4.617
. . . . . . . . . . . . . . . . . . . . . . . . . . .

Notes. The columns are: full cluster name, coordinates of the BCG, redshift, class of the BCG (if two BCGs are dened for a cluster, class
1 represents the brighter of the two), instrument, lter used to model the luminosity prole of the BCG (see Sect. 4), associated scale, color
computed to extract the red sequence of the cluster (see Sect. 3). The BCGs with no values in the last column only had data in one lter, and their
coordinates were taken from the literature. The full table is available at the CDS.

eciency of the method is discussed in Sect. 3.1.4. Blue BCGs
are mentioned in Sect. 3.2.

3.1.1. Rejection of foreground sources

In order to dierentiate the BCG from other objects in the eld,
we need to identify which objects are part of the cluster and
which are not. We describe below our method for detecting the
BCGs among all the contaminations (stars, foreground and back-
ground galaxies, artifacts) in our images.

Measurements with SExtractor (see Bertin & Arnouts 1996,
for more details on the parameters) were done using two dier-
ent deblendings (parameters DEBLEND_MINCOUNT= 0.01
and DEBLEND_MINCOUNT= 0.02). The smallest deblending
parameter (i.e., the nest deblending) is sucient to separate two
nearby galaxies without fragmenting excessively spiral galaxies
in the foreground, and provides the most accurate measurements.
However, BCGs can present a very diuse and luminous halo
which may be associated with ICL. We found that, in the pres-
ence of nearby bright sources in the region of the BCG, SExtrac-
tor would detect only those foreground sources and process the
BCG halo as a very luminous background. We therefore decided
to run SExtractor in parallel with a coarser deblending to take
this into account. The two catalogs obtained with two dier-
ent deblending parameters are then matched; we keep the val-
ues obtained with the ner deblending, and add all new objects
detected using a coarser deblending.

We computed the magnitude at which our catalog is com-
plete at 80%, m80%. To achieve this we plot the histogram in
apparent magnitudes and t the distribution up to the magni-
tude at which the distribution drops. By dividing the number of
detected sources by the total number of sources expected to be
detected in a magnitude bin (given by the t), we compute the
completeness of the catalog at each bin. We can then determine
m80%, and make a cut in apparent magnitude to reject all galaxies
with m≥m80% + 2, as the photometry would not be accurate for
these faintest objects.

Our procedure to reject the various contaminations is as fol-
lows. First, we query in NED for all the sources in the region
of the cluster and reject all those with a spectroscopic red-
shift that diers by more than 0.15 from the cluster redshift
(|z − zspec| > 0.15). We identify bad detections by their mag-

nitude values, which get returned as MAG= 99.99 by SExtrac-
tor. All point sources or unresolved compact galaxies are elim-
inated using the parameter CLASS_STAR≥ 0.95 in SExtractor,
which requires a point spread function (PSF) model to be fed into
SExtractor, created with PSFex (Bertin 2011). Most foreground
galaxies can be identied by their excessively bright absolute
magnitude when computed from their MAG_AUTO magnitude
and assuming they are at the cluster redshift. We thus exclude all
sources with an absolute magnitude MAG_ABS≤−26.

We can identify edge-on spiral galaxies, which appear very
elongated. They can be ltered by making cuts in elongation
(dened in SExtractor as the ratio of the galaxy’s major to minor
axis). As we explain in Sect. 3.1.2, we consider two dierent l-
ters. We dene two dierent cuts depending on the lter we are
looking at: in the bluest lter we apply the criterion ELONGA-
TION≤ 2.3, and in the reddest lter ELONGATION≤ 2.6. The
latter limit may seem quite high to lter eciently all edge-on
spiral galaxies. However, because of deblending issues, measur-
ing with precision the lengths of the major and minor axes of
the sources can be dicult, and will sometimes lead to a very
elongated object. A very bright and elongated halo around the
BCG, which can be linked to the ICL, will possibly return a high
a/b axis ratio. This is the case for the BCG in RX J2129+0005,
which has the highest a/b elongation (in the F606W lter) mea-
sured in our sample, reaching a/b = 2.57 (see Fig. 4). As the
reddest lter is more sensitive to the ICL, we prefer to dene a
limit that is not too strict on this lter. It does not eliminate all
edge-on galaxies (which would need a lower limit), but we can-
not take the risk of ltering out any of the BCGs we are looking
for. This is the reason why we dene a dierent stricter limit on
the bluest lter, as it is more sensitive to the blue stellar popula-
tion present in the disk of spiral galaxies, and less to the ICL.

3.1.2. Selection of red cluster galaxies

Early-type galaxies in clusters are usually easily recognizable by
their red color, since they are mostly red elliptical galaxies, with-
out star formation.While blue spiral galaxies also exist inside the
cluster, they are a minority, and red elliptical galaxies draw a red
sequence in a color-magnitude diagram, which has a low disper-
sion. We thus apply a lter in color in order to only keep the red
galaxies that form the red sequence.
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Fig. 3. Flowchart showing how BCGs are automatically selected, in the case of a rich cluster (see description of the method for our denition of a
rich cluster). Values may change for less rich clusters (see Sect. 3.1.3).

To extract all the red early-type galaxies in a cluster at
redshift z, we model their color using a spectral energy dis-
tribution (SED) template from Bruzual & Charlot (2003). The
model is similar to the one used by Hennig et al. (2017): a sin-
gle period of star formation beginning at redshift zf = 5, with
a Chabrier IMF and solar metallicity, that decreases exponen-
tially with τ = 0.5Gyr. However, it diers from the Hennig et al.
(2017) model on the star formation redshift; we chose a higher
zf to better model clusters at higher redshifts, while Hennig et al.
(2017) limit their study to redshift z = 1.1. We reject all blue
galaxies (blue-red≤ 0) and all galaxies whose measured (blue-
red) color diers by more than 0.60mag from the model. While
the red sequence of a cluster presents a rather narrow color-
magnitude relation, and therefore very little dispersion, this large
limit of 0.60 was xed in order to take into account photo-
metric uncertainties due to deblending issues, redshift uncer-
tainties, or simply to the accuracy of the model used (Charlot,
priv. comm.). The color is computed considering a xed aper-
ture of 35 kpc in diameter (parameter MAG_APER), which is
large enough to contain all of the galaxy’s light. All magnitudes

are K-corrected (K-correction values from the EZGAL BC03
computed model), and we also take into account galactic extinc-
tion. Dust maps were taken from Schlegel et al. (1998), and red-
dening values for the ACS and WFC3 bandpasses were taken
from Schlay & Finkbeiner (2011), considering a reddening law
RV = 3.1. The colors computed depend on the lters available
and on the redshift of the cluster. The color computed for each
cluster can be found in Table 1.

The rest frame (blue-red) color to compute is dened as
the color based on two magnitudes with the smallest wave-
length dierence that bracket the 4000Å break at the cluster
redshift. Depending on what lters are available for each clus-
ter, the selected lters will dier. An example is given in Fig. 5
for a cluster at z = 1.322; in this case the lters bracketing
the 4000Å break are F814W and F105W4. In the cases where
the two optimal lters are not available, the color used to trace
the red sequence galaxies at dierent redshifts may not be

4 The colors F606W−F625W and F775W−F814W were excluded as
the two lters are very close to each other.
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Fig. 4. BCG in RX J2129+0005 at redshift z = 0.234. The extended
and luminous halo makes it dicult to accurately estimate the a/b axis
ratio. In this case the major axis has most likely been overestimated, as
the diuse light is extended along this axis. The image was taken with
the F775W ACS lter.

Fig. 5. SED of an elliptical galaxy from the CFHTLS (black solid line)
redshifted at the cluster’s redshift (SPT-CL J0295–5829, z = 1.322).
The lter transmissions are normalized to 1 for better visualization, and
the break at 4000Å is shown as a red vertical line for reference. In
this case the chosen (blue-red) rest frame color is F814W−F105W, and
the lter chosen for the nal step (modeling the luminosity prole with
GALFIT) is F140W (see Sect. 4).

ecient; for instance, the use of the color (F606W−F140W)
would not optimize the selection as a galaxy at higher redshift
(z = 1.65 for example) than the cluster redshift (here z = 1.322)
would have the same color and would not be ltered out.

3.1.3. Rejection of spiral and isolated galaxies

The cut in colors is an important step that allows us to remove
most of the spiral galaxies and to maximize the number of ellip-
ticals in our catalogs. However, a few foreground galaxies may
still remain, and we describe here the method used to remove
them.

The algorithm described hereafter is applied to every single
galaxy, from the brightest to the faintest, until the cluster BCG
is found. We refer the reader to the sketch shown in Fig. 3. The
procedure includes the following steps:

– Step 1: For each cluster we sort the catalog from the bright-
est to the faintest galaxies, and going down their brightnesses, we

Fig. 6. Histogram of the modeled bulge magnitudes (parameter
MAG_SPHEROID) returned by SExtractor. All BCGs are shown
in red; the blue bin represents a spiral galaxy close to the cluster
ClG J1604+4304 (see Step 2).

exclude galaxies that are too isolated from the rest. We dene
the BCG as the brightest elliptical galaxy at the center of the
galaxy density distribution. To calculate the center we compute
NNeigh, the number of cluster members (i.e., red sequence galax-
ies) found in a xed aperture of 200 kpc radius centered on each
galaxy in the nal catalog, and note Nmax the maximum num-
ber computed. If N is the total number of red sequence galaxies
whose colors fall within 0.60mag from the model, and NNeigh
is the number of neighbors of a given galaxy in an aperture of
200 kpc, we consider that a galaxy is isolated and unlikely to
be the BCG if the ratio P = NNeigh/N is lower than 40% of
Pmax =Nmax/N.

Considering that we cropped our images to cover a pro-
jected area of 1.2× 1.2Mpc2, the aperture of diameter 400 kpc
taken here represents one-third of the side of the images. This is
small enough to detect high-density areas on the image, and big
enough to work on clusters with a high spatial extent. After sev-
eral trials adopting dierent values, the value of 200 kpc radius is
the one that works best. Less than 200 kpc becomes too small for
extended clusters, while a larger radius makes it dicult to detect
the smaller density uctuations, as the covered area becomes
large. The limit dened at Rlim = 0.40Rmax was also determined
after several tests. This condition takes into account the cluster
richness and spatial extent, as well as the possible oset of the
BCG relatively to the cluster center.

– Step 2: The next step consists in ltering out the last
spiral galaxies that remain among the potential BCG candi-
dates. We run SExtractor to model the potential BCG with a
bulge and a disk component. We nd that spiral galaxies have
a very faint bulge (parameter MAG_SPHEROID); as can be
seen in Fig. 6, a spiral galaxy (shown in blue) near the cluster
ClG J1604+4304 prevented us from successfully detecting the
BCG. We see a gap in magnitude between the spiral galaxy and
the other BCGs (which are not all pure ellipticals). This enables
us to dene a new cut in magnitude to remove these remaining
spirals: MAG_SPHEROID≤ 24.

– Step 3: If a galaxy complies with these conditions (i.e., not
being isolated and not being a spiral), we keep it as BCG1 if no
other BCG candidate was found before, and as BCG2 otherwise.
We do not proceed to the next step until a BCG2 is dened.

– Step 4: We check if there are more red sequence members
in the same aperture for BCG2 than the number dened in Step
1 for BCG1 by comparing their PNeigh ratios (dened in Step 1).
We denote them PBCG1 and PBCG2. If PBCG1 ≤ 0.95 PBCG2, and if
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less than 30% of NNeigh,BCG2 are in common with BCG1, BCG1
is eliminated and we dene BCG2 as the new BCG1.

The factor of 95% ensures that the overdensity in which
BCG2 lies is signicantly richer than the one in which BCG1
is. The second criterion on the number of galaxies common to
BCG1 and BCG2 is to make sure that we are not replacing a BCG
that is not at the very center of the cluster by another galaxy that
is closer. This criterion is necessary to avoid eliminating BCGs
that are a little oset from the center of the cluster where the den-
sity is higher. It allows us to check that the two galaxies are not
in the same area in the sky; in other words, we check that BCG2
does not belong to the same clump (overdensity) as BCG1, or
that the two galaxies do not belong to the same cluster.

– Step 5: This step is taken only if BCG2 is dened,
otherwise we repeat the previous steps until it is found. If
BCG1 and BCG2 are similar in size (ratio of the major
axes aBCG2/aBCG1 ≥ 0.80) and brightness (magnitude dierence
magBCG2–magBCG1 ≤ 0.2), we keep both BCG1 and BCG2 as the
BCGs of the cluster. Otherwise, BCG2 is eliminated and BCG1
is dened as the BCG.

The values above do not always work for poor clusters (i.e.,
when the number of cluster members is low or when the density
of red sequence galaxies is low). There is no problem when all
the cluster members are concentrated in the same area (with a
size comparable to the previously dened aperture); however, if
the members are dispersed over the sky and cover a large area,
an aperture of 200 kpc radius becomes too small to detect den-
sity uctuations on the sky. We thus dierentiate these clusters
by their number of red sequence members, N, and by the previ-
ously dened parameter Pmax (see Step 1). We separate the poor
clusters with Pmax ≤ 0.25 and N ≤ 100 (very extended clusters
with no important density clumps), and Pmax ≤ 0.5 and N ≤ 40
(low number of red sequence galaxies, extended spatial distri-
bution). We were not able to correctly determine the BCGs for
these clusters by dening a 200 kpc radius aperture, so for these
poorer clusters, we consider a bigger aperture of 500 kpc radius.
To take into account the bigger aperture, we also modify the sec-
ond criterion in Step 4. We check that the two BCGs candidates,
BCG1 and BCG2, have less than 50% galaxies in common in the
same aperture to guarantee that they are not both residing in the
same cluster.

3.1.4. Results for detected red BCGs

Among the 137 clusters in our sample, 50 clusters only had one
lter available, and were thus excluded from this procedure. For
these 50 clusters without available colors, we visually checked
the images to determine the BCG, and checked with X-ray maps
or other studies before adding them to the nal sample.

In order to assess the eciency and accuracy of our detec-
tion method, we checked each detection visually and compared
it with other studies and with any X-ray map we could nd. We
compared the X-ray map to the position of the detected BCG
to make sure that it is not too far from the X-ray peak (but not
necessarily located at the peak, in a radius of about 200 kpc).

During this verication, we found that our detection dif-
fers from that of Durret et al. (2019) and Bai et al. (2014) for
the BCGs in MACS-J0717.5+3745 and SpARCS-J0224, respec-
tively. MACS-J0717.5+3745 presents a very complex structure
because is it undergoing multiple mergers (see Limousin et al.
2016; Ellien et al. 2019, and references therein). Durret et al.
(2019) dene the BCG as the one in the southern structure;
instead, we detected a brighter galaxy in the northern structure,
which we dene as the BCG. We decided to keep our detection

as it lies near the X-ray peak in the northern structure and is
surrounded by galaxies at the cluster’s redshift. We found, by
checking visually, that the BCG in SpARCS-J0224 dened in
Bai et al. (2014) is a spiral galaxy. We thus choose to keep our
detection, which is an elliptical galaxy located just south of their
detection.

A few star forming BCGs can be found in our sample.
We nd red BCGs with a very high star formation rate (SFR),
for example MACS J0329.6–0211 at z = 0.45. This BCG has
an almost starburst level of UV continuum and star formation
(Donahue et al. 2015). Images of this BCG in the UV continuum
and Hα–[NII] lines are given by Fogarty et al. (2015), illustrat-
ing the distribution of star formation throughout the galaxy. The
high SFR of about 40M yr−1 was conrmed by Fogarty et al.
(2017), based on Herschel data. Green et al. (2016) also indi-
cate that this galaxy hosts an AGN, and is quite blue (blue-
red=−0.71), with strong emission lines and a rather high X-ray
luminosity of 11.85 × 1044 erg s−1.

Overall, all the red BCGs, even those that are not pure ellip-
tical BCGs or those with colors that are not optimized because of
the lack of available lters, were successfully detected with our
method. We successfully detect 97% of the BCGs in our sam-
ple, and all the red BCGs are found. The method is eective in
detecting red BCGs presenting dierent morphologies and char-
acteristics (mergers, star forming, traces of dust in the core, dis-
turbed).

It should be noted, however, that this method may be less
reliable for poorer clusters (as dened in the previous sub-
section). As we were conducting several tests, trying dierent
values of apertures in which we computed the number of red
sequence galaxies or the threshold below which galaxies are con-
sidered isolated, we found that the detection eciency for poorer
clusters was more sensitive to these parameters. As this method
relies on the density of red sequence galaxies in a small aper-
ture, BCGs that are a little oset from the density peak (which
is more dicult to calculate for poor clusters with an extended
spatial distribution) could be eliminated, and rejected as being
isolated from the other red sequence galaxies.

It is also important to note that, in the presence of more than
one cluster (i.e., two clusters interacting with each other) or in
the case of superclusters, only the brightest galaxy of one sub-
structure will be detected. For MACS-J0717.5+3745 for exam-
ple, the BCG of the northern clump is the brightest, and thus is
the one detected by our algorithm.

3.2. Finding blue BCGs

Out of the 98 BCGs (87 clusters, 11 clusters with two BCGs) in
our sample that we tried to detect, we nd two peculiar BCGs
with blue colors. Most brightest cluster galaxies are quiescent
galaxies, and their dominant stellar population is typically red
and old. As they grow by undergoing mergers through time, all
their gas is consumed, and we expect the star formation to be
quenched or suppressed. However, we do observe, both today
and in the distant universe, BCGs with intense UV emitting l-
aments or knots, hinting at active star formation. Cerulo et al.
(2019) found that 9% of their sample of massive BCGs in the
redshift range 0.05 ≤ z ≤ 0.35 from the SDSS and WISE sur-
veys have blue colors (which they dene as galaxies with colors
2σ bluer than the median color of the cluster red sequence), and
are star forming. What we refer to from now on as star forming
BCGs (SF BCGs), to date have only been observed in cool core
clusters. Their morphology can be quite dierent from that of a
simple elliptical galaxy, as was stated before. These galaxies can
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Fig. 7. From left to right: MACS J0329–0211 (z = 0.45), an example of a red star forming BCG; RX J1532+3020 (z = 0.3615) and MACS J1932–
2635 (z = 0.352), the only two blue star forming BCGs in our sample.

appear disturbed, with a complex structure showing a possible
recent or ongoing merger. Such examples of SF BCGs show that
BCGs are not all simple ellipticals.

Two BCGs, RX J1532+3020 (z = 0.3615) and MACS
J1932–2635 (z = 0.352), were not correctly detected as they are
cool core BCGs with an extremely active star forming center,
so they were eliminated because of their blue colors. These two
BCGs were identied by eye and added manually, after check-
ing and conrming with other studies. Their images are shown
in Fig. 7.

These two BCGs are the only blue BCGs in our sample (blue
meaning a negative rest frame blue-red color) out of the 98 BCGs
for which we compute a color. In comparison with other studies,
we nd a few other BCGs that are star forming but still red.

RX J1532+3020 is one of the most extreme cool core galaxy
clusters observed today, as well as one of the most massive.
An intensive study by Hlavacek-Larrondo et al. (2013) shows
the existence of a western and an eastern cavity, which are
used to quantify the AGN feedback at the center of the galaxy.
These authors estimated that this feedback would release at least
1045 erg s−1, which would prevent the intracluster medium (ICM)
from cooling, and would then allow us to solve the cooling ow
problem in cool core clusters. The BCG of this cluster is a radio
loud galaxy that, in its central regions, presents UV laments
and knots, as well as traces of dust, hinting at recent star for-
mation, with a SFR of at least 100M yr−1 (Castignani et al.
2020). A strong and broad Lyman-α emission and stellar UV
continuum, and no other emission lines, have been observed by
Donahue et al. (2016). CO with a large reservoir of molecular
gas and with a high level of excitation have also been detected
by Castignani et al. (2020).

MACS J1932–2635 is another cool core cluster with a huge
reservoir of cold gas in the core, of mass (1.9± 0.3)× 1010 M,
which makes it one of the largest reservoirs observed today, in
which Fogarty et al. (2019) detected CO emission as well as UV
knots and Hα laments around the BCG. They measured a SFR
of 250M yr−1, and also observed an elongated tail that extends
to the northwest, with traces of cold dust in the tail, which they
suspect might be caused by a recent AGN outburst.

In order to detect these blue BCGs, we would have to relax
the condition on the color. However, this condition is neces-
sary in order to remove most of the spiral galaxies, and we nd
that allowing galaxies with blue colors would make the method
much less reliable as the red sequence would be ill-dened. Our
method is thus only reliable to detect red BCGs, even if they

are not pure ellipticals (star forming or merging galaxies, for
example).

4. Luminosity proles

We t 2D analytical models on sources with GALFIT
(Peng et al. 2002). Once the BCG is dened, we run SExtrac-
tor one last time to return model t parameters in the available
lter closest to the F606W rest frame at redshift z (see Fig. 5),
which is at a wavelength above the 4000Å break and thus in the
spectral region where we get the highest ux. The chosen lters
can be found in Table 1. We note that there are 37 BCGs out of
the 149 for which HST data are not available in the F606W rest
frame or redder. The reddest lter is either bluer than the 4000Å
break or contains it, which means that not only are we looking at
the oldest, reddest star population, but also at the youngest bluest
stars. These BCGs are indicated by blue squares in the plots. The
redshift distribution of all our BCGs is plotted in Fig. 2; the blue
histogram represents the clusters with lters which are bluer than
the 4000Å break. These clusters observed in lters that are too
blue are mainly between redshifts 0.7 and 1.2.

4.1. Masking

We rst need to mask all the neighboring sources. We take the
SEGMENTATION map returned by SExtractor, and unmask the
BCG (which is identied by an identication number), and also
mask any blank region on the image. Because of deblending
issues, it is more than likely that other objects, projected on the
BCG, need to be masked.

We use sharp divided images to detect any neighboring
objects that pollute the signal. Sharp divided (SD) images (see
e.g., Márquez et al. 1999, 2003) are obtained by dividing the
images by the median ltered corresponding images. This brings
out all the small neighboring sources that may have been hidden
by the luminous halo of the BCG. We run SExtractor (again)
on this SD image, and mask all the objects that are farther than
0.5 arcsec from the BCG coordinates (an example is given in
Fig. 8), which is the minimum distance required to avoid mask-
ing the BCG center. As can be seen in Fig. 8, the sources masked
based on the SD image detection seem larger on the nal mask
than in the SD images, as the SD image does not show the true
sizes of the objects. We apply a factor of 6 to the minor and major
axes of the sources detected by SExtractor on the SD image to
create our nal mask. This factor allows us to include all the

A42, page 8 of 19



A. Chu et al.: Brightest Cluster Galaxies

Fig. 8. Example of the BCG in the cluster Abell 2261, at z = 0.224. Left: segmentation map returned by SExtractor, with the BCG unmasked. The
pixels with a value of 1 are masked; those with a value of 0 are unmasked. Middle: sharp divided image in which four knots in the core appear.
These knots were drowned in the light of the BCG and are now visible. Right: nal mask (including the central objects).

luminosity of the sources and to mask them eciently. If nec-
essary, we identify by eye and draw the regions to be masked
ourselves in SAOImage DS9 and create a new mask.

4.2. PSF model

To obtain a successful model of the galaxy proles that also
works for the inner regions, an accurate description of the PSF
is needed. While the PSF we used for the photometry may
have been sucient to distinguish stars from galaxies, GALFIT
requires the PSF to meet a number of criteria: it must have a very
high S/N and a at and zero background (otherwise any pattern
in the background will appear on the model image when con-
volved with the PSF); it should match the image (e.g., dirac-
tion rings and spikes, speckle pattern); and it should be correctly
centered (see GALFIT Technical FAQ).

We rst subtract from the images the sky background, which
is determined by masking all sources and blank areas on the clus-
ter image, using the routine calc_background with a 3σ clip-
ping method. We then use PSFex, and make a selective sam-
ple of the stars that will go into making the PSF. We select all
point-like sources with FLAGS= 0, MAG_AUTO≤ 21, ELON-
GATION≤ 1.1, CLASS_STAR≥ 0.98, S/N ≥ 20, and an isopho-
tal print ISOAREA_IMAGE≥ 20 pixels.

Since we work on HST observations that cover a small eld
of view, there may not be many bright stars in the eld of the
cluster that we could use to compute a PSF. We tried to take sev-
eral faint stars and stack them to increase the S/N of the PSF.
However, we nd that this often results in a PSF with an uneven
background that stands out during the model tting returned by
GALFIT, and this usually ends up being a bad t (too large
eective radius, large uncertainties). Since we are working on
space observations, the PSF does not vary much, and though it
may vary with time, the variations should not be signicant (see
Martinet et al. 2017). This means that we can replace the PSF
for a given lter by another one in the same lter with a better
S/N. Higher S/N PSFs return better ts.

Modeled and theoretical PSFs are available for ACS/WFC
and WFC3/IR. However, according to the GALFIT Technical
FAQ5, the proles obtained with models may not be realistic for
space-based images, so we prefer to use observed PSFs.

5 https://users.obs.carnegiescience.edu/peng/work/

galfit/TFAQ.html

4.3. Prole tting

We use GALFIT to t two dierent models to our BCGs: a sin-
gle Sérsic component or two Sérsic components, to allow dier-
ent contributions from the inner and outer parts of the galaxies.
We also tried to apply other models or combinations of mod-
els including a de Vaucouleurs prole, but they always provided
worse results (i.e., they gave a worse χ2, and about 30% of the
BCGs were not well tted with one or two de Vaucouleurs pro-
les), so here we only discuss the results with Sérsic ttings.

It is necessary to give GALFIT an estimate of all the
initial parameters: the eective surface brightness or total
magnitude, the eective radius (the radius at which half of
the total light of the galaxy is contained), and the elongation
or the position angle (PA) of the BCG. These initial guesses
are taken from the SExtractor catalogs: MU_EFF_MODEL
or MAG_AUTO, FLUX_RADIUS, ELONGATION, and
THETA_IMAGE. We did not have an estimate of the BCG
Sérsic index, so we started from the value corresponding to the
de Vaucouleurs prole: n = 4. If the tting does not converge,
we try dierent Sérsic indices in the range 0.5−10. For the
second Sérsic component that accounts for the inner part, the
following parameters are considered: MU_EFF_SPHEROID,
SPHEROID_REFF_IMAGE, SPHEROID_SERSICN, and
SPHEROID_THETA_IMAGE. The sux SPHEROID refers to
the bulb component when SExtractor tries to model a disk and
a bulb to a galaxy. We consider an elongation (minor-to-major
axis ratio, b/a) of 0.90 for the inner part, as an initial guess. The
region to t is a box that is 2.5 rKron wide (cf. GALFIT FAQ),
rKron being the Kron radius returned by SExtractor. This is large
enough to contain all the light from the BCG as well as some
sky background, and is a good compromise to obtain good ts
of our galaxies.

We rst run GALFIT to t the BCGs with one Sérsic com-
ponent. If it does not manage to converge with a Sérsic index of
n = 4, we try dierent values between 0.5 and 10 until it con-
verges to a meaningful t, and reject any t with returned eec-
tive radius larger than half the size of the tting region, which is
to say Re ≤ 2.5 rKron/2 pixels. We then use the output parame-
ters as initial guesses to t the outer part of the galaxy and add
another Sérsic component to t the inner part of the galaxy. If
it does not converge towards meaningful values, we increment
the Sérsic index until it manages to t the BCG. For pairs of
BCGs (two brightest cluster galaxies with similar sizes and mag-
nitudes), we t both of them simultaneously.
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Fig. 9. Distribution of P-values as a function of redshift considering
a model with one Sérsic component (magenta), and a model with two
Sérsic components (cyan). BCGs that could not be tted by either model
are not included.

4.4. Choice of best t model

The quality of the t can be estimated from the reduced χ2

(χ2ν), which should be close to 1. From our results we nd that
χ2ν > 1.2 and χ2ν < 0.8 often indicate a bad t. This happens
when the model used to t the BCG is not adapted, or when the
initial parameters given are bad estimates. In this case, GALFIT
may also not have converged and/or crashed. To decide whether
a second component is really necessary to t the BCG, or if
one component gives equally good results, we use the F-test
(Simard et al. 2011; Margalef-Bentabol et al. 2016). As stated in
Bai et al. (2014), as the background noise is not Gaussian, the
meaning of χ2ν is not as signicant, and when comparing two
models a χ2ν closer to unity does not necessarily mean that it is a
better t. So we prefer to use an F-test.

The F-test states that if the P-value, determined from the F-
value and the number of degrees of freedom, is lower than a
probability P0, then we can reject the null hypothesis and con-
sider that the second model gives a signicantly better result than
the simpler one. The F-value is dened as the ratio of the reduced
chi-squared values of the two models. GALFIT returns the χ2

and the χ2ν of the t, but instead of directly considering the out-
put χ2ν computed by GALFIT, we compute χ2ν as

χ2ν =
χ2

nd.o.f.
(1)

with nd.o.f. the number of degrees of freedom, which is dened
here as the number of resolution elements, nres, minus the num-
ber of free parameters in the model, nfree. nres can be calculated
as (see Simard et al. 2011; Margalef-Bentabol et al. 2016)

nres =
npixels

πθ2
, (2)

where npixels is the number of unmasked pixels used for the t-
ting, and θ is the full width at half maximum (FWHM) of the
given PSF in units of pixels, and nd.o.f. is then

nd.o.f. = nres − nfree − 1. (3)

The P-value is then calculated with the routine f.cdf from
scipy.stats in python. We set P0 = 0.32, which represents a 1σ
threshold value (Margalef, priv. comm.).

Fig. 10. Distribution of redshifts for each model: a single Sérsic com-
ponent (magenta) and two Sérsic components (cyan). The overall distri-
bution is shown in gray. The semi-lled histograms represent the initial
sample, and the unlled histograms only contain BCGs with appropriate
data.

We show the distribution of P-values as a function of redshift
in Fig. 9. A P-value≤ P0 means that we need a second compo-
nent to correctly model the BCG light distribution. We do not
represent in this plot the BCGs that could not be tted by either
model: 9 BCGs could only be tted with a single component,
22 could only be tted with two components, 2 could only be
tted by xing the Sérsic index n = 4 (de Vaucouleurs prole),
and 2 BCGs could not be tted or returned a poor t for either
of the models. In Fig. 10 it appears that BCGs that need a sec-
ond component to obtain a good t tend to be at lower redshifts
(peak at z = 0.3), while the distribution for those that were well
tted with a single component is atter. We also nd BCGs with
a model with two Sérsic proles at higher redshifts (14 BCGs
at z ≥ 1.0). If the chosen model depended on the distance, we
would have expected not to have two component BCGs at higher
z, which is not the case.

We must remember that part of our sample (37 BCGs) is
studied in a too blue rest frame lter, and for these clusters we
are not looking at the same star population. Without taking into
account those observed in too blue lters, we nd that 55 out of
72 BCGs (76%) at redshift z ≤ 0.8 need a second component,
while the trend is reversed at z > 0.8, as 23 out of 38 BCGs
(61%) can be nicely modeled with only one component. We also
nd that most of the BCGs observed with too blue lters (62%)
can be modeled with only one Sérsic.

We also want to discover if the existence of these two dis-
tinct populations (BCGs with two components at low z, and
BCGs with a single component throughout redshift), with a limit
around redshift z = 0.8, may be due to the fact that BCGs at
higher redshifts are less resolved than their lower redshift coun-
terparts. To test this hypothesis, we bring a sample of 44 BCGs at
redshifts z ≤ 1.0 to a common physical scale at redshift z = 1.2.
We smooth the images with a Gaussian and repeat the previous
steps. The σgauss of the Gaussian to apply is calculated as

σgauss =
√

(σ2
z=1.2 − σ2

z,cluster)

with σz,cluster computed from the FWHM of the image we want
to degrade, and σz=1.2 the σ at the reference redshift z = 1.2,
which was computed as

A42, page 10 of 19



A. Chu et al.: Brightest Cluster Galaxies

σz=1.2 = σz,cluster ∗
pixscalez=1.2
pixscalez,cluster

·

Of the 44 BCGs at z ≤ 1.0 on which we did this test, 30 returned
results similar to those obtained with the original (unsmoothed)
images. We also found that seven BCGs that were better t-
ted with two Sérsic components can be modeled just as well,
according to the F-test, with only one Sérsic after smoothing the
images. Surprisingly, the opposite also happened for seven other
BCGs: four could not initially be tted with two components
and the other three were close to the P-value limit, Plim = 0.32.
As 68% of the tested BCGs showed no signicant dierence, we
can conrm that the lack of resolution for the farthest BCGs does
not cause the absence of an inner component for BCGs at higher
redshifts.

4.5. BCGs observed in too blue lters

In all that follows, when considering together the results from
BCGs better t with one or two Sérsic components, we con-
sider the values obtained for the outer Sérsic component (Re,out ≥

Re,in).
As stated before, we have 37 BCGs observed in too blue l-

ters (relative to the 4000Å break). We must determine if they
can be taken into account in our nal study. For this, we run
a test on 40 clusters with lters available on the blue side of
the 4000Å break as well as appropriate red lters, to check if
the returned parameters vary depending on the lters chosen.
We nd that the absolute magnitude and mean eective surface
brightness become fainter as the lter gets bluer. However, the
dispersion is too big to simply correct for the oset to bring the
BCGs observed in too blue lters to the appropriate red ones,
perhaps because the lters on the blue side of the break do not
always fall in the same spectral region on the SED (as the SED
varies with redshift, and not all clusters were observed with the
same lters). The eective radii can have their sizes halved when
observed with too blue lters. As for the Sérsic indices, we nd
that the BCGs that need a second component tend to have Sér-
sic indices in bluer lters consistent with those measured in the
appropriate red lters. The BCGs which could be tted with only
one Sérsic have indices that vary without any clear pattern. These
observations show that we cannot directly consider together the
measurements obtained looking at dierent parts of the SED.
Therefore, we chose to exclude the BCGs observed in too blue
lters in what follows.

We nd however that the position angles (PA) of the BCGs
are not aected and remain consistent regardless of the lter cho-
sen (see Fig. 11). The PAs of these BCGs will thus be kept.
Only one point presents a big dierence between the two val-
ues (PAred–PAblue > 120◦). We found that the ICL associated with
this BCG is more extended in the reddest lter; Ellien et al.
(2019), also show that the ICL tends to be more extended in red-
der lters. The other BCGs with a signicant dierence between
the values measured in the two dierent lters are circular in
shape (b/a > 0.80), so the PAs are ill-dened, which also
explains the huge error bars.

5. Results

As explained above, we tried tting the BCGs with one or two
Sérsic proles. In the following the values plotted are those
from the best model determined using the F-test (see previous
section). The resulting parameters are summarized in Tables 2
and 3.

Fig. 11. PAmeasured in the appropriate red lter (x-axis), and measured
in a too blue lter (y-axis). In red are BCGs with elongations b/a ≤

0.80.

Two BCGs were not properly tted by either model, but were
correctly tted by xing the Sérsic index n = 4 (corresponding to
a de Vaucouleurs prole). We thus kept the parameters obtained
with this t. Two other BCGs were not correctly tted by either
model, and were thus excluded, bringing our sample size to 147
BCGs.

We summarize the total number of galaxies that were t with
each model:
– Sérsic (1 component): 63 BCGs;
– Sérsic+Sérsic (2 components): 84 BCGs.

Without taking into account the BCGs observed in too blue l-
ters we have:
– Sérsic (1 component): 40 BCGs;
– Sérsic+Sérsic (2 components): 70 BCGs.

In all the plots shown in this paper, the BCGs better tted with
two Sérsic components will be represented with triangles, and
those tted with only one component with diamonds.

Before drawing conclusions, we need to know if we can con-
sider together the results from BCGs better t with one and with
two Sérsic components. In principle, the two subsamples can be
put together if, for the two components, we assume that the outer
component contains most of the light of the BCG and that the
outer prole represents well enough the overall luminosity of the
galaxy. The more important the contribution of the inner compo-
nent to the total luminosity of the BCG is, the less accurate this
statement will be. If an inner component is required to model the
BCG, then the resulting outer prole obtained when tting two
components may not be comparable to a prole obtained with
only one component.

We show the histogram of the ratio of the inner compo-
nent to total uxes for the 70 BCGs requiring two Sérsic com-
ponents (see Fig. 12), and nd that 24 BCGs present a very
important inner component, which can contribute up to 30%
of the total luminosity of the galaxy. If we choose to ignore
these 24 BCGs, no obvious dierence can be seen in the overall
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Table 2. Parameters obtained from tting the luminosity proles of the BCGs with GALFIT.

Name Class Model MABS 〈µe〉 Re n b/a PA Alignment
(mag) (mag arcsec−2) (kpc) (degrees) (degrees)

SpARCS-J0335 1 Sérsic −26.088 25.034 57.488 8.7 0.88 158 4
XDCPJ0044–2033 1 Sérsic −25.073 23.119 12.944 3.39 0.36 11 63
CLJ0152–1357 1 Sérsic −24.859 23.471 21.802 3.59 0.7 49
CLJ015244.18–135715.84 2 Sérsic −24.378 22.698 12.74 4.24 0.75 42
CLJ015244.18–135715.84 1 Sérsic −24.478 22.343 11.331 7.96 1.0 10
RCSJ0220–0333 1 Sérsic −24.511 23.111 10.804 4.08 0.75 24 64
RCSJ0221–0321 1 Sérsic −23.916 22.257 5.667 0.88 0.61 111 63
RCSJ0221–0321 2 Sérsic −24.566 23.098 11.261 5.43 0.74 21 27
XLSSJ0223–0436 1 Sérsic −24.675 23.103 8.146 4.52 0.74 47 69
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
SPT-CLJ0000–5748 1 Sérsic2 −25.601 24.306 47.94 1.85 0.53 162 8
ACO2813 1 Sérsic2 −24.891 23.516 49.81 4.7 0.72 175
ACO2813 2 Sérsic2 −24.894 23.362 46.464 1.3 0.53 148
RXJ0056–27 1 Sérsic2 −24.641 23.613 28.883 1.83 0.64 94
SPT-CLJ0102–4915 1 Sérsic2 −24.87 22.478 13.894 1.62 0.87 118 29
SPT-CLJ0102–4915 2 Sérsic2 −25.753 22.069 15.653 1.26 0.57 134 13
RXJ0110+19 1 Sérsic2 −24.411 22.709 26.043 1.1 0.72 44
Abell209 1 Sérsic2 −24.327 21.734 19.715 2.05 0.71 134 23
SPT-CLJ0205–5829 1 Sérsic2 −25.701 26.197 82.853 1.09 0.33 32 8
XMMXCSJ022045.1–032555.0 1 Sérsic2 −24.403 21.638 16.486 2.34 0.91 65
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Notes. Only the parameters obtained for the chosen model are shown. If tted by two Sérsic proles, the parameters of the outer component are
given (the parameters for the inner component are then given in Table 3). The columns are: full cluster name, class of the galaxy, best model (Sérsic
is a model with a single component, Sérsic2 is a model with two components, and Sérsic* xes the Sérsic index n = 4), absolute magnitude, mean
eective surface brightness, eective radius, Sérsic index, elongation (ratio of the major to minor axis), position angle, alignment of the BCG with
its host cluster. The full table is available at the CDS.

Table 3. Parameters obtained for the inner component, for BCGs tted with two Sérsic proles.

Name Class MABS,inn 〈µe,inn〉 Re,inn ninn b/ainn PAinn

(mag) (mag arcsec−2) (kpc) (degrees)

SPT-CLJ0000–5748 1 −23.363 22.079 6.133 1.18 0.66 −6
ACO2813 1 −22.077 19.314 1.968 0.37 0.76 −3
ACO2813 2 −23.127 21.373 8.236 2.03 0.87 −45
RXJ0056–27 1 −23.153 22.119 7.314 4.47 0.89 −32
SPT-CLJ0102–4915 1 −23.625 19.466 1.956 1.6 0.73 −12
SPT-CLJ0102–4915 2 −24.621 19.962 3.521 1.54 0.47 −48
RXJ0110+19 1 −23.367 19.475 3.634 2.32 0.92 23
Abell209 1 −20.251 17.611 0.452 1.28 0.93 68
SPT-CLJ0205–5829 1 −24.978 23.76 19.333 7.67 0.72 −19
XMMXCSJ022045.1–032555.0 1 −21.69 18.129 0.939 1.51 0.72 67
. . . . . . . . . . . . . . . . . . . . . . . .

Notes. The columns are: full cluster name, class of the galaxy, absolute magnitude, mean eective surface brightness, eective radius, Sérsic
index, elongation (ratio of the major to minor axis), position angle. The full table is available at the CDS.

relations observed in the following. However, we prefer to
exclude them as the outer prole may not be comparable to
the prole obtained with a single component modeling most of
the light of the galaxy. After excluding the galaxies with a very
bright inner component and those observed in too blue lters, we
obtain the nal numbers:
– Sérsic (1 component): 40 BCGs;
– Sérsic+Sérsic (2 components): 46 BCGs.

In the following plots, BCGs observed in too blue lters are indi-
cated by blue squares, and those t with two Sérsic proles and

with an important inner component are indicated by light pink
squares. We also identify the blue SF BCGs (cf. Sect. 3) with
red squares and pairs of BCGs with black triangles.

5.1. Evolution with redshift

In order to study the evolution of the BCGs, we consider the
dependence of the derived parameters as a function of redshift.

The absolute magnitudes of the BCGs, computed from the
total apparent magnitudes (see Table 1 for the lters considered)
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Fig. 12. Histogram of the ratio of the ux of the inner component to
the total ux of the BCG, for clusters better t with two components.
Clusters observed in too blue lters are excluded in this plot.

calculated by GALFIT, despite the very big dispersion (4mag
thoughout redshift) tend to become brighter with redshift (see
Fig. 13, left). The trend is faint, and can be quantied with a
correlation coecient R = −0.29 and a p-value p = 0.006563
(calculated from the coecient R and the number of data points
N6). By taking a signicance level of α= 0.05, we show that we
can reject the null hypothesis (p < α) and conclude that the trend
is signicant.

There is a moderate trend for BCGs to grow with time
(Fig. 13, right), as those with the smallest eective radii are at
higher redshifts (z ≥ 1.2). The trend in logarithmic scale is quan-
tied by a correlation coecient R = −0.40, and with a p-value
of p = 0.000142. BCGs observed in too blue lters generally
have smaller eective radii than the others at a given redshift.
Those with an important inner component contribution do not
appear to occupy a special place in these relations.

The mean eective surface brightness (Fig. 14) shows no
signicant evolution as a function of redshift (R 0.1), with
a very large dispersion (spanning 6mag at z ≥ 1.25). Seven
BCGs at higher redshifts (z ≥ 1.4) can be seen among the
galaxies with the brightest mean eective surface brightnesses
(〈µ〉 ≤ 22mag arcsec−2). We conrm that nothing peculiar was
observed with these BCGs. Those observed in too blue lters
and those with an important inner component contribution do
not occupy a specic place in the relation.

The vertical gradient in color in Fig. 14 shows that the large
dispersion is also linked to the eective radius. As we go towards
the biggest BCGs (increasing eective radii), the relation is
shifted towards the fainter mean eective surface brightnesses.
This is to be linked with the Kormendy relation, which is shown
in Sect. 5.2.

Finally, there is no correlation between the Sérsic index and
redshift (Fig. 15, left). However, in the right panel, we see two
dierent populations: the BCGs that were modeled with only
one component generally have high Sérsic indices with a strong
peak at n1comp,mean = 4 (without considering the BCGs observed
in too blue lters), while the BCGs that were better modeled with
two Sérsic components with lower Sérsic indices show a peak at
n2comp,mean = 2.0.

5.2. Kormendy relation

The Kormendy relation (Kormendy 1977) links the (mean) eec-
tive surface brightness of elliptical galaxies to their eective

6 https://www.socscistatistics.com/pvalues/

pearsondistribution.aspx

radius. This relation is plotted in Fig. 16. The dierent col-
ors represent dierent redshift bins: z ≤ 0.3, 0.3 < z ≤ 0.5,
0.5 < z ≤ 0.9, 0.9 < z ≤ 1.3, and z > 1.3. We show that all
the BCGs seem to follow the Kormendy relation with the same
slope, but the ordinate at the origin of the line decreases with
increasing redshift.

While applying a linear regression to the relation obtained
in each redshift bin (R > 0.80, p < α), we nd that the slope
remains quite constant at all redshift bins, m = 3.33 ± 0.73,
whereas the ordinate at the origin varies as c = 2.15 ∗ z + 16.65.

5.3. Inner component

The sample requiring an inner component consists of 46 BCGs.
We nd that the inner component follows a Kormendy rela-
tion (Fig. 17), and is a continuation of the Kormendy relation
shown in Fig. 16 at brighter mean eective surface brightness
and smaller eective radius (Re,inn ≤ 20 kpc).

We observe a very faint trend for the inner components to
have brighter surface brightnesses with decreasing redshift, but
the trend is not signicant (R = 0.27, p = 0.06237 > α). We
do not nd any clear correlation (correlation coecient ≤0.2)
between redshift and the absolute magnitude, eective radius, or
Sérsic indices of the inner component of the BCGs.

5.4. Alignment of the BCG with its host cluster

Some studies have shown that BCGs tend to have a similar ori-
entation, or PA, to that of their host cluster (West et al. 2017;
Durret et al. 2019). As a comparison, we reproduce this study
and compare our results with those of these two papers. The PA
of the host clusters are taken from West et al. (2017) (computed
from the moments of inertia of the distribution of red sequence
galaxies) and Durret et al. (2019) (computed from density maps
of red sequence galaxies), and the PAs of the BCGs are measured
here with GALFIT. If measurements are given in both papers, the
PAcluster in Durret et al. (2019) was used, unless the PAcluster is ill-
dened (when the clusters are circular in shape), in which case
the PA fromWest et al. (2017) was used. We did not measure the
PA of the host clusters for the clusters that are not presented in
the above-quoted papers as our images are not large enough to
accurately measure the full extent and shape of the cluster.

We include all BCGs for which the PA of the cluster was
measured (73 BCGs), including those observed with too blue l-
ters, as the PA measured by GALFIT is the same regardless of
the lter (see Fig. 11). We show the histogram of the alignment
between the BCGs and their host clusters (dened as the dier-
ence of PA between that of the cluster and the BCG) in Fig. 18.

We nd that 39 BCGs (53%) are aligned with their host clus-
ter with a dierence smaller than 30◦. This already shows a ten-
dency for BCGs to align with their host clusters, as a random
orientation of the BCGs would result in a at distribution. BCGs
with the highest PA dierence tend to be circular in shape (elon-
gation= b/a ≈ 1, for which it is more dicult to measure a
PA, resulting in high uncertainties). We thus chose to exclude
all BCGs with axis ratio b/a ≥ 0.8, in order to eliminate BCGs
with ill-dened PAs, as shown in red in the histogram. We then
nd that 32 out of 58 of BCGs are aligned with their host cluster
within 30◦, slightly increasing the percentage to 55%. There is
a secondary peak between a PA dierence of 30 to 40◦, mainly
corresponding to BCGs at redshift z ≥ 0.9. At such high red-
shifts, galaxies appear smaller, and therefore the accuracy of the
measured PA is probably worse. If we only consider galaxies at
z ≤ 0.9 (blue histogram), we nd that 22 BCGs out of 30 (73%)
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Fig. 13. Left: absolute magnitude and Right: eective radius in logarithmic scale as a function of redshift. Cyan triangles are BCGs t by two
Sérsic components (the outer component is considered), while the magenta points are BCGs t with only one Sérsic component. Blue squares
represent the BCGs observed in too blue lters, red squares are SF BCGs (see Sect. 3), black triangles are pairs of BCGs, and the light pink squares
are BCGs with an important inner component contribution.

Fig. 14. Mean eective surface brightness as a function of redshift
(color-coding as in Fig. 13). Additional information on the eective
radii of the BCGs is shown on the right of the gure.

align with their cluster within less than 30◦. This shows that most
BCGs tend to align with their host cluster at least at z ≤ 0.9.

5.5. BCG physical properties as a function of host cluster
properties

We browsed the available bibliography to retrieve the cluster
masses and X-ray center coordinates. The corresponding data
can be found in Table 4. We preferred lensing-based mass esti-
mates if they were available. We brought all the masses to
M200, applying the conversion factor between M500 and M200:
M500 = 0.72M200 (Pierpaoli et al. 2003).

We show the richness of the cluster as a function of redshift
and cluster mass in Fig. 19. The richness N of the cluster is
dened here as the number of red sequence galaxies (found in
Sect. 3) in an aperture of 500 kpc radius around the BCG. We
obtain dierent values of N for two dierent BCGs in the same
cluster because the richness is computed in an aperture centered
on each BCG.

As can be seen in Fig. 19 (left panel), clusters seem to
become richer with decreasing redshift (correlation coecient

in logarithmic scale R = −0.70 and p-value of p < 10−5). Clus-
ters at higher redshifts (z ≥ 1.0) have a lower richness, with a
number of detected red sequence galaxies N ≤ 60. The right
panel also shows that the most massive clusters are also the rich-
est, and the high-redshift clusters (blue points on the plot) with
a low richness are also the least massive (M200,c ≤ 5 × 1014 M).
This low value of N could in principle be due to the depth of our
images as we have a bias due to the distance: at higher redshifts
it is more dicult to detect objects, and only the brightest ones
can show up.

However, when looking at Fig. 20, the left panel shows that
we do not observe very massive clusters at high redshifts. So
we have no bias due to the distance of the galaxies when mea-
suring cluster masses: the masses are measured via lensing or
derived from X-ray or SZ maps, which are independent of dis-
tance. Thus, we conclude that clusters become richer with time,
and this result is not due to the depth of our images. However,
although we only observe very massive clusters at lower red-
shifts (M200,c ≥ 30 × 1014 M at z ≤ 0.8), the masses of the
clusters do not vary much with time (R < 0.20). The right panel
shows that the very massive clusters only host bigger BCGs:
clusters with masses M200,c ≥ 25 × 1014 M only have BCGs
with eective radii Re ≥ 30 kpc. We nd no correlation (R ≤ 0.2)
between the BCG surface brightnesses or Sérsic indices and the
cluster masses.

Using the relation given in Bai et al. (2014), we compute an
estimate of the BCG masses from the cluster masses: M∗

BCG ∝

M0.6
cluster. We nd that the most massive BCGs are also the biggest

(moderate correlation with R = 0.46 and p = 0.00007) and also
tend to be brighter (R = −0.32, p = 007353). No correlation
between the BCGs masses and redshift is seen (R < 0.20).

We also study how the BCGs behave depending on their o-
sets to the cluster X-ray center. We exclude superclusters and
clusters that present several substructures and/or several BCGs.
We show the histogram of the osets in Fig. 21, top left panel.
We nd that 31 out of 61 (51%) are within a 30 kpc radius range
from the X-ray center of the cluster, showing that BCGs tend to
lie close to the cluster X-ray centers. The two star forming BCGs
that have undergone recent mergers and are not at equilibrium
are also located at the center of the cluster (DX ≤ 10 kpc). We
conrm, however, that there can be a signicant oset between
the two: 12 out of 61 BCGs (20%) present an oset bigger than
100 kpc. Although the corresponding plots are not shown here,
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Fig. 15. Left: Sérsic indices as a function of redshift (see Fig. 13 for color-coding). Right: distribution of the Sérsic indices. All BCGs are repre-
sented in the gray histogram. The magenta and cyan histograms represent the distributions obtained with one and two components, respectively,
only for the BCGs with appropriate data. The blue and lighter pink histograms represent BCGs observed in too blue lters and with an important
inner component, respectively.

Fig. 16. Kormendy (1977) relation using the parameters obtained with
one Sérsic component and the outer component of the two Sérsic com-
ponent model. Dierent colors represent dierent redshift bins. Sym-
bols are the same as in Fig. 13.

we nd no correlation between the oset and the absolute mag-
nitude, eective radius, or Sérsic index of the BCGs, or with the
alignment previously computed.

As can be seen in the top right and bottom left panels of
Fig. 21, however, the more massive and richer the cluster (or
the BCG, as we converted the cluster masses to BCG masses),
the closer the BCG is to the X-ray center of the cluster; the
objects with the biggest oets (≥100 kpc) have mass Mcluster ≤

10 × 1014 M and richness N ≤ 100. We also nd that there is
a moderate correlation between the oset and the mean eec-
tive surface brightness of the BCG (see Fig. 21, bottom right);
BCGs tend to have brighter mean eective surface brightnesses
the closer they are to the X-ray center (in logarithmic scale,
R = 0.34, p = 0.0395).

Fig. 17. Same as Fig. 16, but for the inner component of BCGs tted
with two components. The gray points are the same as in Fig. 16.

We also analyzed whether the most luminous BCGs are spe-
cial (see Lin et al. 2010; Lauer et al. 2014). We studied the dis-
tribution of the dierence in magnitude between the BCGs and
the second ranked galaxies of the clusters. We found that the
distribution was continuous, with most BCGs having a dier-
ence smaller than one magnitude with the second ranked galaxy.
By selecting BCGs that are at least 1mag brighter than the sec-
ond ranked galaxy of the cluster (9 BCGs), we nd that the most
luminous BCGs do not occupy a specic place in the observed
relations.

6. Discussion and conclusions

Our work deals with the largest sample (to our knowledge) of
BCGs with HST imaging, covering a broad redshift interval from
z = 0.1 to z = 1.8 (see Fig. 1), thus enabling us to trace the evo-
lution of BCGs through time. Our sample is larger than most
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Fig. 18. Dierence between the PA of the cluster (see West et al. 2017;
Durret et al. 2019) and that of the BCG, as returned by GALFIT. Only
clusters found in West et al. (2017) and Durret et al. (2019) are included
here. The histogram is to be compared to that shown in West et al.
(2017) as a way to check that our results agree with theirs. All BCGs
are represented in the gray diagram, while only those with an axis ratio
b/a ≤ 0.8 are included in the red diagram. We also exclude all BCGs at
redshift z > 0.9 on the blue histogram.

studies found in the literature based on HST images, such as
Bai et al. (2014), DeMaio et al. (2019), and Durret et al. (2019).
We studied the luminosity proles of these galaxies and how they
evolve as a function of redshift. HST images allowed us to per-
form prole tting with precision, and GALFIT returns accurate
parameters from model tting.

We developed a new tool to detect automatically red BCGs
on optical images. We successfully detected all the red BCGs
regardless of their peculiar characteristics (see Sect. 3). We did
not manage to detect in this way the blue BCGs, which represent
here only 2% of our sample.

We then proceeded to model the luminosity proles of these
automatically detected BCGs, as well as those that have only one
lter available, bringing this sample to 149 BCGs. We removed
all BCGs observed in too blue lters as well as BCGs better mod-
eled with two components for which the inner component has an
important contribution to the total luminosity of the galaxy. Our
nal sample consisted of 86 BCGs.

We studied how the photometric properties of BCGs corre-
late with redshift, and despite the weak but signicant correla-
tion we nd that the absolute magnitude presents a faint trend of
becoming brighter with time.

We show that there is a faint trend (see Fig. 13, right) for
BCGs to become bigger with decreasing redshift. This is the
behavior we expect for galaxies that grow in size with time by
accreting gas and merging with other smaller galaxies. This trend
was also observed in Durret et al. (2019) up to redshift 0.9, and
can be conrmed up to redshift z = 1.8. Based on this relation,
we nd that BCGs grow by more than a factor of 3 between
redshifts 1.8 and 0.1. The dispersion can be linked with the Kor-
mendy relation: galaxies with higher surface brightnesses have
smaller eective radii.

We nd no strong correlation between the other photometric
properties (surface brightness or Sérsic index) of the BCGs and
redshift. This is in agreement with Bai et al. (2014) who do not
nd any correlation between the magnitude or the mean surface
brightness of the BCGs and redshift, up to redshift z = 0.9. We
add that no evolution can be observed up to redshift z = 1.8.

Although we only observe massive clusters at lower redshifts
(M200,c ≥ 30 × 1014 M at z ≤ 0.8), overall the masses of the
clusters do not correlate with redshift. The growth of the cluster
is mainly to be linked with the cluster richness (Fig. 19); clus-

ters become richer with time, and we nd that the number of red
sequence galaxies in an aperture of 500 kpc centered on the BCG
increases by almost a factor of 10 between z = 1.8 and z = 0.1.
We conrmed that the low richness we measured at higher red-
shift is not due to the depth of our images. This growth mainly
seems to be happening at z ≤ 1.0 as we do not observe a signi-
cant variation of the richness of the clusters before that time.

We used the relation found in Bai et al. (2014) to compute
the BCG masses from the cluster masses, based on the relation
found by Bai et al. (2014). We nd that bigger BCGs are also
more massive (see Fig. 19): Re ∝ 4.42 × MBCG, but the masses
do not show a signicant growth with redshift.

We thus nd that the sizes of the BCGs grow faster than their
masses in the same redshift range. Although we do not nd that
the masses of the BCGs grow signicantly with time, whereas
Bai et al. (2014) nds a factor of 2 since z = 2, we agree that the
sizes have grown signicantly faster than the masses in the same
redshift range. Bai et al. (2014) nd that the sizes grow more
than twice as fast as the masses. We conrm that the masses and
sizes of BCGs do not grow at the same rate. This is in favor of
a scenario in which BCGs grow thanks to minor dry mergers
at the later stages of their formation and evolution. A growth
mainly due to major dry mergers would indeed make the sizes
and masses grow at the same rate.

To summarize, we can say that the sizes of the BCGs, as well
as the richnesses of the clusters, evolve with redshift: clusters
become richer with time and, at the same time, BCGs undergo
dry mergers that increase their sizes.

Another interesting result is the distribution of Sérsic indices
(see Fig. 15) that shows two dierent populations, one with low
Sérsic indices mainly at low redshift (z ≤ 0.8) and one with high
Sérsic indices. The limit is also to be linked to the fact that BCGs
at lower redshifts often require a second component to correctly
take into account the brighter core of the galaxy. We nd that
BCGs better modeled with two components have a peak Sér-
sic index n = 2, while those that were t with a single compo-
nent have a peak at n = 4. Those modeled with only one Sérsic
component are thus comparable to pure elliptical galaxies which
can be well modeled with a deVaucouleurs prole. This slightly
diers from the results shown in Bai et al. (2014) who nd a
median value of n = 5.7. However, Bai et al. (2014) only t a
single Sérsic prole to all the BCGs in their sample. If we only
look at the distribution we obtained for BCGs modeled with a
single component, we nd that this distribution is more compa-
rable to that of ETGs shown in their paper. Another dierence
with that study is related to the lters chosen to model the lumi-
nosity proles of the BCGs. While we consider the same spec-
tral region of the SED for all clusters in order to only look at the
same old red stellar population at all redshifts, Bai et al. (2014)
observe all BCGs with the ACS F814W lter, which we nd
is already too blue for clusters at redshifts z ≥ 0.57. We also
showed, by studying the parameters obtained in two dierent l-
ters for a sample of BCGs, that the parameters vary depending
on the part of the SED you look at: when looking at a bluer
lter the absolute magnitude and mean eective surface bright-
ness become fainter, the eective radius becomes smaller, and
the Sérsic indices vary without any clear trend.

Finally, we nd that the Kormendy relation (Kormendy
1977) is also a function of redshift, with the relation shifted
towards fainter mean eective surface brightnesses at higher red-
shifts. This relation shows that, at the eective radius, smaller
galaxies are brighter and denser than the bigger ones. The slope
of 3.33 ± 0.73 measured with our sample remains constant with
redshift. Our value is in good agreement with that given in
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Table 4. Cluster properties.

Name RAcluster,X Deccluster,X Ref M200,c Method Ref PAcluster Ref
(J2000) (J2000) 1014 M (degrees)

SPT-CLJ0000–5748 0.25 −57.8093 1 6.04+1.61
−1.61 SZ 1 170± 22 2

Cl0016+1609 25.76+6.66
−6.66 WL 3 35± 0 4

SpARCS–J0035 8.9588 −43.2029 5 2.5+0.9
−1.0 σ−M200 6 154± 8 2

ACO2813 10.8519 −20.6229 7 8.17+1.91
−1.61 WL 8

XDCPJ0044–2033 11.022 −20.5665 9 3.98+1.58
−1.58 X 10 128± 49 2

RXJ0056–27 14.2338 −27.67 11 2.84+1.59
−1.59 WL 3

SPT-CLJ0102–4915 15.734 −49.2656 1 25.4+4.9
−4.9 WL 3 147± 2 2

RXJ0110+19 17.575 19.6397 11 2.36+1.22
−1.22 WL 3

Abell209 22.969 −13.6108 12 9.5+0.7
−0.7 Lens 13 131± 0 4

CLJ0152–1357 28.1712 −13.9686 14 14.0+4.6
−4.6 WL 15

. . . . . . . . . . . . . . . . . . . . . . . . . . .

Notes. The columns are: full cluster name, X-ray coordinates of the cluster, mass of the cluster, method used to measure the mass of the cluster,
PA of the cluster. The full table is available at the CDS.
References. (1) Chiu et al. (2015); (2) West et al. (2017); (3) Sereno (2015); (4) Durret et al. (2019); (5) Fassbender et al. (2011); (6)
van der Burg et al. (2014); (7) Bartalucci et al. (2019); (8) Okabe & Smith (2016); (9) Tozzi et al. (2015); (10) Cooke et al. (2019b); (11)
Hoekstra et al. (2010); (12) Postman et al. (2012b); (13) Merten et al. (2015); (14) Sayers et al. (2019); (15) Martinet et al. (2016); (16)
DeMaio et al. (2019); (17) Jee et al. (2011); (18) Andreon et al. (2014); (19) Zitrin et al. (2012); (20) Stott et al. (2010); (21) Czakon et al.
(2015); (22) Herbonnet et al. (2020); (23) Sereno & Zitrin (2011); (24) Brodwin et al. (2015); (25) Chan et al. (2019); (26) Jee et al. (2005);
(27) Hicks et al. (2013); (28) Just et al. (2019); (29) Hicks et al. (2008); (30) Noble et al. (2011); (31) Gonzalez et al. (2015); (32) Dahle
(2006); (33) Guennou et al. (2014); (34) Jørgensen et al. (2018); (35) Santos et al. (2012); (36) Jee et al. (2017); (37) Mo et al. (2016); (38)
Martini et al. (2013); (39) Richard-Laferrière et al. (2020); (40) Sereno & Covone (2013); (41) Lidman et al. (2012); (42) Sanders et al. (2017);
(43) Donnarumma et al. (2009).

Fig. 19. Left: richness of the cluster (see text) as a function of redshift. Right: richness of the cluster as a function of its mass M200,c. The colors
represent dierent redshift bins.

Bai et al. (2014),

〈µ〉 = (3.50 ± 0.18) logRe + (18.01 ± 0.23),

and agrees within one σ with the value given in Durret et al.
(2019),

〈µ〉 = (2.64 ± 0.35) logRe + (19.7 ± 0.5).

It should be noted that cosmology or selection eects might
be contributing to the results in Fig. 13, which shows a trend
for BCG sizes and luminosities to increase with time. Despite
its faintness, the contribution of the ICL should be taken into
account. The ICL blends with the envelope of the BCG, making
it dicult to dierentiate the galaxy from the ICL, and this may
aect our measurements (in particular those of the eective radii
and Sérsic indices). The ICL might contribute at some level to

measured sizes and luminosities of galaxies at low redshifts, yet
might be missed in high-redshift clusters because of cosmologi-
cal surface brightness dimming, or perhaps because the ICL has
not yet developed in these young clusters. A concern comes from
the value of the background, as GALFIT is sensitive to it, but its
computation is limited by the sizes of the images (even without
cropping).

We broaden the work by West et al. (2017) and Durret et al.
(2019) on the alignment of BCGs with their host clusters. We
removed BCGs with ill-measured position angles due to their
circular shape, as well as BCGs at higher redshifts, z ≥ 0.9, as
they would appear smaller on the CCD, and would thus be less
resolved and have less accurate measured PAs. This enables us
to conclude that BCGs tend to align with their host cluster at
least at z ≤ 0.9, as after this selection 73% of the remaining
BCGs are aligned with their host cluster within 30◦. This is a
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Fig. 20. Left: cluster mass M200 (in units of 1014 M) as a function of redshift. Right: BCG eective radius as a function of cluster mass.

Fig. 21. Top left: histogram of the osets between the BCG and the X-ray center. Top right: masses M200,c of the clusters as a function of the osets
between the BCG and the cluster X-ray center. Bottom left: richness of the cluster as a function of the osets between the BCG and the cluster
X-ray center. Bottom right: mean eective surface brightness of the BCGs as a function of the osets between the BCG and the cluster X-ray
center.

tighter alignment than that reported by Durret et al. (2019), who
found an alignment for 12 out of 21 BCGs (57%) between red-
shifts 0.21 and 0.89. Okabe et al. (2020) study the alignment of
45 dark matter (DM) haloes and their BCGs up to z = 0.97, and
nd that BCGs tend to be well aligned with their DM haloes,
with a mean dierence of 22.2 ± 3.9◦. A similar study was done
by Ragone-Figueroa et al. (2020) on the alignment of BCGs both
with the distribution of cluster galaxies and DM haloes, by ana-
lyzing cosmological hydro-simulations of 24 clusters. They nd

a strong alignment at z < 2, and add that relaxed clusters tend to
host BCGs that align with the major axis. Similar conclusions are
made by De Propris et al. (2020), who show that BCGs are gen-
erally aligned with the host cluster even when the oset between
the BCG and the X-ray center is signicant.

Cerulo et al. (2019) found that 9% of the BCGs between
0.05 ≤ z ≤ 0.35 have colors bluer than 2σ of the median color
of the cluster red sequence. During this study we found two
peculiar blue BCGs in our sample. Apart from their colors and
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complex structures, these two peculiar BCGs do not have pho-
tometric properties dierent from the other BCGs. It would be
interesting to continue this study by considering a larger sample
of star forming blue BCGs to see where they lie in the previous
plots.

We plan to apply the method described in this paper to
more than a thousand clusters from the Canada-France-Hawaii
Telescope Legacy Survey (CFHTLS), detected by Sarron et al.
(2018), up to redshift z = 0.7. This will enable us to better evalu-
ate the accuracy of our BCG detection method on ground-based
data, and although the resolution will not be as good, the sample
will be signicantly larger. We also found two BCGs (2%) with
blue colors, and it would be interesting to estimate the fraction
of blue BCGs in the Universe up to redshift z = 0.7. We won-
der if these BCGs evolve dierently from the red BCGs that we
detect.
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2.2 Detection and photometric properties of a large sample of BCGs
from the Canada France Hawaii Telescope Legacy Survey

As a follow-up to Chu, Durret, and Márquez (2021), we study a significantly larger sample of 1371
BCGs of clusters detected in the CFHTLS by Sarron et al. (2018) up to redshift z = 0.7. Although
the redshift coverage is not as large as in our first sample, and the images from the CFHTLS have
lower spatial resolution than those from HST, the big sample size allows us to increase the statistics
of our study up to z = 0.7 by almost a factor of 20.

2.2.1 Construction of the BCG catalogue, automatic detection
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FIGURE 2.3: Redshift PDF of the cluster (blue) and the BCG (orange). The green dotted PDF
corresponds to the PDF of the BCG after correcting for the shift in redshift between the pho-

tometric and spectroscopic redshift if available.

As in Chu, Durret, and Márquez (2021), building our BCG catalogue from the catalogue of
galaxy clusters from Sarron et al. (2018) was the first step. Although we described an effective
tool for BCG detection in the previous paper, we chose to develop a new one for this sample. This
is because since only photometric redshifts are available for these clusters, the extraction of the
red sequence will not be as precise because of the large redshift uncertainties. Instead, we opt
for a more probabilistic approach, which relies on the photometric redshift of the cluster and of
each galaxy, computed by Sarron et al. (2018). These z-phots were estimated beforehand by the
TERAPIX team with the SED fitting LEPHARE code (Arnouts et al., 1999), which also returns
the redshift probabilistic distribution functions (PDF) of the galaxies. An example is given in
Figure 2.3, which shows the PDF of the cluster in blue which was obtained by summing the PDFs
of all galaxies, and the PDF of a galaxy obtained from its z-phot (in orange) and from its z-spec
(in dotted green). If the spectroscopic redshift of a galaxy is available (which is not always the
case), the position of the PDF obtained with the photometric redshift of the galaxy is shifted to the
galaxy’s spectroscopic redshift, and its width is also corrected as the uncertainty on spectroscopic
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redshifts is much smaller than on photometric ones (of the order of 0.005 × (1 + z) and 0.04 × (1
+ z) respectively). As a result, the final PDF obtained with a known z-spec is narrower and more
peaked than the one obtained with only a z-phot. Then, from the convolution of the PDF of the
cluster and of the galaxy, we can derive a probability for the galaxy to be at the same redshift as
the cluster.

FIGURE 2.4: On the left, the optical image in the r band of the cluster W4-325, on the right the
associated density map. The green circles represent radii of 2 Mpc and 3 Mpc from the cluster

center indicated by the green cross. The red cross shows the position of the BCG.

This probability along with galaxy density maps, enables us to determine if a galaxy is likely to
be at the cluster’s redshift, and if its location agrees with the galaxy distribution of the cluster. The
brightest galaxy which has both a redshift probability above a defined threshold, and a position
that is coherent with the area of the cluster as measured on density maps, is defined as the BCG.
We show on Figure 2.4 the image of a cluster at z-phot = 0.47 and the associated density map. Two
circles centered on the cluster coordinates (as given in Sarron et al., 2018) are traced to illustrate the
physical distances corresponding to 2 Mpc and 3 Mpc, creating a ring of width 1 Mpc. This ring
is far enough from the cluster’s center and we can consider that it only contains the background.
A BCG is not always located at the very center of its host cluster, as was shown by several studies
(see Chu, Durret, and Márquez, 2021, and references therein). Moreover, clusters do not always
have a simple spheroidal or ellipsoidal shape, and obtaining precise estimates of their sizes is not
easy. This is why we do not just identify the BCG as being the brightest galaxy located within a
given distance from the cluster center.

To determine whether or not a galaxy is in the cluster’s vicinity, we compare its signal-to-noise
ratio (S/N), SN, on the cluster density map to the S/N in the background, SNbkg, defined as the
mean S/N computed in the ring illustrated in the images. This allows us to trace the "borders" of
the cluster. If SN ≥ SNlim = SNbkg + 3 σSN,bkg, with σSN,bkg the S/N dispersion in the background,
then the galaxy is considered to be inside the cluster.

To further confirm that it is at the right distance as well (same redshift), we compare its redshift
probability, Pz, to the mean probability of the galaxies in the ring (in the background), Pz,bkg. If
Pz ≥ Pz,lim = Pz,bkg + 3 σPz,bkg, with σPz,bkg the Pz dispersion of the galaxies in the background, then
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we consider that the galaxy is at the same redshift as the cluster. These thresholds are well defined
if the cluster has a simple elongated shape, if it is isolated in the cosmic web, and if it does not
have a close neighbour or a strong filament connected to it.

FIGURE 2.5: On the left, the optical image in the r band of the cluster W1-639, on the right the
associated density map. The green circles represent a physical distance of 3 Mpc and 2 Mpc
radius from the cluster center indicated by the green cross. The red cross shows the position

of the BCG.

We adjust these thresholds when one of these conditions is not fulfilled. Cluster coordinates
were determined on density maps which are a superposition of the signals of multiple structures
covering a rather large redshift bin (of the order of 0.1). As a result, if two structures with similar
redshifts appear close to each other, the cluster center coordinates will have large uncertainties
as its signal will be contaminated by its neighbour. The presence of a nearby substructure will
increase the SNbkg and σSN,bkg in the background, and some galaxies at a similar redshift may
end up in the background ring meaning the probability Pz,bkg and σPz,bkg will also increase. An
example is given in Figure 2.5, in which two structures overlap and the center coordinates appear
in the middle of the two. As a result, the density at the cluster’s center appears comparable to
that of the background. Although it is not the case in this example, we could imagine that the
two substructures were large enough so they would be partially contained in the ring. In such
a case, the redshift probability of some of the galaxies in the background (which is no longer
well defined as it contains part of the cluster) may be comparable to those of cluster members.
It is thus difficult to estimate good thresholds in these peculiar cases. I thus decided to adjust
manually these thresholds, by testing different combinations of SNlim and Pz,lim, and chose the
combination that returned the best detection rate.

This method was visually verified by two of the authors, who checked carefully the position,
morphology and redshift probability of all the BCG candidates detected by the algorithm before
choosing the final BCG. We also built a sample of BCGs with available spectroscopic redshifts
to confirm our detections. We estimate that this algorithm has a 70% success rate, which was
calculated as the ratio of correctly detected BCGs by the algorithms over the total number of
BCGs.
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2.2.2 Luminosity profiles and results

Similarly to Chu, Durret, and Márquez (2021), we modeled the luminosity profiles of BCGs with
a single and two Sérsic components. We agree with Chu, Durret, and Márquez (2021): we report
no evolution of the effective radius, absolute magnitude or Sérsic index with redshift up to z = 0.7.
This confirms the early formation of BCGs more than 7 Gyrs ago.

Alignment of BCGs with their host clusters

We confirm the alignments of BCGs with their host cluster by demonstrating that more than 50%
of BCGs at z < 0.7 are aligned with their clusters within 30 degrees. We measure the position
angles of the clusters similarly to West et al. (2017) by computing moments of inertia, except we
use the density maps of the clusters (see Figure 2.4 and Figure 2.5) instead of considering the red
sequence galaxies. This is because, for the same reason as we did not use the red sequence for the
detection method, as we only have photometric redshifts, the red sequence will be badly defined
and thus the mass distribution will not be well modeled. The moment of inertia I of an object with
mass M is defined as:

I =
∫

di =
∫ M

0
r2dm (2.2)

with r the distance of a point mass from the rotation axis of the object. Here, we consider the
extended signal of the cluster on the density maps as the object for which we want to measure
the main axis (its position angle). It is composed of a number N of pixels with intensity i. To
compute the moment of inertia of the cluster, we sum all the pixels in a radius R500 (radius which
encloses 500 times the critical density of the Universe at the redshift of the cluster) centered on
the cluster center on the density map. In order to find the main axis of the cluster, we compute
the moment of inertia by rotating the axis from 0 to 360 degrees by steps of 1 degree first, then
after measuring the axis for which the moment of inertia is minimal, we increase the resolution
to 0.1 degree. This two-step measurement was done to save on computing time, as images can
be quite big, making the calculation heavy. The position angle of the cluster is defined as the axis
with the lowest moment of inertia. We chose a radius of R500 because it is a characteristic physical
parameter of a cluster, and it is a good compromise between having a size big enough to contain
most of the cluster, and small enough not to be affected by possible contaminations by nearby
filaments, groups, or clusters which may bias our measurements.

To estimate the uncertainties on the position angle of the cluster, we use bootstrap resampling
(again, similarly to West et al., 2017): instead of considering all the pixels enclosed in the same
aperture of radius R500, only half are considered to measure the main axis of the cluster in the same
way described before using the moments of inertia. We chose to cut in half the pixel sample as
we find that less than this number returns high uncertainties on the PA (not enough pixels to map
the cluster distribution correctly), and more increases the computing time without significantly
decreasing the uncertainties; so this was the best compromise to obtain correct measurements
without spending a considerable amount of time to compute them. The pixels are randomly se-
lected, and the measure is repeated a hundred times. The dispersion on all the iterations gives the
uncertainty on the position angle of the cluster.
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The lower fraction of clusters with PA alignments within 30 degrees of their host clusters found
here compared to Chu, Durret, and Márquez (2021) comes from the measurement of the position
angles of the clusters on the density maps. These density maps were generated by considering
large bins in redshift, which makes the measurements of cluster position angles less precise.

Origin of the inner component

The main result of this study is the distinction between a one Sérsic model and a two Sérsic model,
and what causes the separation between the two. In Chu, Durret, and Márquez (2021), two-Sérsic
BCGs represented more than 50% of the final sample and were mostly at low redshifts (z < 0.4).
Here, we only reach z = 0.7, while Chu, Durret, and Márquez (2021) reaches z = 1.8. If the BCGs
studied in Chu, Durret, and Márquez (2021) and this paper were the same, we would thus expect
the fraction of two-Sérsic BCGs over the whole sample to increase here, or to have similar fractions
over the same redshift range, which is to say 69%. Instead, we find that two-Sérsic BCGs in this
study only represent 5% of the whole BCG population. As was demonstrated in Chu, Durret, and
Márquez (2021), the different resolution of the CFHTLS from HST can not explain such a decrease
in the fraction of two-Sérsic BCGs. Instead, we looked for other possible causes which would
affect the fitting of the luminosity profiles of galaxies.

We first suspected the Intra Cluster Light (ICL) to be the main source of contamination on our
images. ICL has very faint surface brightness and can be difficult to distinguish from the outskirts
of the central galaxies, as the stars of the ICL and the stars of the BCG can meddle with each other.
So far, only the acquisition of spectroscopic data can enable us to separate the two. On images,
the ICL will just look like an extension of the profile of the BCG which would then appear more
diffuse. To estimate how much the ICL affects the luminosity profiles of the BCGs in our sample,
we made use of images of ICL kindly provided by Yolanda Jiménez-Teja (Jiménez-Teja and Dupke,
2016) and compared the models returned by GALFIT on images of BCG+ICL and images on which
we subtracted the ICL. The algorithm presented in Jiménez-Teja and Benítez (2012) and Jiménez-
Teja and Dupke (2016) creates an ICL map by, in a very simplified description, first detecting the
sources in the image and modeling their profile with Chebyshev-Fourier functions (CHEFs). The
flux of all the galaxies is then removed from the image. The BCG modeled by CHEFs is added
back, which gives an image containing only the BCG and background flux, as well as the ICL that
could not be removed. On this image, the curvature of the BCG+ICL profile is measured. The
main assumption of this study is that the BCG and the ICL have different luminosity profiles, and
thus, that ICL takes over above a certain radius resulting in a change of slope. This is how they
delimit the borders of the BCGs. The BCG is then modeled once again but by considering only the
flux contained in the borders measured previously, and by first estimating the surface brightness
of the ICL in the regions surrounding the BCG and taking this value as the background. The
modeled BCG is then removed which returns the final image of the ICL. We show in this way that,
even though ICL does indeed extend the profile at higher radii (bigger effective radius, fainter
effective surface brightness, higher Sérsic index), it is not responsible for the presence of an outer
and inner component.

Apart from the resolution of the instruments, the depth of the images is one of the main dif-
ferences between our two surveys. Indeed, the images of the CFHTLS have an 80% completeness
in the i filter at m80 = 24.7, whereas HST images can detect objects of magnitudes up to m80 =
28.0. Our study shows, from the comparison of fits obtained on the CFHTLS WIDE and DEEP
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images, that the depth of the images is the parameter that mainly affects the structure of the BCG:
deep images with m80 > 26.5 mag arcsec−2 mostly require two-component BCGs, whereas images
which do not reach this depth are mostly fit with a single component.

2.2.3 Summary

To summarize, this paper reports the lack of evolution in absolute magnitude, size and surface
brightness in a very large sample of BCGs from z = 0.7 to z = 0.15. We conclude that BCGs were
mostly assembled before z = 0.7, in agreement with results from Chu, Durret, and Márquez (2021).
We also highlight the importance of deep surveys for such studies in order to properly model the
structures of BCGs. As part of the future Euclid space mission which will survey 15000 deg2 of
the sky, the Euclid deep fields should enable us to achieve this. Similarly, the future Rubin-LSST
(Legacy Survey of Space and Time) mission will cover uniformly 30000 deg2 of the sky in six filters
for photometric redshift estimation, with deep images. This work, thanks to the very big sample
studied, allows to bring statistically significant evidence for an earlier formation epoch for BCGs.

We also detail another method to detect automatically BCGs on optical images, but in this
case, making use of photometric redshifts. Compared to the method applied in Chu, Durret,
and Márquez (2021), which needs spectroscopic redshifts of the clusters and only two filters to
extract the red sequence, this method requires more prior measurements: several filters for SED-
fitting in order to obtain satisfying z-phots and PDF(z) of galaxies, the photometric redshift of
the cluster, as well as density maps which need to be generated. We find that it is still quite
effective (success rate of 70%). We also argue that it may be applied to more surveys as only
few catalogues of clusters with spectroscopy are available. Photometric redshifts, contrary to
spectroscopic redshifts, are quite easily measured. Obtaining catalogues of photometric redshifts
of all galaxies in the field can be a time consuming task, but with the development of SED fitting
algorithms such as the LEPHARE code, it is possible to obtain photometric redshifts with quite
good accuracy. The uncertainties on the z-phots of individual galaxies are of the order of 0.04-0.05
× (1 + zclus), and for clusters the uncertainties are estimated to be 0.025 × (1 + zclus) (Sarron et al.,
2018). In expectation of the future Euclid or Rubin-LSST surveys, this method will allow to detect
a large number of BCGs and to help build significant catalogues of BCGs for future studies.

2.2.4 The paper
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ABSTRACT

Context. Brightest cluster galaxies (BCGs) are very massive elliptical galaxies found at the centres of clusters. Their study gives clues
to the formation and evolution of the clusters in which they are embedded.
Aims.We analyse here in a homogeneous way the properties of a sample of more than 1000 BCGs in the redshift range 0.15 < z < 0.7,
based on images from the Canada-France-Hawaii Telescope Legacy Survey.
Methods. Based on a recent catalogue of 1371 clusters, we applied our automatic BCG detection algorithm and successfully identied
70% of the BCGs in our sample. We analysed their 2D photometric properties with GALFIT. We also compared the position angles
of the BCG major axes with those of the overall cluster to which they belong.
Results. We nd no evolution of the BCG properties with redshift up to z = 0.7, in agreement with previous results by Chu et al.
(2021, A&A, 649, A42), who analysed a sample an order of magnitude smaller, but reaching a redshift z = 1.8. The Kormendy
relation for BCGs is tight and consistent with that of normal elliptical galaxies and BCGs measured by other authors. The position
angles of the BCGs and of the cluster to which they belong agree within 30 degrees for 55% of the objects with well-dened position
angles.
Conclusions. The study of this very large sample of more than 1000 BCGs shows that they were mainly formed before z = 0.7 as
we nd no signicant growth for the luminosities and sizes of central galaxies. We discuss the importance of the intracluster light in
the interpretation of these results. We highlight the role of image depth in the modelling of the luminosity proles of BCGs, and give
evidence of the presence of an inner structure which can only be resolved on deep surveys with limiting apparent magnitude at 80%
completeness m80 > 26mag arcsec−2.

Key words. galaxies: clusters: general – galaxies: evolution – galaxies: formation

1. Introduction

Located at the intersection of cosmic laments in the large-scale
structures, galaxy clusters present in their centres, at the bot-
tom of the cluster potential well, a supermassive galaxy that is
also most often the brightest galaxy in the cluster. This galaxy is
referred to as the brightest cluster galaxy (BCG).

It is commonly believed that BCGs are supermassive ellip-
tical galaxies with quenched star formation and little to no gas
left. Their gas was consumed during mergers that formed stars
at earlier epochs, as predicted by Thomas et al. (2010), among
others, who nd that most of the stellar population present in
such galaxies was already formed in situ before the cluster was
formed at z ' 2. However, BCGs with huge reservoirs of molec-
ular gas and strong ongoing star formation have been observed
and identied (see McDonald et al. 2016; Fogarty et al. 2019;
Castignani et al. 2020). Some of these particular BCGs also have
irregular shapes instead of the regular elliptical morphology
expected. Sometimes, they can even be reminiscent of jellysh
galaxies, such as RX J1532+3020 that shows traces of a recent
merger, with UV-emitting laments and knots indicating recent

starbursts (Castignani et al. 2020). Such cases remain rare, as
shown by Chu et al. (2021), who reported that only two BCGs
out of 98 were blue galaxies (negative rest frame blue minus
red colour) with a high star formation rate (SFR> 100M yr−1).
Cerulo et al. (2019) found that only 9% of the BCGs that con-
stitute their sample of 74275 BCGs up to z = 0.35 have colours
bluer than 2σ from the median colour of the red sequence.

Brightest cluster galaxies can form via numerous dynami-
cal and environmental processes, such as galactic cannibalism,
cooling ows from the central AGN, or dynamical friction, but
the relative importances of these processes on the growth of
BCGs and on the stellar mass assembly are still controversial
(see Castignani et al. 2020, and references therein). In addition,
it is unclear whether BCGs are still evolving today, as authors
have found conicting results.

Observations show that at low and intermediate redshifts
(z < 1), or even at local redshifts, some BCGs can still be under-
going major mergers that could potentially aect the growth
of the central galaxy. This agrees with Bernardi (2009) and
Ascaso et al. (2010), for example, who nd that the sizes of
BCGs have grown by a factor of 2 since z = 0.5.
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The galaxies that compose the cluster and constitute the red
sequence of the cluster, including the BCG, are mostly red ellip-
tical galaxies with little gas content. Major mergers were shown
to have little eect on the mass growth of BCGs and to be
unlikely to trigger a new starburst phase (De Lucia & Blaizot
2007). De Lucia & Blaizot (2007) show in simulations that half
of the nal mass of BCGs is already in place by redshift 0.5.
Thomas et al. (2010) nd that most of the stars in BCGs were
already formed before z = 2, and De Lucia & Blaizot (2007)
show that at least 80% were already formed by z = 3. These
studies indicate that it is likely that the stellar population in these
galaxies has settled earlier than 10 Gyr ago at least. This is con-
sistent with Stott et al. (2011) who nd no signicant change in
the size or shape of these galaxies since z = 1.3. Additionally,
Chu et al. (2021) nd that the physical properties of BCGs, such
as eective radius and surface brightness, show little to no evo-
lution since redshift z = 1.8, and conclude that BCGs were thus
mainly formed before z = 1.8. BCGs undergoing major mergers
(12 clusters) were also detected in this last study, and were found
to have properties that did not dier from those of other BCGs.

Understanding how BCGs were formed and how they evolve
can help us to understand how the clusters that host them were
formed (see e.g., Lauer et al. 2014). BCGs are the result of
billions of years of successive galaxy mergers that can leave
an imprint on the galaxy. Numerous studies have shown that
clusters are preferentially aligned in the cosmic web, along
the laments that connect them, and that neighbouring clus-
ters separated by less than 30 Mpc tend to ‘point to each
other’ (see Binggeli 1982). BCGs were also found to share this
same tendency with their host clusters; Donahue et al. (2015),
West et al. (2017), Durret et al. (2019), De Propris et al. (2020)
and Chu et al. (2021) have found that BCGs tend to align with
the major axis of the host cluster. This means that BCGs tend
to have a preferential orientation pointing to the laments of
the cosmic web along which galaxies and groups are falling
towards the bottom of the cluster potential well where the
BCG is expected to reside. BCGs are aligned by tidal interac-
tion (Faltenbacher et al. 2009) and show stronger alignments for
brighter galaxies, for rich and more massive clusters, and for low
redshifts (see Faltenbacher et al. 2009; Niederste-Ostholt et al.
2010; Hao et al. 2011). Niederste-Ostholt et al. (2010) nd that
the second to fth ranked galaxies of the cluster also tend to
show signs of alignment, although not as strongly as the BCG.
West et al. (2017) show that other galaxies in the cluster, exclud-
ing the BCG, have no preferential orientations in the cluster.

The present study uses data from the Canada-France-Hawaii
Telescope Legacy Survey (CFHTLS) and concentrates on the
redshift range between 0.15 and 0.7. Although the resolution
is not as good as that of the Hubble Space Telescope (HST),
we increased the sample size by almost a factor of 20 (there are
74 BCGs in the same redshift range in Chu et al. 2021), making
this analysis one of the largest studies on BCGs, thus allowing
us to go deep into the study of the luminosity proles of these
galaxies.

The intracluster light (ICL) is also brought up in this study.
The ICL is composed of stars that were stripped from their
host galaxies and are now trapped in the potential of the clus-
ter, but are not gravitationally bound to any individual galaxy in
the cluster. This ICL constitutes a very diuse and faint com-
ponent of the cluster, which is thus very dicult to detect and
can merge with the extended envelope of the central galaxy. One
challenge is to distinguish the BCG from the ICL. Some works
have shown, by studying the velocity dispersion as a function
of the distance to the BCG centre, an increase in the dispersion

observed at longer distances (Cui et al. 2014; Jiménez-Teja et al.
2021). This discrepancy shows the border between ICL and
BCG. However, spectroscopic observations are currently nec-
essary to achieve this. In the absence of such spectroscopic
data, algorithms that attempt to detect the ICL on deep large-
scale images are being developed and should allow us to detect
low surface brightness objects even more eciently on opti-
cal images in the near future. This topic is bound to become
all the more important with the release of deep sky surveys
(see e.g., Jiménez-Teja & Dupke 2016; Kluge et al. 2020, 2021;
Ellien et al. 2021). In this paper we also discuss and estimate
how much the ICL may impact the luminosity proles of BCGs
at these redshifts.

The paper is organized as follows. The data and the method
used to detect the BCGs are presented in Sect. 2. In Sect. 3 we
describe how the luminosity proles were modelled, and analyse
the results obtained. In Sect. 4 we estimate in a preliminary study
the impact of the ICL on the models tted, and in Sect. 5 the
impact of the depth of the images. We measure the alignment of
BCGs with their host clusters in Sect. 6. Finally, we discuss the
results and present our conclusions in Sect. 7.

Throughout this paper we assume a ΛCDM model with
H0 = 70 km s−1 Mpc−1, ΩM = 0.3, and ΩΛ = 0.7. We compute
the scales and physical distances using the astropy.coordinates
package1. All magnitudes are given in the AB system.

2. Obtaining the BCG catalogue

2.1. The data

This work is based on the cluster catalogue of 1371 clusters
by Sarron et al. (2018), extracted in the 154 deg2 region covered
by the CFHTLS with the AMASCFI cluster nder. The survey
is 80% complete in AB up to a magnitude mi = 24.8 in the
CFHTLS i lter, for point sources. The code detects clusters as
galaxy overdensities in overlapping photometric redshift slices.
Multiple detections that occur in such a conguration are then
cleaned using a minimal spanning tree (MST) algorithm. The
cluster candidates have a mass M200 > 1014 M and are limited
to redshift z ≤ 0.7. By running the AMASCFI cluster nder on
mock data created using lightcones from the Millennium sim-
ulations (Springel et al. 2005; Henriques et al. 2012) and modi-
ed to mimic CFHTLS data, Sarron et al. (2018) estimated that
this cluster sample is 90% pure and 70% complete overall. At
z ≤ 0.7, they nd that the purity is fairly constant with redshift
∼90%, while the completeness steadily decreases with increas-
ing redshift and decreasing cluster mass from ∼100% down to
∼50% at z ∼ 0.6 and M200 ∼ 1014 M. The large number of clus-
ters in this catalogue, with known selection function, allowed
Sarron et al. (2018) to discuss the properties and evolution of
cluster galaxies with redshift in various mass bins.

Photometric redshifts are available for each galaxy in the
eld in the CFHTLS TERAPIX T0007 release. These photo-
zs were computed with the LePhare code (Arnouts et al. 1999;
Ilbert et al. 2006) based on ve lters in the optical.

For the purpose of this work we used the redshift probability
distribution function (PDF) for each cluster, PDFc(z), computed
by Adami et al. (2020) on the Sarron et al. (2018) catalogue. We
note however, that contrary to Adami et al. (2020), we did not
split PDFc(z) with multiple peaks into sub-detections. We made
this choice in order to stay as close as possible to the original cat-
alogue released in Sarron et al. (2018). Briey, the cluster red-
shift PDF is computed by summing (stacking) the PDFgal(z) of

1 https://docs.astropy.org/en/stable/coordinates/
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galaxies (provided for each galaxy in the photometric redshift
release of the CFHTLS T0007) less than 0.5Mpc from the clus-
ter centre and removing the expected eld stacked PDFeld(z) in
that region.

The cluster redshift PDFc(z) allows us to compute for each
galaxy in the cluster vicinity the probability that the galaxy
and the cluster are at the same redshift: Pz. This is done
by convolving the redshift PDFs following the formalism of
Castignani & Benoist (2016) as in Adami et al. (2020):

Pz ∝

∫
PDFc(z) PDFgal(z) dz. (1)

We note that since then Sarron & Conselice (2021) have pro-
posed a slightly updated version of this formalism that better
accounts for the combined uncertainties of cluster redshift and
cluster galaxy redshift in the Pz estimate. However, the correc-
tion amounts to a few percent in the worst case, and we thus
decided to reuse the Adami et al. (2020) results directly in the
present work. By taking into account the distance between the
galaxy and the cluster centre, we also generated the probabil-
ity that a galaxy was part of the cluster, PDFmember(z), following
Adami et al. (2020).

However, Sarron et al. (2018) detected clusters using galaxy
density maps (without magnitude or luminosity weighting) com-
puted in large redshift bins. The exact centre assigned to each
cluster is then taken as the signal-to-noise ratio (S/N) weighted
mean position of its individual sub-detections merged in the
MST cleaning process. This implies that the centre assigned
by Sarron et al. (2018) is close to an unweighted barycentre of
galaxies in the cluster region. This position may dier signif-
icantly from the BCG position in some cases (e.g., in highly
substructured clusters). Moreover, tests on simulations showed
that the uncertainties on the centre coordinates as dened by
Sarron et al. (2018) can reach hundreds of kiloparsecs in the
worst cases. Considering the distance to the cluster centre would
thus negatively bias our detection rate.

In the following subsection we describe our method for
detecting BCGs on optical images from the CFHTLS. This
method makes use of the probability for each galaxy to be at
the same redshift as the cluster, Pz(z), and not the probability for
the galaxy to be part of the cluster, Pmember(z).

2.2. Detection of BCGs

We retrieved the CFHTLS images from the Canadian Astron-
omy DATA Centre2 and identied in each cluster the position of
its BCG. The BCG is dened as the brightest galaxy in the clus-
ter that lies within a radius of 1.2Mpc from the centre dened in
Sarron et al. (2018), after ltering out foreground and/or back-
ground objects.

Lack of spectroscopic data has led astronomers to develop
methods that only make use of photometric properties. In
Chu et al. (2021), spectroscopic redshifts of the clusters allowed
us to accurately extract the red sequence, which was then used to
identify the BCG.With the present dataset, we rely on photomet-
ric redshifts to distinguish cluster members from eld objects.

Similarly to Chu et al. (2021), we rst proceeded by remov-
ing foreground galaxies, taking into account the uncertain-
ties on the redshift. Spectroscopic redshifts, if available, were
retrieved from the NASA/IPAC Extragalactic Database (NED)
to remove all sources that are not within the redshift 68% con-
dence interval. Point sources were identied in NED, or via the

2 https://www.cadc-ccda.hia-iha.nrc-cnrc.gc.ca/

CLASS_STAR parameter (CLASS_STAR < 0.95) in SExtrac-
tor. To identify foreground galaxies, we calculated the pseudo
absolute magnitude (at the cluster’s redshift) for each object.
Foreground galaxies would in this way appear abnormally bright
(Mabs < −26). Edge-on spirals were excluded as well by ltering
out any object with a major-to-minor axis ratio higher than 2.6.

In order to identify the BCG among the remaining galaxies
in the catalogue, we measured the S/N at the galaxy’s coordi-
nates on the density map from Sarron et al. (2018), and consid-
ered the galaxy’s probability of being at the cluster’s redshift (see
Eq. (1)). The S/N, compared to the S/N peak (SNpeak) dened
in a radius of 5Mpc centred on the cluster centre, gives infor-
mation on the location of the galaxy in its host cluster. Taking
into account the S/N of the galaxy measured on density maps,
instead of simply taking the distance to the cluster centre as
dened in Sect. 2, allows the size and extent of the cluster to
be considered as well. It was shown that BCGs do not always
lie at the very centre of the host cluster (see Chu et al. 2021,
and references therein), so dening a strict limit in distance
appears to be hazardous. In an attempt to dene the size of the
cluster, we computed the S/N in the background of the density
maps, 〈SNbkg〉, in a ring between 2 and 3Mpc from the dened
cluster centre. All objects with S/N < SNlim, with SNlim =

〈SNbkg〉+ 3σS N,bkg, and with σSN,bkg the S/N RMS of the pix-
els in the background were considered not bound to the cluster,
and were thus rejected. Similarly, to determine if a galaxy is part
of the cluster, we compared the probability that it is at the clus-
ter’s redshift, Pz, with the same probability computed for galax-
ies in the background, 〈Pz,bkg〉. The background was again taken
in a ring between 2 and 3Mpc from the cluster centre. Objects
with Pz ≥ Pz,lim, with Pz,lim = 〈Pz,bkg〉 + 3σPz,bkg, and σPz,bkg the
Pz RMS of the galaxies in the background, were considered as
belonging to the cluster and the others were rejected. Any object
that did not agree with these two conditions was eliminated as a
BCG candidate.

These limits are well dened if the cluster has a simple elon-
gated shape, and if the signal related to the cluster is not contam-
inated by another cluster or lament on the density map. Other-
wise, the presence of such structures can increase the noise in the
background, resulting in too high dispersions for the background
S/N and Pz. This can result in a limiting SNlim that is higher than
the S/N at the peak of the density map, or a limiting Pz,lim higher
than a probability of unity, which renders the detection impossi-
ble. In these cases, we redene the S/N and Pz lower limits and
set SNlim = SNpeak−2 and Pz,lim = 0.70. These limits were chosen
after testing dierent values; they return the best detection rate
for our method. We explain how this rate was estimated in the
following.

In order to evaluate our method, detections by the algorithm
were validated or corrected individually. Two members of our
team visually inspected every image, and compared the position
of the detected BCG to the distribution of galaxies on the density
maps. We also conrmed that no brighter galaxy in the catalogue
was more likely to be the actual BCG by comparing the S/N and
Pz values to those of the detected BCG. We considered that a
brighter galaxy with Pz or S/N similar to the BCG, but slightly
below and close to the dened limits, is more likely to be the
BCG. If a galaxy was determined to be a better candidate, upon
our verication we replaced the BCG detected by our algorithm
with the new candidate. We estimate that the method success-
fully detected about 70% of the BCGs in our sample. For the
remaining 30%, the BCG assigned by the algorithm was not the
best candidate we chose upon inspection, and we thus manually
corrected the detection in our nal catalogue.
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From our nal catalogue of BCGs, we constructed a subsam-
ple of 496 BCGs with known spectroscopic redshifts. We can
thus conrm that the BCGs selected in this subsample are indeed
the BCGs of their clusters, and better estimate the detection rate
of our algorithm. We nd that 70% of these BCGs automatically
assigned by the algorithm were accurately detected.

There are 133 clusters (i.e. 10% of the initial sample of 1371
clusters) that we excluded, as we were still uncertain, even after
verication, which galaxy was the BCG. These clusters have a
S/N ≥ 4 on the density maps generated by Sarron et al. (2018).
This is consistent with Sarron et al. (2018), who estimate their
catalogue to be 90% pure. The missing 10% of BCGs might thus
correspond to the 10% of false detections in the initial cluster
catalogue. We compare the distribution in redshift of the 10% of
clusters that have no BCG in our catalogue, and the variation in
the cluster catalogue purity with redshift in Sarron et al. (2018),
to check if the 10% of false detections we excluded indeed cor-
respond to the 10% of false detections from Sarron et al. (2018).
And, indeed, we nd similar distributions in redshift. The frac-
tion of clusters in our initial catalogue with no BCG detected
increases with redshift, as they compose only ∼5% of the clus-
ters at z < 0.4 (averaged), and ∼10% at z ≥ 0.4. The purity
in Sarron et al. (2018) similarly decreases with redshift. For
S/N ≥ 4 the catalogue is ∼95% pure at z < 0.4, and ∼90% pure
at z ≥ 0.4. We can thus assume that the clusters we excluded are
indeed the 10% impurity from Sarron et al. (2018).

Consequently, our nal catalogue of BCGs is supposed to
be nearly perfectly pure. We cannot say that it is 100% pure as
we do not have spectroscopic redshifts for all objects and cannot
certify that the selected galaxy is indeed the BCG. We can only
identify which galaxy is the best candidate given the information
that we have. Our nal sample consists of 1238 detected BCGs
and is available at the CDS3.

Making use of our subsample of clusters with spectroscopic
redshifts, we estimate the error on the photometric redshift of our
whole sample of CFHTLS detected BCGs; 66% of these BCGs
have spectroscopic redshifts within zclus ± 0.025 × (1 + zclus),
the expected 1σ uncertainty on the cluster photometric redshift
(Sarron et al. 2018). On the other hand, 2.6% of these galaxies
have spectroscopic redshifts greater than 3σ of the photometric
redshift of the cluster, which means that the absolute dierence
between the two redshifts is greater than 3 × 0.025 × (1 + zclus).
This validates that the photometric redshift uncertainties of the
BCG and the clusters are well dened, and that virtually all the
BCGs in our nal catalogue are bona de.

The colours of the detected BCGs were also computed to bet-
ter estimate the fraction of ‘blue’ BCGs in that redshift range.We
dene the (g− i) colour by considering the magnitudes measured
in the CFHTLS g and i lters, in a 35 kpc aperture diameter. We
apply a K-correction (given by an EZGAL Bruzual & Charlot
2003 model for elliptical galaxies; see Chu et al. 2021) and cor-
rect for reddening by galactic extinction. We consider a galac-
tic reddening law AV = 3.1, reddening values for the CFHTLS
lters from Schlay & Finkbeiner (2011), and dust maps from
Schlegel et al. (1998). We consider that a galaxy is blue if its
(g − i) colour is negative. As a result, we nd that there are 7%
(89) blue BCGs in our sample. These BCGs with blue colours
also tend to be at higher redshifts: 68 of the 89 blue BCGs (76%)
are at z > 0.5. Their photometric properties are discussed and
compared to those of red BCGs in the following.

3 http://simbad.u-strasbg.fr/simbad/

Fig. 1. Histogram of the computed p-values. BCGs that could not be
tted with a single component have a default p-value= 0, and those that
could not be tted with two components have a p-value= 1.

3. Properties of the BCGs

3.1. Method

We t the 2D luminosity proles of the 1238 BCGs of our
sample with GALFIT in the CFHTLS i band. Up to redshift
z = 0.7 this lter falls above the 4000Å break, and hence enables
us to consider a homogeneous red and old stellar population
for all the BCGs. The method used is the same as described
in Chu et al. (2021): we rst mask neighbouring sources using
SExtractor segmentation maps and sharp-subtracted images (see
Márquez et al. 1999, 2003) and model the PSF with PSFex
(Bertin 2009). The initial parameters are given by SExtractor
by modelling the galaxy with a bulge and a disc. We rst run
GALFIT to t the BCGs with one Sérsic component, trying dif-
ferent values of the Sérsic index n between 0.5 and 10 until the
t converges. We reject any non-physical t with eective radius
larger than half the size of the tting region, which is to say
Re ≤ 2.5 rKron/2 pixels, where rKron is the Kron radius measured
by SExtractor. Then, we try to add a second Sérsic component
to better model the inner part of the galaxy. If the t with a sin-
gle Sérsic prole converges, we use the output parameters for
the single-Sérsic model as initial guesses for the external com-
ponent of the double-Sérsic model. The initial parameters for the
inner component are taken once again from SExtractor by con-
sidering the parameters returned for the bulge component. If the
model with one Sérsic component did not manage to converge,
we reinitialize the parameters for the external component and
inner component with SExtractor.

The choice between a single-Sérsic and double-Sérsic model
is made with an F-test (as was done in Margalef-Bentabol et al.
2016; Chu et al. 2021). The F-test is a statistical test that relies
on the residuals and the number of degrees of freedom of two
models. The computed p-value, which depends on the F-value
(a ratio of reduced χ squares), must be lower than a probabil-
ity P0 in order to reject the null hypothesis: if two models give
comparable ts, the p-value tends to unity. On the other hand, if
the second more complex model gives signicantly better results
than the rst, this value tends to zero and we can reject the null
hypothesis. We assigned a p-value= 0 to BCGs that could not
be tted with a single component and a p-value= 1 to those that
could not be tted with two components. Here P0 is dened as
the limit between the low p-values computed and the higher val-
ues, which is around P0 = 0.15 (see Fig. 1). This value of P0
is lower than that dened in Margalef-Bentabol et al. (2016) and
Chu et al. (2021), as the p-value is computed taking into account
the number of resolution elements. Since the resolution of the
CFHTLS is not as good as that of the HST, the value of P0
dened here appears lower. We also visually checked the ts and
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Fig. 2. Normalized histograms of the distribution of redshifts z for
BCGs tted with single-Sérsic (red) and double-Sérsic (blue) models.

Fig. 3. Normalized histograms of the Sérsic indices n for BCGs tted
with single-Sérsic (red) and double-Sérsic (blue) models. For BCGs t-
ted with two components, we consider the Sérsic index of the outer
component.

residuals of galaxies that have p-values close to this limit to make
sure that P0 is well dened.We veried that for a p-value p ≥ P0,
the residuals of the single-Sérsic and double-Sérsic models are
similar, and for p < P0, the galaxy prole is better tted with
two components.

3.2. Results

Out of the 1238 detected BCGs, 30 were not successfully t-
ted with either model, bringing our sample to 1208 galaxies. We
then only considered galaxies with relative errors on the eective
radius, mean surface brightness, and Sérsic index smaller than
20%. Excluding the objects with large uncertainties, we ended
up with 1107 BCGs, of which 930 BCGs (84%) are well mod-
elled with one Sérsic component and 177 BCGs (16%) are better
modelled with two Sérsic components.

As in Chu et al. (2021), we also excluded all galaxies tted
with two Sérsics that have an inner component (the component
with the smaller Re) that contributes more than 30% to the total
luminosity of the galaxy. In the following we consider that the
outer component of the double-Sérsic model contains most of the
light in the galaxy. This will allow a comparison with a model
with one Sérsic component.

Our nal sample is thus made of 974 BCGs, of which 930
BCGs (95%) are better modelled with one Sérsic component and
44 BCGs (5%) with two Sérsic components. Among them, there
are 80 blue BCGs (8%) which were all well modelled with a sin-
gle Sérsic component. In the following we consider the measured
properties of the outer component of the double-Sérsic BCGs,
which is then compared to the properties of the single-Sérsic
BCGs. We show the normalized redshift distribution of the sam-
ple for the two chosen models in Fig. 2. We nd single-Sérsic
BCGs at all redshifts, whereas we mainly nd BCGs better t-

Fig. 4. Sérsic index n as a function of eective radius Re, colour-coded
with redshift. Dots correspond to BCGs tted with one Sérsic compo-
nent and empty squares to BCGs tted with two Sérsic components. For
BCGs tted with two components the properties of the outer component
are considered.

ted with two components at lower redshifts (77% of BCGs better
tted with two Sérsics are at redshift z < 0.4).

The histogram of the BCG Sérsic indices is shown in Fig. 3.
The single-Sérsic model ts BCGs with all values of the Sérsic
index n, and the distribution appears mostly at. When a double-
Sérsic model is required, the outer component has a very small
value of n (mostly between 1 and 2) and the distribution appears
more peaked.

Similar results were found in Chu et al. (2021). A rst natu-
ral interpretation could be that as the redshift increases, the spa-
tial resolution decreases. At lower redshifts, because the galax-
ies are better resolved, it is possible to distinguish the inner
component from the outer component in some galaxies. As a
result, galaxies at higher redshifts would be correctly tted with
a single prole, as the centre is not correctly resolved. However,
Chu et al. (2021) show that this is not true: degrading the reso-
lution of low-redshift BCGs to the resolution at z = 1 returns
comparable results, implying that the models are resolution-
independent. Moreover, we nd similar distributions of z and
n with the HST and CFHTLS samples, which strengthens our
point, since the HST resolution is much higher than that of the
CFHTLS.

We display in Fig. 4 the Sérsic index n as a function of
the eective radius Re in logarithmic scale, colour-coded with
redshift. Two-component BCGs are mainly concentrated in a
zone with small Sérsic index (n < 2) and large eective radius
(Re > 20 kpc), and they are also low-redshift objects (z < 0.4).
When considering only those well tted with one Sérsic, we nd
that the Sérsic indices increase as a function of the logarithm of
the eective radius. Here, we nd n = (5.13 ± 0.21) log(Re) +
(−0.29 ± 0.26) (with a correlation coecient R = 0.62 and sig-
nicant with a p-value p  10−5)4. In the following, we consider
R = 0.20 as the minimum value showing a faint trend, and dene
p = 0.05 as our signicance level.

The absolute magnitude and eective radius as a function
of redshift are displayed in Fig. 5. Absolute magnitudes range

4 Linear regressions were made using the Python scipy lingress func-
tion: https://scipy.org/
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Fig. 5. Absolute magnitude (top) and eective radius (bottom) mea-
sured in the CFHTLS i lter, as a function of redshift. BCGs t with
a single component are represented by red dots, BCGs better t with
two components have their outer parameter represented by empty blue
squares. Blue BCGs (see Sect. 2) are identied by dark stars. For BCGs
tted with two components the properties of the outer component are
considered.

Fig. 6. Mean surface brightness as a function of redshift not corrected
(top) and corrected (bottom) for cosmological dimming. The symbols
are the same as in Fig. 5. For BCGs tted with two components the
surface brightness of the outer component is considered.

between −26 and −22 with no dependence on redshift. The
eective radius is also redshift-independent. A very faint trend
for BCGs to become brighter and bigger with redshift up to
z = 1.8 is reported in Chu et al. (2021) (correlation coecient
R = −0.29 with a p-value p = 0.007 for the absolute magnitude
to become brighter, and R = −0.40 in logarithmic scale with
p < 10−3 for the size of BCGs to increase). Within the same red-
shift range as the present study, they measure no correlation for
either of these two properties (R = 0.11 for the absolute mag-
nitude and R = 0.27 for the eective radius, with p = 0.31
and p = 0.01 respectively). By increasing the sample size by
more than a factor of ten, we therefore conrm that BCGs have
not grown in luminosity or size since z = 0.7 (lower correla-
tions R = 0.06 and R = 0.14, respectively, with p = 0.06 and
p  0.05).

The mean surface brightness, not corrected and corrected by
a factor of (1 + z)4 for cosmological dimming, shows no signif-
icant dependence with redshift (Fig. 6). As a result, none of the
measured parameters (brightness, surface brightness, size, Sérsic
index) is observed to evolve with redshift up to z = 0.7.

Blue BCGs, identied by dark stars in the previous gures,
also do not show any signs of evolution, but they seem to occupy
preferential locations in these relations. For the most part, blue
BCGs tend to be at higher redshifts (76% at z > 0.5), less bright
(mean absolute magnitude for blue BCGs Mabs,i,blue =−23.5, for

red BCGs Mabs,i,red =−24.2), and smaller (mean eective radius
for blue BCGs Re,blue = 8 kpc, for red BCGs Re,red = 22 kpc) (see
Fig. 5), and to have brighter mean surface brightnesses than their
red BCG counterparts (mean surface brightness for blue BCGs
µblue = 22.1, for red BCGs µred = 22.6) (see Fig. 6).

3.3. Kormendy relation for BCGs

The Kormendy relation (Kormendy 1977) between the mean
surface brightness and the eective radius is shown in Fig. 7
before (left) and after (right) correcting for the (1 + z)4 cosmo-
logical dimming eect. With more than 1000 objets, here the
Kormendy relation is very well dened (R > 0.88, p = 0). With-
out correction for cosmological dimming, we measure the rela-
tion as 〈µ〉 = (3.34 ± 0.05) logRe + (18.65 ± 0.07). Similarly to
Bai et al. (2014) and Chu et al. (2021), we nd that the slope of
the Kormendy relation stays constant with redshift. The relation
is also independent of the model used (single- or double-Sérsic
proles).

After correcting for cosmological dimming, we nd 〈µ〉 =

(3.49 ± 0.04) logRe + (16.72 ± 0.05). This removes the redshift
dependence observed in the left gure, and tightens the relation
observed.

3.4. Properties of the double-Sérsic BCG inner component

As in Chu et al. (2021), we do not nd any correlation for any
of the properties of the inner component of the double-Sérsic
BCGs with redshift. The similar sample sizes of about 40 BCGs
in Chu et al. (2021) and the present paper do not enable us to
better constrain the inner part of these galaxies, and we do not
have good enough statistics for our analysis to become signi-
cant. Even so, we note that compared to the outer component, the
inner component tends to be brighter by at least one magnitude
(we recall the selection criterion we applied on double-Sérsic
BCGs to retain only those with an inner component that does
not contribute much to the total luminosity of the galaxy) and
tends to be smaller in size by at least a factor of 3.

The Kormendy relation is also very well dened for the
inner component at smaller eective radii and brighter mean
surface brightnesses (R= 0.93, p 0.05) than the relation illus-
trated in Fig. 7. For the inner component, the relation uncor-
rected for cosmological dimming is 〈µ〉= (4.69± 0.29) logRe +

(17.94± 0.15).

4. Effect of the ICL on luminosity proles of

galaxies

Despite its faint nature, the ICL may contribute in the outskirts
of BCGs and have an inuence on their luminosity proles at
large radii. We try here to quantify how much the ICL aects the
BCG proles in model tting.

We make use of the ICL and background images, kindly pro-
vided by Y. Jimenez-Teja, to estimate the eect of the ICL on the
shape and photometry measured by GALFIT. Jiménez-Teja et al.
(2018) study the ICL fraction in a sample of clusters from the
CLASH and Frontier Fields (FF) surveys observed with the
HST. We compared the ts obtained with GALFIT on the orig-
inal HST images with those obtained after subtracting the ICL
using the maps provided by Y. Jimenez-Teja. We prefer to use
these HST data rather than our current CFHTLS sample for
this study as we have spectroscopic redshifts available for the
HST sample, better spatial resolution, and the clusters studied in
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Fig. 7. Kormendy relation before (left) and after (right) correcting for cosmological dimming. The symbols with various colours correspond to
dierent redshift intervals. For BCGs tted with two components we consider the properties of the outer component.

Table 1. Sample of the seven clusters from Jiménez-Teja et al. (2018)
studied and successfully modelled with GALFIT.

Name RABCG DecBCG z
(J2000) (J2000)

Abell 2744 3.59204 −30.40573 0.306
Abell 383 42.01412 −3.53921 0.1871
Abell 611 120.23672 36.05658 0.288
MACS J1115.9+0129 168.96625 1.49862 0.349
MACS J1149+2223 177.29874 22.39854 0.5444
RX J2129.6+0005 322.41648 0.08923 0.234
MS 2137−2353 325.06316 −23.66114 0.313

Notes. The columns are full cluster name, coordinates of the BCG, and
redshift.

Jiménez-Teja et al. (2018) have deep images on which the ICL
was well studied and detected. To check which model between
the single-Sérsic and the double-Sérsic models ts our galaxies
best, the BCGs are rst modelled with GALFIT on the original
images. We nd that all BCGs need a second component accord-
ing to the F-test described in Sect. 3.

We then subtract the ICL and background from our images
and run GALFIT on these nal images, which only contain the
BCG. We then compare the returned parameters, and check if
subtracting the ICL allows us to remove the inner component
needed on the original images. This should indeed allow us to
understand if the double-Sérsic model BCGs observed mostly at
low redshifts (z ≤ 0.4) are an eect of the ICL being more easily
detectable at lower z.

From a sample of 11 clusters up to z = 0.54, four BCGs
could not be tted properly with GALFIT with one or two com-
ponents. The remaining seven clusters studied here are shown in
Table 1. We nd that all BCGs, even after subtracting the ICL,
are still better tted using two Sérsic proles. Thus, we deduce
that the ICL does not aect the inner structure of the galaxy,
and the need for a second component is not caused by the ICL.
By comparing the parameters obtained on the original and ICL

subtracted images, by letting all parameters free in GALFIT, we
found that the presence of the ICL could disturb the prole of
the outer component of the model (in particular, higher eec-
tive radius by about a factor of two or three). To better estimate
how much the ICL can aect our models, we chose to model
one more time the BCGs on the original images, but we xed
the inner component with the parameters obtained on the images
without ICL. As the ICL mainly aects the outskirts of the pro-
le, the inner region of the BCG is supposed to be hardly modi-
ed. By xing the inner component, we make sure that we only
take into account the dierences caused by the ICL.

The parameters measured with two components can be found
in Table 2. For all seven BCGs, the absolute magnitude MABS
of the external component is brighter after removing the ICL
(with a dierence ∆MABS ≤ 2). After subtracting the ICL,
the BCGs also have brighter eective surface brightness val-
ues, with Abell 2744 presenting the biggest dierence of almost
3 mag/arcsec2. Additionally, for all cases, the eective radii
increase in the presence of ICL, some of them drastically. The
measured eective radius can be up to 13 times bigger when the
ICL is still present in the images. This is the case for MACS
J1149+2223.

To further illustrate this, we plot the Kormendy relation
obtained with the seven BCGs, before and after subtracting the
ICL (Fig. 8). The relation after subtracting the ICL is shifted at
lower Re and brighter 〈µ〉, which is consistent with our previous
remarks. The slope of the Kormendy relation does not depend on
the presence of the ICL.

The outer component prole on ICL-subtracted images still
presents a low Sérsic index with n < 2 for all BCGs. The Sérsic
indices without ICL are smaller than those measured with ICL,
resulting in a atter prole in the outskirts. This is to be expected,
as the ICL would extend the prole at higher radii with very faint
surface brightness, and the stars that constitute the ICL would
blend with the stars that are bound to the BCG in the outskirts.
The galaxy would thus appear less compact, bigger, and more
diuse in the presence of ICL.

Since the component with very low Sérsic index (n < 2)
is still present even after removing the ICL from the original
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Table 2. Parameters obtained from tting the luminosity proles with two Sérsic components for the ICL sample.

External component Inner component

Name mABS 〈µe〉 Re n mABS 〈µe〉 Re n

(mag) (mag arcsec−2) (kpc) (mag) (mag arcsec−2) (kpc)

Abell 2744 −25.93 24.76 155.33 3.13 −23.52 19.39 4.34 2.47
−24.38 21.96 21.04 0.81

Abell 383 −25.20 22.01 38.09 0.83 −24.53 19.83 10.22 1.96
−25.00 21.58 28.52 0.63

Abell 611 −25.46 22.01 36.34 1.26 −23.70 20.21 7.05 2.68
−25.19 21.61 26.73 1.03

MACS J1115.9+0129 −25.26 22.95 46.50 1.68 −22.66 19.50 2.88 1.69
−24.74 22.22 26.21 1.06

MACS J1149.5+2223 −26.94 25.72 276.22 3.85 −22.81 20.78 4.23 1.88
−25.24 23.04 36.75 1.23

RX J2129.7+0005 −25.54 22.18 44.48 2.02 −22.09 19.15 2.24 1.22
−25.27 21.75 32.14 1.63

MS 2137−2353 −25.11 20.71 16.30 2.1 −22.21 20.95 4.80 3.21
−24.86 20.34 12.27 1.69

Notes. The columns are full cluster name; absolute magnitude, mean eective surface brightness, eective radius, and Sérsic index for the outer
component; and absolute magnitude, mean eective surface brightness, eective radius, and Sérsic index for the inner component. For each cluster
the parameters for the outer component are given for the original images (top row) and the ICL subtracted images (bottom row) with xed inner
component.

Fig. 8. Kormendy relation obtained for the seven BCGs in our sample
before (blue) and after (red) subtracting the ICL on the original images.
Each cluster is represented by a dierent symbol.

images, we thus conclude that the dichotomy observed in the
distribution of Sérsic indices and redshifts, following the best
model used, is not related to the ICL. Drawing any conclusions
regarding the evolution of the size of BCGs with redshift can be
tricky, however, as the ICL can aect the prole at large radius.

We tried to take the ICL into account by adding a third Sér-
sic prole when tting the original images, and by xing the
parameters of the rst two components to those obtained on the
ICL subtracted images. Although a Sérsic prole might not be
the best choice to model the ICL, our goal was only to check if
GALFIT would be able to detect a third component in addition
to the BCG. If successful, we could then try to t three Sérsic
proles instead of two to our whole sample in order for it not to
be aected by the ICL contribution.

The test was done on the cluster RX J2129 (chosen arbi-
trarily from the BCGs that were well tted previously). A third
component was successfully detected and was modelled with
faint surface brightness (µICL = 25.24), large eective radius
(Re,ICL = 190 kpc, i.e. more than four times bigger than that
of the outer component), and very low Sérsic index (n = 0.4).
Though this result was expected, as the ICL is by nature a
very extended envelope with faint surface brightness, GALFIT
returns a very elongated component (b/a = 0.2), whereas the
ICL map appears close to circular. We thus conclude that GAL-
FIT does not manage to correctly model the ICL and has dif-
culties in properly tting components with very faint surface
brightness. Adding a third component, in addition to being even
more time consuming, is not possible with GALFIT to correct
for the eect of the ICL on the outer prole of BCGs.

5. Effect of the depth of the images

As demonstrated above, the presence of BCGs with two Sérsic
components observed mostly at low redshifts (z < 0.4) is neither
due to the lower resolution at higher redshifts nor to the pres-
ence of ICL at low redshifts. In Chu et al. (2021), we degraded
the resolution of low-redshift clusters to that at redshift z = 1
and in Sect. 4 we remove the ICL from our images to check if
these two parameters can inuence the choice of the best tting
model, according to the F-test. In both cases we found that we
still need two components to properly t the BCGs that were
better modelled with two Sérsics on the original images.

Although we increased by more than a factor of ten the sam-
ple size up to z = 0.7 from Chu et al. (2021), we nd similar
numbers for galaxies better tted by two Sérsic proles. Either
this is related to the evolution of BCGs, or another observational
bias comes into play. To conrm this, we study how the depth of
the images aects the model distribution shown in Fig. 2 and in
Chu et al. (2021).

We measure the magnitude at 80% completeness,m80, of our
catalogues and show the distribution of the model chosen as a
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Fig. 9.Normalized distributions of the magnitudes at 80% completeness
for the sample in this paper (top) and in Chu et al. (2021, bottom). The
red histograms represent BCGs well tted with a single component;
blue histograms are BCGs better tted with two components.

function of m80 (see Fig. 9). The images in Chu et al. (2021)
obtained with HST are deeper than those used in the present
study, based on the CFHTLS. In Chu et al. (2021, Fig. 9, bottom
plot) the distribution of m80 has a peak at m80 = 25.4, and can
reachm80 = 28.0. With our CFHTLS sample, we measure a peak
at m80 = 24.7 (Fig. 9, top plot), and no cluster has m80 > 25.5.
This is consistent with the value indicated in the TERAPIX
documentation5.

With the HST data, out of 54 BCGs up to z = 0.7, 37
(69%) were better modelled with two Sérsics. BCGs better mod-
elled with two components have images that go deeper than
m80 = 25.2. For the deepest images (m80 > 26.5), the BCGs that
need an additional component become dominant. Only one BCG
was well tted with a single Sérsic; the other 13 BCGs in that
redshift range were better tted with the more complex model.
In the present study, in the same redshift range, we nd that only
5% of BCGs need an additional component. Not only does the
depth of the CFHTLS images not go as deep as the HST images,
but it is also limited to a magnitude m80 = 25, which is below
the magnitude of the peak measured for HST for those tted
with two components. We can guess that if deeper images were
available for the CFHTLS, the structure of the BCGs would be
better resolved and the number of two-component BCGs would
increase.

In another attempt to highlight the inuence of the depth of
the images on the model used to t the BCGs, we made use
of the Deep elds of the CFHTLS. Eight BCGs in our sam-
ple were observed both in the Wide and Deep surveys, allow-
ing us to compare directly the eect of the depth of the images
on the luminosity proles of the BCGs. Using the Deep sur-
vey, we nd that six out of eight BCGs have a two-component
structure. On the other hand, all but one of the same objects
observed in the Wide survey lack an inner component. Addi-
tionally, the p-values computed on the Wide images (pW > 0.35
on average) are much higher than those obtained on the Deep
images (pD < 0.1), indicating that the residuals of the two mod-
els tend to become similar as the images become shallower. For
one BCG still lacking an inner component on the Deep image,
the Wide p-value (pW = 0.59) drops to pD = 0.18 for the Deep
image. This suggests that an even deeper image would allow us

5 https://www.cfht.hawaii.edu/Science/CFHTLS/T0007/

Fig. 10. Surface brightness prole of the ICL in the cluster RX J2129.
The surface brightness was computed in a circular aperture, centred on
the cluster centre, with a radius r. The red vertical line represents the
Kron radius of the BCG.

to resolve the inner component that is currently ‘hidden’. This
BCG is also the farthest galaxy in our sample of eight BCGs, at
z = 0.65. On the contrary, the BCG that was better modelled with
two components in both images is the one at the lowest redshift,
z = 0.19.

It may be important to note that in Chu et al. (2021),
double-Sérsic BCGs are also observed at redshifts higher than
z > 0.4. Although they are more dominant at lower red-
shifts and not as much at higher redshift, we still account
for two-component galaxies up to z = 1.8. By plotting a
z − m80 diagram, we distinguish two populations at z > 0.7.
The rst is the dominant population of single-Sérsic BCGs at
z > 0.7, modelled on images with m80 < 26mag arcsec−2;
the second is the population of double-Sérsic BCGs, mod-
elled on images with m80 > 27mag arcsec−2. Consequently,
if deeper surveys were available, we could assume that not
only would the fraction of two-component BCGs increase at
low redshifts, but this would happen at higher redshifts as
well.

We also checked if the ICL could be detected in our images,
and thus if the ICL aects our study, by measuring its surface
brightness on the images provided by Jiménez-Teja et al. (2018)
and comparing it with the limit computed for the CFHTLS
images. We were able to do this, as images provided by
Jiménez-Teja et al. (2018) are very deep images limited to mag-
nitude 27.7 in the F814W ACS lter. Taking the example of
RX J2129, the prole in surface brightness is shown in Fig. 10.
We nd a maximum surface brightness of 26mag arcsec−2 in
the centre of the cluster. The prole becomes dimmer the far-
ther we go from the centre, and reaches a surface brightness
of 28mag arcsec−2 at distances r > 0.7 arcsec (r > 2.6 kpc)
from the centre. When compared to the surface brightness
limit of our CFHTLS sample (µCFHTLS,80 = 21.5mag arcsec−2),
the ICL is too faint to be observed in our images. We
measured a surface brightness µICL = 26mag arcsec−2 for the
ICL, which is fainter than the surface brightness limit mea-
sured on the CFHTLS images. We can thus conrm that the
results shown previously are physical and are not aected by
ICL.

6. Alignment of BCGs with their host clusters

With the purpose of studying the alignment of BCGs with their
host clusters, we measured their positions angles (PA) and ellip-
ticities with GALFIT. Out of the 974 BCGs that were tted by
either one or two Sérsic proles, 126 have a minor-to-major
axis ratio b/a ≥ 0.9. As in Chu et al. (2021), we exclude these
galaxies as an ellipticity close to unity leads to high uncertainties
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Fig. 11. Histograms of the alignments (absolute dierence of PAs)
between BCGs and their host clusters. The histograms were obtained
after excluding circular objects and systems, and excluding clusters with
large PA uncertainties (∆PAcluster > 45 degrees in blue, ∆PAcluster > 40
degrees in light red, ∆PAcluster > 35 degrees in dark red).

on the measurement of the PA, and also to an ill-dened PA. We
thus end up with 848 BCGs.

We measured the cluster ellipticities by tting ellipses on the
density maps with a 3σ clipping, applying the ellipse function in
the Python photutils package6. All clusters with b/a ≥ 0.9 were
excluded. This reduced the sample to 639 clusters.

Similarly to West et al. (2017), we measured the PA of clus-
ters by computing the moments of inertia on the galaxy density
maps provided by Sarron et al. (2018), and estimated the uncer-
tainties with bootstrap resamplings. For each cluster, we gener-
ated 100 bootstraps of half of the pixels of the density maps,
in a radius R500,c corresponding to the radius within which the
mean density is 500 times the critical density of the Universe at
the redshift of the cluster, ρc(z). The size of R500,c was computed
from the R200,c radius obtained for each cluster in Sarron et al.
(2018). The conversion was done using the relation given in
Sun et al. (2009): R500,c = 0.669 R200,c. This R200,c was derived
from the M200 estimate of Sarron et al. (2018) inferred from an
X-ray derived mass to optical richness scaling relation:

R200,c =

(

3M200,c

4π200ρc(z)

)
1
3

. (2)

We initially wanted to exclude all clusters that present large
uncertainties on their PAs. However, we found that most clus-
ters tend to have very high uncertainties of around 45 degrees.
This can be explained by the fact that, as stated in Sect. 2, clus-
ters are detected in density maps that cover a wide redshift bin
(on average, the width of the redshift bin is δz = 0.15), which
means one detection can overlap with another cluster at a nearby
redshift. The presence of laments, which link clusters in the
cosmic web, can also bias the measured PA. For all these rea-
sons, the uncertainties computed by bootstrap resampling can be
large if the cluster is not rich (and thus has a low S/N on density
maps), if it is circular, or if it is not isolated.

We chose to cut the samples by removing clusters with
uncertainties bigger than 45, 40, and 35 degrees. This reduced
our samples to 420, 203, and 116 clusters and BCGs,
respectively.

The alignments (dierences between the cluster and BCG
PAs) for the nal samples are illustrated in Fig. 11. For all three
histograms, even with the largest uncertainties on the PA of the
cluster, we still observe a peak at lower dierences. We mea-
sure, respectively (for errors of 45, 40, and 35 degrees), 44 ± 2%,

6 https://photutils.readthedocs.io/en/stable/isophote.

html

51 ± 3%, and 57 ± 4% of BCGs aligned within 30 degrees with
their host clusters (uncertainties on the alignment fractions were
computed by bootstrap resampling). On the contrary, only 24%,
22%, and 18% of BCGs dier by more than 60 degrees from
the major axis of the cluster. This shows a tendency for BCGs to
align with the major axis of their host clusters that is discussed in
Sect. 7. To assess the condence that our observation is not due
to random uctuations in a sample with a nite number of clus-
ters, we computed the expected uncertainty on frandom through
bootstrap realisations of sampling from a random distribution
for N = 420 and 116 clusters, respectively. This allows us to esti-
mate that the observed alignment is not due to random uctua-
tions at 3.4σ (∆PAcluster < 45 deg) and 4σ (∆PAcluster < 35 deg),
respectively.

Furthermore, we nd that BCGs in very massive clusters of
Mcluster > 5 1014 M (and thus the most massive BCGs, by con-
verting cluster mass to BCG mass using the relation given in
Bai et al. 2014), and bigger BCGs with Re,BCG > 30 kpc, tend to
be better aligned than the less massive ones. All BCGs in that
size and mass range, from Chu et al. (2021, 2 BCGs) and in the
present paper (12 BCGs), are found to be better aligned than 30
degrees with the major axis of their host clusters. It is dicult
to conrm this with less massive galaxies, however, because of
the large scatter in the Mcluster versus |PAcluster – PABCG| relation
(similarly, MBCG versus |PAcluster – PABCG|) and the Re,BCG versus
|PAcluster – PABCG| relations.

7. Discussion and conclusions

Making use of the galaxy cluster catalogue of Sarron et al.
(2018), we developed an algorithm to detect BCGs in optical
images from the CFHTLS. We estimate that 70% of the BCGs
in our sample were successfully detected. The nal sample of
BCGs built and studied in this paper consists of 1238 BCGs.

This method requires large images in order to properly esti-
mate the background (at least 2Mpc to be far enough from the
cluster centre), as well as images in several lters to obtain a
good photometric redshift estimate of the galaxies in the clus-
ter eld. With the CFHTLS, ve lters were available to t
the objects with the LePhare code, enabling Sarron et al. (2018)
to estimate photometric redshifts with a typical accuracy of
0.05 × (1 + z).

Several studies such as McDonald et al. (2016), Cerulo et al.
(2019), Fogarty et al. (2019), Castignani et al. (2020) and
Chu et al. (2021) have identied BCGs with unusual blue
colours, showing signs of recent starbursts. However, such BCGs
are scarce, and increasing their statistics is necessary to better
understand the processes that lead these galaxies to behave dif-
ferently from their red counterparts. By computing the (g − i)
colours of the BCGs, we also estimate the fraction of blue
(g − i < 0) BCGs in the Universe up to z = 0.7. We nd that
9% of BCGs in our sample are blue, which is consistent with the
estimates given in the cited papers.

By applying the same method as in Chu et al. (2021), we
modelled the luminosity proles of the BCGs by tting two
models, one with a single Sérsic component and one with two
Sérsic components. The model was chosen using the statistical
F-test: we observed two populations with a separation at z = 0.4,
below which some BCGs tend to require an additional compo-
nent to take into account the brighter bulge. Up to z = 0.7, in
Chu et al. (2021), we found that 77% of BCGs were better mod-
elled with two components, while here only 5% are better mod-
elled with two Sérsics in the same redshift range. Even though
we signicantly increase the size of our sample, the number of
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two-component BCGs did not increase, and we nd that the
fraction of double-Sérsic BCGs actually decreases. In order to
understand and explain why these galaxies with a more impor-
tant bulge exist mostly at lower redshifts, we checked for any
observational bias that could aect our study.

Although the spatial resolutions of this sample and of the
sample in Chu et al. (2021) are dierent, we still nd similar
distributions for the best model, with double-Sérsic BCGs found
mainly at lower redshifts (z < 0.4). We also nd similar distribu-
tions for the Sérsic indices, with two-component BCGs having
lower indices (n < 2), and single-component BCGs presenting
indices that cover a wide range between 0 and 10, with a atter
distribution. This hints that the resolution of the images does not
play a large role in model tting. We conrmed this in Chu et al.
(2021) by degrading the resolution of HST images at low z and
verifying that the ts returned by GALFIT were unchanged.

We already took into account the distance at which the galax-
ies are observed by considering a lter that is above the 4000Å
break, and thus by always modelling the same red stellar popu-
lation. However, it is all the more dicult to detect objects with
faint surface brightness at high redshifts, without deep exposure
times. We thus pondered if ICL, which has very faint surface
brightness, might be detectable at lower redshifts, and would
thus constitute the second component observed.

By removing the ICL contribution, using images provided
by Jiménez-Teja et al. (2018), we show that the presence of ICL
can aect the outskirts of the galaxy, and can atten the pro-
les at large radii. The presence of ICL can decrease the outer
Sérsic index, and increase the size of the BCG. Nonetheless, a
second component with low Sérsic index is still needed even
after subtracting the ICL. The presence of double-Sérsic BCGs
with low index at low redshift is thus also not an eect of the
ICL. Moreover, the images studied here are not deep enough
to detect the ICL, which is too faint, with a surface bright-
ness µICL ≥ 26mag arcsec−2. We conclude that our study is not
aected by the presence of ICL.

It should be noted that Kluge et al. (2020, 2021), who study
a sample of 170 local BCGs up to z = 0.08, nd a fraction of
71% of BCG+ICL systems that are well described with a sin-
gle Sérsic component. The remaining 29% are better tted with
an additional component. This outer component of the double-
Sérsic BCG+ICL system would trace the unrelaxed star material
that might have been accreted in the recent past.

In this study we nd that 95% of the BCGs in our sample
at higher redshifts are well modelled with a single Sérsic com-
ponent, and 5% need two components. The very dierent frac-
tions between the two studies could be due to the depth of the
images and/or to the presence of ICL. The limiting magnitude in
Kluge et al. (2020, 2021) is deeper, SBlim = 30 g′ mag arcsec−2,
which allows them to detect the ICL surrounding the BCG. In
the present study the magnitude at 80% completeness in the i
CFHTLS lter is m80 = 24.7. We also show for a small sample
of seven BCGs from Jiménez-Teja et al. (2018) that the presence
of a second component is independent from the presence of ICL.
If the ICL does not play a role in the existence of a second com-
ponent, then it cannot explain the dierence between Kluge et al.
(2020, 2021) and our study. A large sample of BCGs with deep
images, as in Kluge et al. (2021), should be used to disentangle
the ICL contribution with a similar method to the one we applied
to the ICL-subtracted images from Jiménez-Teja et al. (2018).

Lastly, we compare the completeness of our catalogues. We
recall that in Chu et al. (2021) 85% of BCGs at redshift z ≤ 0.4
are two-component galaxies, whereas here they only represent
16% of our sample at z ≤ 0.4. We nd that double-Sérsic com-

ponent BCGs in Chu et al. (2021) tend to appear in images that
have a depth of the order of m80 > 26.5mag arcsec−2. Our cur-
rent CFHTLS data do not go as deep as the HST images, and
the structure of the BCG is thus not as well determined. We
could assume that repeating this study with deeper images would
reveal the existence of an inner component at z ≤ 0.4 for most
of the BCGs that are well modelled with a single Sérsic com-
ponent in this paper. The presence of such an inner structure
would indicate that bulges of BCGs may have formed rst, and
the extended envelope would have formed later on, at z ≤ 0.4.
As Edwards et al. (2019) state, the cores and inner regions of
BCGs were already formed long ago and stopped evolving,
whereas the outer regions as well as the ICL started develop-
ing recently via minor mergers. This would also agree with the
assumption that the ICL was formed at later times (z < 1.0),
as stated by Jiménez-Teja et al. (2018) and references therein.
Montes & Trujillo (2017) claim that the ICL saw most of its for-
mation happen at z = 0.5; this would agree with the discrepancy
between the two models we observe around z = 0.4, which could
hint at a more important contribution of the ICL to the luminosity
prole of BCGs at z≤ 0.4. According to Lauer et al. (2014), from
a study of 433 z≤ 0.08 BCGs, although the inner portions would
have already been assembled before the cluster was formed, the
envelope would be expanded by dry mergers as the BCG spends
time in the dense centre of the cluster. These dry mergers would
not make the BCG brighter, but they would contribute greatly
to the extension of its outer envelope. This inside-out scenario
has been conrmed by many authors (De Lucia & Blaizot 2007;
van Dokkum et al. 2010; Bai et al. 2014; Ragone-Figueroa et al.
2018; Edwards et al. 2019; Dalal et al. 2021). As they experi-
ence more interactions with other galaxies, and thus as their
envelope forms as they accrete more and more matter, BCGs
can be expected to evolve from single-Sérsic into double-Sérsic
BCGs.

In Chu et al. (2021), double-Sérsic BCGs are observed up to
z = 1.8, even though they are not dominant at higher redshifts.
These two-component galaxies are found in the deepest images
with limiting magnitudes m80 > 27mag arcsec−2. The remaining
population of single-Sérsic BCGs are modelled on images with
m80 < 26mag arcsec−2. The separation between the two models
at higher redshifts that depends on the depth of the images high-
lights the importance of deep surveys. We would expect to detect
two components in all BCGs, but this requires deep images and
long exposure times. Even though the depth of the images could
be a solution to resolving the structure of these central galax-
ies, we can still wonder if other cluster properties may be linked
to the properties of this inner component. We do not nd any
correlation between the properties of the inner component and
redshift, or with the cluster properties. Moreover, the small sam-
ple size of double-Sérsic BCGs does not enable us to draw any
signicant conclusions. Deeper surveys are needed to conrm
our results and assumptions, and determine any link between the
presence of an inner component and BCG growth.

In order to understand whether BCGs are still growing today,
we looked for correlations between redshift and the physical
properties of BCGs measured with GALFIT. We nd no evolu-
tion as a function of redshift for the eective radius and abso-
lute magnitude. In Chu et al. (2021), no correlation could be
found for the mean surface brightness when no dimming cor-
rection was applied, up to z = 1.8. A trend could be seen up to
z = 0.7 (R = 0.29, p = 0.013), but in fact this trend was caused
by cosmological dimming. After correcting for this eect, the
trend is no longer measured (R < 0.1). We once again veried
this result, as no correlation could be found here between the
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corrected mean surface brightness and redshift. The large size of
our sample enables us to conrm the results shown in Chu et al.
(2021) up to z = 0.7, namely that BCGs were mainly formed
before 0.7 (z = 1.8 in our previous study), and have properties
that appear to have remained stable since then.

Following the work of Graham & Colless (1997) and
Bai et al. (2014), we demonstrate that the Sérsic index varies as
the logarithm of the eective radius: n = (5.13 ± 0.21)log(Re)
+(−0.29 ± 0.26), while Graham & Colless (1997) nd approxi-
mately n ∝ 3.22 log(Re). Our relation is steeper than that found
by these authors, which means the measured Sérsic indices are
more sensitive to small variations of the eective radius.

We also plot the Kormendy relation for BCGs, which is very
well dened with our sample. Our relation, not corrected for cos-
mological dimming, 〈µ〉= (3.34± 0.05) logRe + (18.65± 0.07),
agrees within 1σ with that given in Bai et al. (2014) and
Chu et al. (2021), and within 3σ with Durret et al. (2019):
〈µ〉 = (3.50 ± 0.18) logRe + (18.01 ± 0.23) (Bai et al. 2014);
〈µ〉 = (3.33 ± 0.73) logRe +C (Chu et al. 2021);
〈µ〉 = (2.64 ± 0.35) logRe + (19.7 ± 0.5) (Durret et al. 2019).

The dependence with redshift is due to cosmological dim-
ming, which moves the relation to fainter surface brightnesses
without aecting the sizes of the BCGs. The slope measured is
also steeper than that of Bai et al. (2014) measured for non BCG
early type galaxies: 〈µ〉 = (2.63 ± 0.28) logRe +C.

Following the work of Donahue et al. (2015), West et al.
(2017), Durret et al. (2019), De Propris et al. (2020) and
Chu et al. (2021), we show that the major axis of the BCG
tends to align with that of the host cluster. We nd that at least
(44 ± 2)% of BCGs are aligned with their host clusters within
30 degrees. By only considering the best measured PAs (uncer-
tainties smaller than 35 degrees), this percentage goes up to
(57 ± 4)%. If BCGs had a random orientation, we would expect
a uniform distribution, and thus only frandom = 33% of BCGs
aligned with the major axis of their host clusters within 30
degrees. We conrm that the measured alignment fractions are
not due to random uctuations as the number of clusters stud-
ied is nite. We also conrm the results by Faltenbacher et al.
(2009), Niederste-Ostholt et al. (2010) and Hao et al. (2011)
who nd stronger alignments for brighter and bigger galaxies.
In the hierarchical scenario of structure formation, matter and
galaxies fall into the centre of clusters along cosmic laments.
This would create tidal interactions that can explain the observed
alignment of BCGs with their host clusters. Thus, contrary to
other cluster members, as was found by West et al. (2017) who
show that non BCGs members of a cluster have a random orien-
tation in the cluster, the BCG properties are linked to the cluster.

This study shows, with increased statistics, evidence for an
early formation of the brightest central galaxies in clusters. Most
of their matter content was already in place by z = 0.7, and we
showed in Chu et al. (2021) that this conclusion can most likely
be applied up to z = 1.8. New datasets in the infrared (JWST,
Euclid) should enable us to conrm this result at higher redshifts
with better statistics. In the present paper, we also estimate in a
rst approach the contribution of the ICL to such studies.
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Chapter 3

Fossil groups

Fossil groups (FGs) are groups of galaxies (less than a hundred members) which present a bright-
est galaxy that is at least two magnitudes brighter than the second ranked galaxy of the group and
which are X-ray luminous, with an X-ray luminosity at least brighter than LX = 1042 h−2

50 erg s−1

(Jones et al., 2003). FGs lack bright galaxies, with only the brightest group galaxy (BGG) standing
out. Their discovery is quite recent, as Ponman et al. (1994) discovered the first candidate FG (now
confirmed) in 1994, less than 30 years ago. Their late discovery, and the rareness of these systems,
make it still difficult to understand how these peculiar systems formed.

Two main scenarios have been proposed. First, FGs may be the remnants of early mergers of
groups of galaxies and the BGG may have accreted all the massive galaxies in the group a long
time ago, which would explain the low number of bright galaxies. In this case, FGs would not
evolve anymore and would remain in their final form. This is supported by Jones et al. (2003),
D’Onghia et al. (2005), and Zarattini et al. (2022). In the second scenario, FGs would only be a
temporary stage in the groups’ lives before they capture more galaxies and become similar to
normal groups (von Benda-Beckmann et al., 2008; Kundert, D’Onghia, and Aguerri, 2017; Aguerri
and Zarattini, 2021). Contradictory studies tend to be mostly in favor of the first scenario, but no
clear conclusion has been made yet.

3.1 Data samples

In order to better understand how these special groups form and which conditions made them
evolve differently from their peers, it is necessary to obtain large enough samples of FGs to un-
dertake statistically meaningful studies on these objects. In this goal, we have built two different
samples of FG BGGs. An on-going project is based on the galaxy group catalogue of Sarron et al.
(2018) and will be presented later in this chapter.

In the main study presented here, we make use of Tinker’s catalogue of galaxies with available
spectroscopy to identify candidate FGs by selecting groups in which the BGG is two magnitudes
brighter than all the other members. As of now, these remain labeled as "candidates" as we did not
check their X-ray data yet, so they only satisfy one out of the two conditions to be a FG. However,
we selected groups with a mass halo Mhalo ≥ 1013 M⊙. The masses of the halos indicate that,
although we lack X-ray data, they are massive enough to be likely gravitationally bound groups
with a relatively high X-ray luminosity expected. We plan to submit in 2023 an XMM-Newton
proposal to observe candidate FGs for which we will not find X-ray data in the archive. This gave
us a sample of 88 candidate FG BGGs between z = 0.02 and z = 0.18.
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We then selected the FG candidates which have good images in the Canada France Imaging
Survey (CFIS) survey. The full description of CFIS can be found on the CFHT website1. The Prin-
cipal Investigators are Jean-Charles Cuillandre and Alan McConachie, with about one hundred
collaborators from both countries. CFIS has scientific aims in various fields of astronomy. Based
on observations made with the Canada France Hawaii Telescope and the MegaCam camera, CFIS
is a Large Program that has been allocated 271 nights over six semesters (17A to 19B, from Feb. 1st
2017, to Jan. 31st 2020), and has since been extended (+75 nights) to July 31st, 2022 due to adverse
weather conditions. It has two survey components:

• CFIS-r (Wide + Image Quality + Deep) will image ∼ 5000 square degrees over 154 nights
in the r-band. Covering the sky above a declination of 30 degrees, and outside the galactic
plane, it will produce a panoramic survey with exquisite image quality (∼ 0.6 arcseconds)
to a depth of r = 24.1 (point source, S/R = 10, 2 arcsecond diameter aperture).

• CFIS-u (continuation of the Legacy for the U-band All-sky Universe - Luau - program) will
survey ∼ 10000 square degrees over 117 nights, covering the region above a declination of 0
degrees, and outside the galactic plane, to a u-band depth of 23.6 (point source, S/R = 10, 2
arcseconds diameter aperture).

CFIS is now part of the Ultraviolet Near Infrared Optical Northern Survey (UNIONS), which
includes CFIS (u and r bands), Pan-STARRS (griz bands) and the Subaru telescope (g and z bands).
All these data are available to the consortium members. More information on UNIONS can be
found on this2 website.

Thanks to the depth of the CFIS images, we are able to continue part of the study in Chu et al.
(2022) in which we estimate how the ICL can affect the luminosity profiles of BCGs and, more
importantly, to resolve the structure of BCGs which was the main issue with our last work with
CFHTLS data.

3.2 Methods and results

We studied three main questions: first, what are the physical properties of FG BGGs and how do
they compare to non-FG BGGs; then how does the ICL affect our study; and finally, how did the
stellar population of these galaxies evolve with time.

To alleviate the text, we will refer to FG candidates as FGs in the following.

3.2.1 Physical properties of BGGs of FGs and non-FGs

Although this is still a work in progress, we bring preliminary answers to each of these questions.
For the first one, properties of BGGs of FGs and non-FGs were obtained, similarly to Chu, Durret,
and Márquez (2021) and Chu et al. (2022), by modeling the luminosity profiles of the brightest
galaxies with GALFIT, using one or two Sérsic models, in the available CFIS u (35 BGGs), r (25
BGGs), and rLSB (r low surface brightness, 19 BGGs) filters. The rLSB images are obtained from
the r images passed through the Elixir-LSB reduction pipeline to compute image backgrounds as
homogeneously as possible, allowing a study of low surface brightness features in the images.

1https://www.cfht.hawaii.edu/Science/CFIS/
2https://www.skysurvey.cc/
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Twelve BGGs have images both in the u and r filters. A sample of 100 non-FGs was obtained from
the same Tinker parent sample by selecting groups with a BGG that has a magnitude gap smaller
than two magnitudes with the second ranked galaxy. Among them, we selected 30 groups with
good CFIS data and with comparable masses, brightnesses and colours to those of FGs.

Because of the very small redshift interval (0.02 ≤ z ≤ 0.18), it was not possible to quantify
the growth of their properties (luminosity, size) over time. Instead, we only tried to characterize
the properties of FG BGGs. We find that, as could be expected, BGGs in the u band can mainly be
modeled with a single component. Indeed, the signal to noise ratio (S/N) in the blue filter is lower
than in the redder filters, as BGGs are mainly early-type galaxies characterized by a passive stellar
population. We are thus only modeling the young stellar component of these galaxies. In r and
rLSB, BGGs are mostly modeled with two surface brightness components. This is in agreement
with Chu et al. (2022), in which we concluded that most BCGs may be two-Sérsic galaxies, but
that deep images in the red passbands were necessary in order to distinguish the more complex
structure of these galaxies. The r and rLSB CFIS images are deep enough to detect this second
component.

What was unexpected, however, is the lower fraction of two-Sérsic BGGs in the rLSB images
than in the r images. Indeed, by bringing out low surface brightness features, we would have
expected the ICL to be more noticeable on these images. The presence of ICL would have, in
theory, extended the profile at higher radii of these galaxies. In Chu et al. (2022), we showed
that ICL would not cause the appearance of a second component, so while we may not really
expect the fraction of two-Sérsic BGGs to increase significantly in the rLSB images, its decrease is
even less expected. We suspect that the Elixir-LSB reduction pipeline may be responsible for this,
as it may clean the fainter scattered light surrounding the BCG, thus changing its profile. This
can be seen on Figure 3.1: top left is the original image and the top right is the sky background
measured by the Elixir-LSB pipeline. The bottom image is the resulting image after subtraction of
the background to the original image. Flux around the galaxy has been removed, and the galaxy
appears less extended.

We find, from the parameters returned by GALFIT, that although the effective radii and the
Sérsic indices of FG and non-FG BGGs are similar, FG BGGs are in general brighter in absolute
magnitude and mean effective surface brightness. These results indicate that BGGs of FG and
non-FGs are different, and BGGs of FGs may have experienced more important mergers than their
counterparts. Indeed, the lack of bright galaxies in the vicinity of BGGs hints at the cannibalization
of multiple massive galaxies.

This hypothesis is enforced by the measured Kormendy relations: in all filters, the Kormendy
relation of BGGs of FGs appears very similar to the one obtained from BCGs of clusters detected
in the CFHTLS by Chu et al. (2022), whereas the relation of BGGs of non-FGs is offset from the
relations of FGs BGGs and CFHTLS BCGs. This again shows that BGGs of FGs and non-FGs
are different, but more interestingly, that BGGs of FGs may have undergone an evolution similar
to that of BCGs. We suggest that BGGs of FGs may have undergone major mergers similar to
those undergone by cluster BCGs a long time ago, and cannibalized all the bright galaxies in the
FG vicinity. The fact that FG BGGs resemble BCGs suggests that FGs may be the ending stage
of normal groups of galaxies. Indeed, from this result, we might think that FGs have already
experienced more mergers than normal groups. The second scenario in which FGs are just a
temporary stage before they experience another merger and capture more galaxies and become
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FIGURE 3.1: Illustration of the ELIXIR-LSB reduction pipeline: the original image (top left), to
which is subtracted the sky background measured by the pipeline (top right), which enables to
bring out low surface brightness features on the final image (bottom). Credit: J-C Cuillandre

& CFIS collaboration.

similar to normal groups then appears less likely.

3.2.2 Contribution of the ICL

We also estimate how much the ICL affects our study, similarly to what was done in Chu et al.
(2022). The first step was to obtain images of the ICL which we could subtract to the CFIS images
to obtain clean signals of our BGGs which are not contaminated by other sources of light. The
extraction of the ICL was done using the code DAWIS (The Detection Algorithm with Wavelets for
Intracluster light Studies) which has been developed and optimised by Ellien et al., 2021 to detect
low surface brightness sources in images, in particular (but not limited to) ICL.

DAWIS follows a multiresolution vision based on wavelet representation to detect sources, em-
bedded in an iterative procedure called synthesis-by-analysis approach to restore the complete
unmasked light distribution of these sources with very good quality. The code first models the
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FIGURE 3.2: ICL maps generated by the DAWIS (Ellien et al., 2021) code by considering thresh-
olds of 20, 40, 60 kpc (top row) and 80 and 100 kpc (bottom row) for ICL extraction.

brightest sources and then removes them from the image. The process is repeated by using the
resulting image from the previous iteration until all sources were removed from the image and
the residuals are only due to noise. The algorithm is built so sources can be classified based on
criteria depending on the analysis goal. The case of ICL detection and the measurement of ICL
fractions are discussed by Ellien et al., 2021, with tests on mock images of galaxy clusters with
various ICL profiles and comparisons with more traditional ICL detection methods. In our case,
DAWIS classified sources larger than a given size threshold as belonging to the ICL. Several thresh-
olds were tested (20, 40, 60, 80 and 100 kpc) and 100 kpc was chosen, as smaller scales were more
easily contaminated by other structures (foreground galaxies, stars). As can be seen on Figure 3.2,
ICL maps with the different thresholds are represented. Lower thresholds appear very bright in
the center as they include light from the BCG. By increasing the limit, we remove less light from
the BCG and the signal of the ICL is cleaner.

DAWIS was applied here to the rLSB images of 19 FG and 30 non-FGs with rLSB images avail-
able to extract the ICL contribution. We then subtracted this ICL contribution to the original image
and fit the BGG with GALFIT. Overall, the same observations are made before and after subtracting
the ICL: BGGs of FGs are brighter in absolute magnitude and surface brightness, and have sizes
similar to non-FG BGGs. The difference in the brightnesses of the two samples is even stronger
once the signal has been cleaned of the ICL. We confirm results from Chu et al. (2022) and show
that ICL makes the profiles of BGGs more extended, with bigger effective radii, dimmer surface
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brightnesses, and makes them appear shallower, with higher Sérsic indices.

3.2.3 Stellar history

In order to track the evolution of the stellar population in FG BGGs, we retrieved the SDSS spectra
of 79 of 88 FGs (9 were not available) and 29 of the 30 non-FGs that we studied morphologically.
We will study the full sample of 100 non-FGs in the coming weeks. We excluded from the study
BGGs which were identified as AGNs, and we thus end with 73 FGs and 21 non-FGs. We fitted
the spectra with the eBOSS Firefly3 (Wilkinson et al., 2017) code. Firefly is a chi-squared min-
imisation fitting code to spectroscopic data which fits a number of starburst components to model
the observed spectrum, which allows to derive the star formation history of the corresponding
galaxies. This code was applied to the whole SDSS survey, and catalogs containing the measured
stellar properties such as age, metallicity, stellar mass or star formation history are available (Com-
parat et al., 2017). However, since we wanted access to all the properties returned by Firefly (the
properties of each starburst were removed from the final catalogues available on the SDSS web-
site), we ran Firefly once again on each spectrum we retrieved. To model the spectra, we used
combinations of several initial mass functions (IMF) (Kroupa, Salpeter) and stellar population li-
braries (MILES, ELODIE, STELIB). A description of each model and their results with Firefly
is given in Wilkinson et al. (2017). In this way, we obtained knowledge of the stellar mass and
metallicity, weighted by mass or light, SFR, or the age of the Universe at each starburst. To lighten
the study, we decided to focus on only two different models: Kroupa-MILES and Kroupa-STELIB.
The stellar libraries MILES and ELODIE are quite similar, as they both fit bimodal distributions in
light-weighted starburst ages, with one of two peaks being recent (≈ 3 Gyrs ago). STELIB returns
unimodal solutions with a broader distribution. The χ2 distribution for all three libraries is also
very similar. We thus decided to simply select the two libraries which cover the largest redshift
range. The choice of a Kroupa IMF was done as Wilkinson et al. (2017) describe their studies based
on the Kroupa IMF, and state that the difference observed between the Kroupa and Salpeter IMF
is minimal. This thus allows us a simple comparison with their studies. Preliminary results show
that, for the Kroupa+MILES model:

• FG : 61% of the mass was formed at t > 8 Gyrs

• Non-FG : 54% of the mass was formed at t > 8 Gyrs

and for the Kroupa+STELIB model:

• FG : 71% of the mass was formed at t > 8 Gyrs

• Non-FG : 74% of the mass was formed at t > 8 Gyrs

In the first model, BGGs of FGs have built most of their mass earlier than non-FGs, which infer
an earlier formation epoch. FG BGGs might have cannibalized most of the massive galaxies of
their group earlier than non-FGs. This agrees with our previous observations with the Kormendy
relations that show different evolutions of FGs and non-FGs BGGs. On the contrary, the second
model exhibits similar stellar build-ups for the two categories at t > 8 Gyrs. This would mean that
FGs started evolving differently from their peers more recently, less than 8 Gyrs ago. However, it

3http://www.icg.port.ac.uk/firefly/
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is still difficult to determine which model is the most accurate. This work is still in progress, in
particular because until now we have analyzed only 29 non-FG spectra out of the entire sample.

3.3 Perspectives

FIGURE 3.3: Example of the candidate fossil group W1-FG122 detected in the CFHTLS and for
which we have applied for telescope time with the DOLORES multi-object spectrograph on
Telescopio Nazionale Galileo. The red circles indicate the galaxies brighter than r=21.5 with
a high probability of belonging to the FG according to their photometric redshift. The yellow

square shows the size of the DOLORES MOS field (8.6 × 8.6 arcmin2).

This study will give insight on the formation and the evolution of FGs, and what proper-
ties distinguish them from normal groups of galaxies. We also offer a comparison with brightest
galaxies of clusters, and try to constrain the stellar formation history of FGs and non-FGs. The
corresponding paper is included below and will be submitted to A&A in a few weeks.

As mentioned before, another work in progress focuses on a catalogue of potential FGs from
the CFHTLS. Since only photo-zs are available for most of the galaxies in this catalogue, and with
the aim of detecting and confirming new FGs, we ran several observations with spectrographs
at multiple observatories and instruments. So far, we have only obtained observations using 2-
meter class telescopes such as the Nordic Optical Telescope (Roque de los Muchachos Observatory,
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La Palma in the Canary Islands), the 2.2m at the Calar Alto Observatory, or the 1.93m at the
Observatoire de Haute Provence (France). This limited our observations to galaxies with apparent
magnitudes in the CFHTLS r filter r < 19 mag. We are currently in the process of asking for more
observing time with 4-meter class telescopes to be able to measure the distance of fainter objects.
We show as an example Figure 3.3 with the field we want to observe for a candidate FG.

3.4 The paper

The paper included in this manuscript will be submitted to Astronomy & Astrophysics in the
coming weeks.
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ABSTRACT

Context. The formation process of fossil groups (FGs) is still under debate, and, due to the relative rarity of FGs, large samples of
such objects are still missing.
Aims. The aim of the present paper is to increase the sample of confirmed FGs and to analyse the properties of their brightest group
galaxy (BGG) and compare them with a control sample of non-FG BGGs.
Methods. Based on the large spectroscopic catalogue of haloes and galaxies publicly made available by Tinker, we extract a sample
of 88 FG and 100 non-FG candidates. For all the FGs with data available in the u, r bands and/or rLSB (r band images treated with the
Elixir-LSB software) in the UNIONS survey (initially the Canada France Imaging Survey, CFIS), we made a 2D photometric fit of the
BGG with GALFIT with one or two Sérsic components. We also analysed how the subtraction of the intracluster light contribution
modifies the BGG properties. Finally, we extracted from the BGG spectra the properties of their stellar populations with Firefly, for
79 FGs and xxx non-FGs. To complement our study, we investigated the origin of the emission lines in a nearby FG, dominated by
the NGC 4104 galaxy, to illustrate in detail the possible origins of emission lines in the FG’s BGG, involving the presence of an AGN
or not.
Results. Morphologically, a single Sérsic is sufficient in most objects in the u band, while two Sérsics are needed in the r and rLSB
bands, both for FGs and non-FGs, but Non-FGs cover a larger range of Sérsic index n. FGs follow the Kormendy relation (Sérsic
index versus effective radius) previously derived for almost one thousand BCGs by Chu et al. (2022) while non-FGs are in majority
located below this relation, suggesting that FG BGGs have evolved similarly to BCGs while non-FG BGGs have fainter mean surface
brightnesses. All the above properties are not strongly modified by the subtraction of the intracluster light contribution. The analysis
of the stellar populations of FG and non-FG BGGs do not differ significantly.
Conclusions. The morphological properties and the Kormendy relation of FG and non-FG BGGs differ, suggesting they have had
different formation histories. On the other hand, it is not possible to trace differences in their stellar populations.

Key words. Galaxies: fossil groups.

1. Introduction

Fossil groups (FGs) were discovered by Ponman et al. (1994).
They are particular groups of galaxies with high X-ray lumi-
nosities but with fewer bright galaxies than groups or clusters
of galaxies. Jones et al. (2003) later gave the present definition
of FGs as extended X-ray sources with an X-ray luminosity of at
least LX = 1042 h−2

50 erg.s−1, and a brightest group galaxy (BGG)
at least two magnitudes brighter than other group members. The
formation of these peculiar objects and why they present such
a low amount of optically emitting matter are still under de-
bate. Jones et al. (2003) have suggested that FGs are the rem-
nants of early mergers, and that they are cool-core structures
which accreted most of the large galaxies in their environment
a long time ago, a scenario supported by hydrodynamical simu-
lations by D’Onghia et al. (2005). However, FGs could also be
a temporary stage of group evolution before they capture more

⋆ Based on observations obtained with SDSS, CAHA, and OHP ob-
servatories (see acknowledgements for more details).

galaxies in their vicinity, as reported for instance by von Benda-
Beckmann et al. (2008), based on N-body simulations.

FGs can be studied through their optical (Vikhlinin et al.
1999; Santos et al. 2007) or X-ray (Romer et al. 2000; Adami
et al. 2018) properties. Some optical studies support the sce-
nario that FGs are the result of a large dynamical activity at
high redshift, but in an environment that is too poor for them to
evolve into a cluster of galaxies through the hierarchical growth
of structures. For example, La Barbera et al. (2009) found that
the optical properties of BGGs in FGs are identical to those of
giant isolated field galaxies. Girardi et al. (2014) found a similar
relation between their X-ray and optical luminosities for FGs and
for normal groups, suggesting that all groups contain the same
amount of optical material, but that in FGs it is concentrated
in a giant central elliptical galaxy that has cannibalized most of
the surrounding bright galaxies. At X-ray wavelengths, based on
Chandra X-ray observations, Bharadwaj et al. (2016) found that
FGs are mostly cool-core systems, suggesting that these struc-
tures are no longer dynamically active.
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However recent observations tend to contradict these results.
For example, Kim et al. (2018) reported that the prototypical
FG NGC 1132 shows an asymmetrical disturbed X-ray profile,
and suggested that it is dynamically active. Similarly, Lima Neto
et al. (2020) detected shells around the BGG of NGC 4104 and,
based on N-body simulations, showed that this FG may have
experienced a relatively recent merger between its BGG and an-
other bright galaxy with a mass of about 40% of that of the BGG.
A review on FGs was recently written by Aguerri & Zarattini
(2021).

To make up for the lack of large samples of FGs, Adami et al.
(2020) made a statistical study of FGs, extracted from the catalog
of 1371 groups and clusters detected by Sarron et al. (2018) in
the Canada France Hawaii Telescope Legacy Survey (CFHTLS),
based on photometric redshifts. They found that groups with
masses larger than 2.4×1014 M⊙ had the highest probability to be
FGs and discussed their location in the cosmic web relatively to
nodes and filaments (see also Zarattini et al. (2022) for a similar
study). They concluded that FGs were most probably in a poor
environment making the number of nearby galaxies insufficient
to compensate for the accretion by the central group galaxy.

Numerical simulations of FGs by Dariush et al. (2007) have
shown a good agreement with both optical and X-ray observa-
tions, and predict 3-4% of the population, even in quite rich clus-
ters. They find that FGs assemble a higher fraction of their mass
at high redshifts, compared to non-fossil groups, with the ratio
of the currently assembled halo mass to final mass, at any epoch,
being about 10–20% higher for FGs. Their interpretation is that
FGs represent undisturbed, early-forming systems in which large
galaxies have merged to form a single dominant elliptical.

The role of the BGG in FGs is therefore crucial and the
aim of the present paper is to analyse the physical properties
of the BGGs of FGs and compare them to those of non-fossil
groups and clusters. For this, we gathered a sample of FGs as
large as possible from the sample of groups detected by Tinker
from SDSS data. In each FG candidate, we detected the BGG
and compared its morphological properties to those of a control
sample of non-FGs, as well as to BCGs and BGGs previously
studied by Chu et al. (2021, 2022). We also analysed the stellar
populations of FG and non-FG BGGs. Finally, we investigated
the origin of the BGG spectroscopic emission lines, taking as an
example a very nearby fossil group BGG (NGC 4104).

2. Data

2.1. Selection of FGs

Tinker has made available catalogues1 with data for 559,038
galaxies. These catalogues give, among other quantities, posi-
tions, spectroscopic redshifts from the SDSS survey, k-corrected
and evolution corrected (to z=0.1) g and r band absolute mag-
nitudes, galaxy stellar masses, and total halo masses. For each
galaxy, the group to which it belongs is indicated.

The group-finding algorithm described by Tinker (2021) is
based on the halo-based group finder of Yang et al. (2005), fur-
ther vetted by Campbell et al. (2015). The standard implemen-
tation of the group finder yields central galaxy samples with a
purity and completeness of 85–90 per cent (Tinker et al. 2011).
To assign M to haloes and subhaloes, Tinker (2021) uses the
stellar mass function from Cao et al. (2020), which utilizes the
principal component analysis galaxy stellar masses of Chen et al.
(2012).

1 https://www.galaxygroupfinder.net/catalogs

Fig. 1. Normalized histograms of the logarithms of the halo masses for
the 88 Tinker candidate FGs (red) and for the 30 non-FGs (grey).

We first eliminated all the galaxies that were alone in a group,
since a single galaxy does not form a group, and obtained a cat-
alogue of 201,007 galaxies that were at least in a pair. We then
selected from this catalogue the galaxies belonging to groups
where the magnitude difference in the g band between the bright-
est and second brightest galaxy was at least 2 magnitudes, thus
obtaining a catalogue of 2453 galaxies.

We extracted from this catalogue a list with the brightest
galaxy of each group, and this led to a catalog of 1112 galaxies
that may be considered as BGGs. In order to avoid considering
objects that could not be real groups, such as isolated galaxies
with a few small satellites, we added a condition on the halo
mass: Mhalo > 1013 M⊙. This limit was chosen to match the low-
est mass that we found for a FG in our search for FGs in the
CFHTLS: 1.1 × 1013 M⊙ (Adami et al. 2020). In the absence of
X-ray data for most of our objects, this condition also gives more
confidence that these systems may indeed be FGs.

The last step was to use photometric catalogs from the
Canada France Imaging Survey2 to check if no galaxies were
missed in spectroscopy. For this, we searched the CFIS photo-
metric catalogs for objects (galaxies or stars) within 0.5×Rvirial
for each Tinker group that were not already present in the Tinker
catalogs and had magnitudes between that of the BGG and that
of the second brightest galaxy. Stars were removed with central
surface brightness versus total magnitude plots. At the end, we
found three galaxies not present in the Tinker spectroscopy and
potentially contributing to the first two magnitude range. This af-
fected two FG candidates. We spectroscopically observed these
objects with the OHP T193 telescope (MISTRAL instrument)
and with the CAHA 2.2m telescope (CAFOS instrument), and
this eliminated one of the two FG candidates.

We thus finally obtained the catalog of 88 FG candidates
listed in Table 2.

2.2. Basic properties of FGs

The histograms of the halo masses and BGG stellar masses of
the FG candidates and of the comparison sample (see below) are
shown in Figs. 1 and 2 respectively. The halo masses are in the
[1013,1014] M⊙ range, with 65 FGs (74%) having halo masses ≤
2×1013 M⊙. The BGG stellar masses are in the [1010.8,1012] M⊙
range, except for one galaxy (FG22) that has a lower mass of
1010.4 M⊙.

The redshift histogram of the groups is shown in Fig. 3. Most
of the FGs are in the [0.02,0.12] range, with only five FGs in the
[0.12,0.18] range. The absolute magnitude histograms in the g

2 https://www.cfht.hawaii.edu/Science/CFIS/
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Fig. 2. Normalized histograms of the logarithms of the BGG stellar
masses for the 88 Tinker candidate FGs (red) and for the 30 non-FGs
(grey).

Fig. 3. Normalized redshift histograms for the 88 Tinker candidate FGs
(red) and for the 30 non-FGs (grey).

and r bands, together with the (g-r) colour histogram, are shown
in Fig. 4 for the groups. BGGs have typical absolute magnitudes
in the r band in the [−23,−21] range, with typical (g-r) colors in
the [0.8,1.0] range.

We searched for images of these 88 FG candidates in the
CFIS image database3 in the u and r bands. We found images in
the u band for 35 FGs and in the r band for 25 FGs, with 12 FGs
having both u and r band images.

Chu et al. (2022) have shown that subtracting the contri-
bution of intracluster light (ICL) could modify the properties
derived for BCGs. Therefore, with the aim of estimating how
subtracting the ICL could modify the properties derived for the
BGG, we also retrieved the r band images treated with the Elixir-
LSB software (hereafter referred to as rLSB). As explained e.g.
by Zemaitis et al. (2022), the images were obtained using an
observing technique that is optimised for low surface bright-
ness (LSB) surveys at CFHT (e.g., Ferrarese et al. (2012); Duc
et al. (2015). Using a 7-position large dither captured in a con-
tiguous time window, with relative offsets greater in scale than
most extended features encountered in the field such as galaxies
(10 arcmin), a median correction map is derived. This smoothed
map with features starting at a scale of ∼ 5 arcmin integrates
all systematic illumination effects and restores, upon a properly
scaled subtraction, the true night sky background in each indi-
vidual science image which is a flat pedestal upon which we now
see undisturbed compact and extended diffuse sources. Stacks at
full depth are obtained by first removing the specific true sky
pedestal from each image and scaling the astronomical flux ac-
cording to a zero point adjustment (accounting for variable at-
mospheric absorption, etc).

3 https://www.cfht.hawaii.edu/Science/CFIS/

Fig. 4. Normalized histograms of the absolute magnitudes of the BGGs
in the g (top) and r (middle) bands, and of the (g-r) colour (bottom). The
88 Tinker candidate FGs are in blue (top) and red (middle and bottom)
and the non-FGs are in grey.

There were 19 FGs available in rLSB. For all these objects,
we obtained images of 4000×4000 pixels2 centered on the BGG,
either just by cropping the tiled CFIS rLSB images, or by first as-
sembling two to four tiled images with the SExtractor, SCAMP
and SWarp softwares4 and then cropping them to this size.

2.3. Additional spectroscopic observations of FGs

As said in Section 2.1.1, long-slit spectroscopy was obtained
with MISTRAL at Observatoire de Haute-Provence for two
galaxies (α=228.7630093, δ=42.0503814 and α=228.769596,
δ=42.0548771, 1 hour exposures) inside the FG65 candidate FG.
They both proved to be part of the same foreground galaxy at
z=0.0149, and not related to the FG BGG at z=0.13479. This
confirmed the fossil nature of this group.

We also observed a galaxy (α=238.45581, δ=56.4229, 1
hour exposure) within the FG73 FG candidate) with CAFOS at
the Calar Alto Hispano Alemán Telescope. This galaxy proved
to be at a redshift of 0.1055, very close to the redshift of the puta-
tive BGG (z=0.1080). This candidate FG was therefore removed
from the FG final list.

4 https://www.astromatic.net/
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Fig. 5. From left to right: normalized histograms of the effective radius, absolute magnitude, mean surface brightness, and Sérsic index. From top
to bottom: 35 Tinker candidate FGs (in blue) and 30 non-FGs (grey) in the u band; 25 Tinker candidate FGs (in red) and 30 non-FGs (grey) in the r
band; 19 Tinker candidate FGs (in green) and 30 non-FGs (grey) in the rLSB band; same as above in the rLSB band after ICL subtraction (yellow
for FGs).

2.4. Control sample of non-fossil groups

In order to compare the properties of BGGs of FGs with those
of non-fossil groups (hereafter non-FGs), we built a catalogue
of non-FGs in a similar way, but this time imposing a mag-
nitude difference between the brightest and second brightest
galaxies smaller than 2. This condition, together with that of
Mhalo > 1013 M⊙ gave 100 non-FG candidates.

The catalogue of these 100 non-FGs will be avail-
able in electronic form at the CDS via anonymous ftp
to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsweb.u-
strasbg.fr/cgi-bin/qcat?J/A+A/. This catalogue contains the fol-
lowing columns: number, followed by an asterisk for the 30
BGGs considered in the morphological analysis, RA, DEC,
spectroscopic redshift, BGG stellar mass, absolute magnitude in
the g and r SDSS bands, and halo mass. Among these 100 non-
FGs, we chose 30 non-FGs having good quality CFIS images
in u, r, and rLSB. This sample is comparable in number to the
FGs for which CFIS data are available. The BGGs of this con-
trol sample were chosen to match as well as possible the absolute
magnitude and colour histograms of our FG sample. This can be
checked by looking at Figs. 1 - 4.

3. Morphological properties of the FG BGGs

3.1. Method

Following Chu et al. (2021) and Chu et al. (2022), the 2D profile
of each BGG was fit with GALFIT (Peng et al. 2002) with a
single Sérsic model and with a double Sérsic model. GALFIT
initial parameters were obtained with SExtractor, using a bulge
+ disk model. A mask and a PSF were created following the
method described in Chu et al. (2021). The choice between a
one and two Sérsic model was made based on the statistical F-
test (Margalef-Bentabol et al. 2016) and the computed p-value,
which indicates if complexifying the model, i.e increasing the
number of degrees of freedom, is necessary. Since the current
sample has the same resolution as Chu et al. (2022), we adopt
the same p-value limit to distinguish between the two different
models: P0 = 0.15.

3.2. Morphological properties of FGs

The numbers of BGGs of FGs and non-FGs for which one Sérsic
law (S1) or two Sérsic laws (S2) are needed to fit their 2D pro-
files in the various bands are given in Table 4. For FGs, we can
see that in the u band most BGGs can be fit with a single Sérsic
(83%). Oppositely, the profiles in the r band in majority require
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two components (92%). If we now consider the BGGs from the
rLSB data, only 63% require two Sérsics.

The fact that a single Sérsic fits most of the u band images
of BGGs can be due to the lower signal to noise ratio in the u
band that makes the detection of a faint outer component diffi-
cult, while this outer low surface brightness component is better
detected in the deeper r band images. Following the same inter-
pretation, it appears surprising that the percentage of BGGs bet-
ter fit by two Sérsics is smaller in the deeper rLSB data than in
the r band data. This can be explained by the fact that the Elixir-
LSB pipeline, while processed to obtain a refined background
subtraction procedure, removes light from around the BGGs. We
cannot guarantee whether this light was BGG origin, instrumen-
tal contamination, or a mixture of both. This nevertheless means
that part of our two Sérsic fits in the r band are potentially con-
taminated by MegaCam scattered light. We decide to keep both
bands for comparison purposes: the r band, with more flux but
potentially contaminated, and the rLSB band which is ’cleaner’
but might be missing light from the BGG outer profiles.

The same 2D profile fitting was applied to the control sample
of non-FGs. As for FGs, we see in Table 4 that most BGGs in
the u band are fit with a single Sérsic (90%) while in the r band
80% are better fit with two Sérsics, and in rLSB, 67% are better
fit with two Sérsics. The difference between FGs and non-FGs is
therefore of a few percent.

As described in Sect. 3.4, we computed the ICL contribution
and subtracted it from the BGGs to see how the Sérsic parame-
ters changed. If we look at Table 4, we can see that only one FG
BGG out of 19 (5%) can be fit with a single Sérsic, and for non-
FG BGGs four out of 30 BGGs (13%) are fit with a single Sér-
sic. The subtraction of the ICL contribution therefore does not
make the second Sérsic component disappear, on the contrary,
as already observed by Chu et al. (2022). This will be discussed
further in Sect. 3.4,

As seen in Fig. 5, the effective radii are comparable for the
BGGs of FGs and non-FGs in all filters. The absolute magni-
tudes of FG BGGs appear brighter (by about one magnitude)
than those of non-FG BGGs. The same is observed for the mean
surface brightnesses, except in the u filter, where they appear
similar.

The histograms of the Sérsic index n are more concentrated
towards low values in r for FGs: only 2 FGs out of 25 (8%) have
n>4 while 8 non-FGs out of 30 (27%) have n>4. In rLSB, there
are 6 FGs out of 19 (32%) and 11 non-FGs out of 30 (37%) with
n>4.

Since the difference in Sérsic index between FGs and non-
FGs is not apparent in all bands, and the effective radii are about
the same, the only clear difference that we find between the phys-
ical properties of FGs and non-FGs is that FG BGGs are intrin-
sically brighter.

3.3. Kormendy relation

We now consider the relation found by Kormendy (1977)) (mean
effective brightness < µ > as a function of effective radius Re, it
can be fit with the following law:

< µ >= (a ± σa) × Re + (b ± σb).

The slopes and intercepts with their errors are given in Ta-
ble 5 in the u and r bands, before and after correction for cosmo-
logical dimming. For FGs, the Kormendy relation is identical in
r and rLSB, so we are not giving the results for rLSB. We can
see in this table that the dispersion is notably smaller for FGs

than for non-FGs in all bands and that the relations in u and r are
parallel within the dispersion. The slopes are larger for non-FGs
than for FGs.
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Fig. 6. Kormendy relation for FGs in red and Non-FGs in grey, super-
imposed on the relation found for almost one thousand BCGs by Chu
et al. (2022) in cyan. Both plots are obtained in the rLSB band, the top
plot without ICL subtraction and the bottom plot after ICL subtraction.
The points for FGs and Non-FGs have been shifted from the r to the i
band, and all points are corrected for cosmological dimming.

The Kormendy relation derived in the i band for almost one
thousand BCGs by Chu et al. (2022) was: < µ >= (3.34 ±
0.05)logRe + (18.65 ± 0.07) and < µ >= (3.49 ± 0.04)logRe +
(16.72± 0.05) before and after correction for cosmological dim-
ming respectively. This relation was found to be independent of
the model used (one or two Sérsic profiles). If we compare the
Kormendy relations found here for FGs and non-FGs to those
of Chu et al. (2022), we see that FGs are located on this rela-
tion, while non-FGs are located in majority below the relation,
as illustrated in Fig. 6, and this is true both before and after ICL
subtraction.

Therefore the BGGs of FGs appear to have properties closer
to those of BCGs than non-FG BGGs, suggesting that BGGs in
FGs and BCGs have undergone comparable evolutions, while
non-FGs have evolved somewhat differently, reaching fainter
surface brightnesses.
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Fig. 7. Normalized histograms of the difference between the values obtained before and after subtraction of the ICL for the 19 Tinker candidate
FGs (in red) and 30 non-FGs (in grey): effective radius (top left), absolute magnitude (top right), mean surface brightness (bottom left), and Sérsic
index (bottom right).

3.4. Influence of the ICL contribution on the estimation of the
morphological properties of FGs

Chu et al. (2022) have estimated the importance of the ICL con-
tribution on the morphological properties of seven BCGs com-
puted with GALFIT. For this, they fit the 2D properties of the
BCGs on the original images, and then subtracted to these im-
ages the contribution of the ICL derived by Jiménez-Teja et al.
(2018) and fit again the BCGs. Their main result was that two
Sérsics were still necessary to fit the BCGs, and therefore that
the need for a second component could not only be attributable
to ICL. Another result was that for all seven BCGs, the ab-
solute magnitude of the external component is brighter after
removing the ICL (with a difference that can reach 2 magni-
tudes). After subtracting ICL, BCGs also have brighter effec-
tive surface brightnesses, with a difference that can almost reach
3 mag arcsec−2. In all cases, the effective radii increase in the
presence of ICL, some of them drastically (by an order of mag-
nitude).

Similarly, to better quantify the effect of the ICL in this study,
we now compare the values of the various physical parameters
galaxy by galaxy before and after ICL subtraction.

As seen in Fig. 7, for FGs, the ICL increases the effective
radius by a mean factor of 1.2. The ICL adds light to the BGG
by up to 0.7 magnitude. The mean surface brightness before sub-
traction of the ICL can be up to 2.2 mag arcsec−2 fainter, with
a mean around 0.3. The Sérsic index tends to be slightly larger
when ICL is included (by 0.25 on average).

For non-FGs, the ICL increases the effective radius by a
mean factor of 1.4. The absolute magnitude with ICL is up to
1 magnitude brighter. The mean surface brightness before sub-
traction of the ICL can be up to 1.8 mag arcsec−2 fainter, with a

mean of about 0.5. The Sérsic index tends to be larger with ICL,
with a large dispersion from one BGG to another.

However, when the ICL is subtracted, the Sérsic index distri-
butions become comparable for FGs and non-FGs. This is also
the case in the u band, with values showing a large spread.

4. Stellar populations of BGGs

4.1. Data

We retrieved the spectra of the FG and non-FG BGGs of our
sample in the SDSS. For the 88 FGs, nine spectra were not avail-
able, leaving us with 79 BGGs. For the 100 non-FGs, 4 spectra
were not available, so we analysed 96 spectra.

We fit these spectra with Firefly and eliminated the spectra
corresponding to an AGN. Wilkinson et al. (2017) have shown
that Kroupa and Salpeter IMFs gave comparable results, so we
limited our analysis to a Kroupa IMF. We used the STELIB and
MILES stellar libraries.

4.2. Results

The results are given in ???. The stellar populations of BGGs
of FGs and non-FGs cannot be distinguished with this relatively
straightforward analysis.

4.3. Emission lines in FG BGGs: the case of NGC 4104

A non negligible part of our FG BGGs are showing emission
lines. This may appear counter intuitive as such galaxies may
be expected to be old and passive. Such emission lines can be
explained in two ways. We may have a central AGN, or these
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BGGs can have undergone more or less recent mergings, before
the group reached the FG status. Some gas can therefore still
form stars in the galaxy outskirts, even if the typical timescale of
star formation to stop is of the order of a few hundred Myrs.

Fig. 8. SDSS g’,r’,i’ trichromic image (∼2.9’×3.5’) of NGC 4104.
Small blue circles (3 arcsec diameter) are the known SDSS redshifts.
Red rectangles are the regions where we extracted MISTRAL spectra.

Fig. 9. SDSS spectroscopy of NGC 4104, with emission (blue labels)
and absorption (red labels) lines.

NGC 4104 (see Fig. 8) is a well known galaxy at z∼0.02816,
BGG of the eponym fossil group recently studied by e.g. Lima
Neto et al. (2020), that constitutes a good laboratory to in-
vestigate these two possibilities. Despite the BGG status of
NGC 4104 (classified as an S0 galaxy by the RC3 catalog (de
Vaucouleurs et al. 1991), and as Elliptical by the SDSS), SDSS
spectroscopy (identified as spec-2227-53820-0518 in the SAS)
clearly shows strong emission lines in its center (see Fig. 8 for
the location of the SDSS spectroscopic extraction area). In this
region, we have a noticeable lack of emission at the Hβ and

[OIII] wavelengths. The Hα, [NII] and [SII] lines are very promi-
nent, in addition to MgI and NaD absorption lines (see Fig. 9).

Fig. 10. MISTRAL spectroscopic observations of 15 different regions
of NGC 4104. Spectra are normalized in flux. The location of the SDSS
fiber is shown as the blue central circle.

In order to investigate the origin of these emission lines, and
to see if they are present over the entire galaxy, we partially
mapped NGC 4104 at the Observatoire de Haute Provence with
the MISTRAL single-slit spectro-imager (see http://www.obs-
hp.fr/guide/mistral/MISTRAL_spectrograph_camera.shtml) in
March 2022. We used the blue setting (1 hour exposure, resolu-
tion R∼750, and covered the wavelength range [4200, 8000]Å)
to obtain spectra in four different slits (see Fig. 8). The three
slits close to the galaxy center provided high enough signal-to-
noise to allow extraction of spectra in 15 different regions (see
Fig. 10). The outermost slit has too low a signal-to-noise to de-
tect any significant lines (including emission lines).

We do not detect any emission line in the galaxy external
regions with the other slits. Only central regions (l1, l2, l4, c1,
c2, c3, c5, and c6 on Fig. 10) show [NII], [SII], and sometimes
weak to bright Hα emission, very similarly to what is visible in
the SDSS spectrum. We show in Fig. 11 a zoom on the [6700,
6940]Å wavelength interval. The table GalSpecInfo of the SDSS
DR17 database lists NGC 4104 as an AGN, with an old stellar
population of the order of 13 Gyrs. In order to investigate more
precisely the nature of this galaxy we first applied the pipes_vis
visualization tool (Leung et al. 2021), based on the BAGPIPES
tool (Carnall et al. 2018) to the normalized SDSS spectrum. We
selected a Wild et al. (2020) model, adding dust (Charlot & Fall
2000) and a nebular component (Leung et al. 2021).

First, based on Lima Neto et al. (2020), we assumed a stellar
mass for NGC 4104 of 1011.3 M⊙ and a redshift of 0.03. We
also fixed to 100 the α and β slopes of the Wild et al. (2020)
burst (decline and incline steepness of the burst, index of double
power law), to 2.0 the ηdust (additional scaling factor for dust in
star forming clouds), to 0.7 the nCF00 (slope of the attenuation
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Fig. 11. Same as Fig. 10, zoomed on the [6700, 6940]Å wavelength
interval. We also show at the lower-right of the upper figure the zoomed
SDSS spectrum.

law) of the dust component, and to 0.01 Gyr the tbc parameter in
pipes_vis (duration that the star forming clouds remain).

We then fixed the galaxy velocity dispersion to 150 km/s in
order to reproduce the [SII] doublet aspect. The log(U) value
(ionization parameter) has to be lower than −3.5 in order to have
[NII] stronger than Hα. We fixed log(U) to this value.

We had to introduce a passive population older than ∼6 Gyrs
to explain the depth of the absorption lines. We fixed the age
of the Universe when the older population formed to 8 Gyrs.
We also fixed to 1 Gyr the SFR decay timescale of the older
population.

To explain the absence of [OIII] emission and the weakness
of Hβ, we fixed the metallicity to Z=2.5 and the Av (extinction
in V band) to 2.

Finally, we added a small burst in the Wild et al. (2020)
model, with 5% of the mass of the older population contained
in the burst (it has to be lower than 10% anyway), ∼1 Gyr ago
(12.8 Gyr after the Big Bang), in order to explain visible emis-
sion lines and to have deep enough MgI and NaD lines.

Fig. 12. A modelisation of the normalized SDSS spectrum of NGC 4104
with the pipes_vis tool.

With this set of parameters, we are able to reasonably repro-
duce the SDSS spectrum (see Fig. 12). This probably shows that

we are dealing with a relatively old stellar population (∼6 Gyrs
old). This is consistent with the 4-6 Gyr old merger proposed
by Lima Neto et al. (2020). Any emission lines induced by the
old merger have probably now vanished. In addition, a recent
burst/merger (∼ 1 Gyr old) is also likely. It may possibly have
reactivated the central AGN and be at the origin of the emission
lines presently observed in the centre of NGC 4104. The star-
forming Hα emission induced by this late merging event would
require a few hundred Myrs to also vanish, and this is not in
contradiction with the age of the recent burst (∼ 1 Gyr).

Fig. 13. log([OIII]/Hβ) versus log([NII]6584A/Hα) for the SDSS spec-
trum (central area, see e.g. Fig. 10) and the c1, c2, and c5 MISTRAL
regions. Regions under the red and blue curves are normal galaxies,
while regions above these curves are active objects.

We also investigated the AGN nature of the spectra in MIS-
TRAL covered regions where [NII] and Hα emissions were
strong (namely, regions c1, c2 and c5 of Fig. 10). [OIII] and
Hβ were not detectable, so Fig. 13 only shows vertical lines for
these three regions. We clearly see that, even without [OIII] and
Hβ lines, the NGC 4104 c1, c2, c5, and central regions all have
AGN characteristics.

As a conclusion, the emission lines of NGC 4104 are mainly
central and each of the regions exhibiting emission lines have
AGN characteristics. The remaining areas of the galaxy have
passive characteristics. The emission lines of NGC 4104 are
therefore largely due to the AGN activity, suggesting a possible
AGN-origin for the emission lines that we detected in at least
part of our general sample of BGGs.

5. Discussion and Conclusions

The aim of this paper is to increase the number of known FGs to
shed light on their formation process. Here, we increase the sam-
ple by 88 confirmed FGs. For the FGs with CFIS data available
(35 in the u band, 25 in the r band and 19 in the rband treated with
the Elixir-LSB software), we analyse the morphological proper-
ties of their brightest group galaxy (BGG), and compare these
properties with those of a control sample of 30 non-FG BGGs.

The 2D photometric fits of the BGGs made with GALFIT
with one or two Sérsic components show that a single Sérsic
component is sufficient in most objects in the u band, while two
Sérsics are needed in the r and rLSB bands, both for FGs and
non-FGs. However, non-FGs cover a larger range of Sérsic index
n than FGs, and therefore their morphological properties are less
well-defined than those of FG BGGs.

FG BGGs follow better than non-FG BGGs the Kormendy
relation between the Sérsic index and the effective radius pre-
viously derived for almost one thousend BCGs by Chu et al.
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(2022). This implies that FG BGGs have morphological prop-
erties closer to those of BCGs, and have therefore evolved in a
similar way to BCGs. It has been confirmed by Chu et al. (2021)
that BCGs have not evolved since z=1.8. Therefore, the simi-
lar evolution of FG BGGs and of BCGs favours the scenario
in which FGs have formed long ago and have stopped evolving
because their environment lacked galaxies that the group could
accrete.

The effect of subtracting the intracluster light contribution
does not strongly modify the BGG properties, since two Sérsic
components are still necessary in the majority of the galaxies,
even after subtracting the ICL contribution. This was also the
case for the sample of BCGs studied by Chu et al. (2022). The
second Sérsic component therefore cannot be attributed to ICL.

The properties of the stellar populations of FG and non-FG
BGGs derived from the analysis of their SDSS spectra with Fire-
fly show that no significant difference is found between FGs and
non-FGs (79 minus xxx and xxx galaxies respectively).

Detailed observations of the FG NGC 4104 illustrate the fact
that the BGGs of some FGs may show emission lines in their
spectra. However, only a small percentage of BGGs are blue
and star-forming, and so potentially exhibiting star-formation in-
duced Hα lines. The others, as NGC 4104, show emission lines
originating from their centre and mainly due to their AGN activ-
ity. In NGC 4104, this AGN was probably reactivated in a recent
past by some merging activity, therefore questioning the passive
status of the central regions of FGs.

In conclusion, BGGs of FGs and non-FGs are found to differ
morphologically, suggesting they have had somewhat different
formation histories, but not sufficiently to make their stellar pop-
ulations significantly different.

As a parallel project to increase the number of known FGs,
we are presently confirming spectroscopically the subsample of
FG candidates detected in the CFHTLS survey with a high prob-
ability by Adami et al. (2020). This will be the topic of a future
paper.
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Table 2. Sample of 88 FG candidates. The columns are: running number, J2000 right ascension and declination (in degrees), spectroscopic redshift,
logarithm of the BGG mass, absolute magnitudes in the g and r bands, logarithm of the halo mass.

Number RA DEC z logMBGG Mabsg Mabsr logMhalo
1 4.6490 -10.5378 0.1463 11.521 -21.358 -22.369 13.053
2 10.6416 -9.9117 0.0585 11.194 -21.325 -22.327 13.436
3 22.3493 15.4461 0.1727 11.279 -19.754 -20.503 13.628
4 24.9841 -9.2424 0.0421 11.807 -20.801 -21.759 13.109
5 26.3686 -10.0933 0.0550 11.493 -20.868 -21.811 13.131
6 58.2920 -5.4971 0.1230 11.525 -21.666 -22.587 13.055
7 117.6895 17.1722 0.0727 11.586 -20.272 -21.221 13.020
8 118.8856 27.7361 0.0748 11.721 -21.282 -22.286 13.672
9 120.0094 51.6025 0.0823 11.644 -20.168 -21.120 13.054

10 124.8362 20.2687 0.0816 11.753 -21.506 -22.476 13.070
11 128.8010 31.7042 0.0684 11.424 -21.369 -22.295 13.689
12 131.0486 23.5347 0.0768 11.464 -21.091 -22.050 13.577
13 131.1130 53.4878 0.0616 11.408 -21.085 -21.925 13.467
14 131.7862 19.6311 0.0312 11.025 -22.859 -21.569 13.607
15 132.5318 2.6479 0.0597 11.562 -20.921 -21.866 13.517
16 136.8240 16.7384 0.0522 11.389 -20.574 -21.552 13.160
17 137.5553 38.7321 0.0978 11.531 -20.399 -21.346 13.198
18 139.7271 50.0207 0.0343 11.495 -20.761 -21.739 13.150
19 141.3023 5.3517 0.0760 11.658 -20.682 -21.606 13.121
20 142.1698 12.6173 0.0282 10.986 -21.118 -22.104 13.133
21 144.5160 42.9743 0.0468 11.207 -20.680 -21.613 13.102
22 150.5563 11.3197 0.0550 11.284 -19.868 -20.831 13.101
23 150.7645 16.6710 0.0706 11.591 -21.217 -22.207 13.063
24 151.9548 39.7382 0.0808 11.621 -21.008 -21.952 13.186
25 154.8047 15.0122 0.0815 11.512 -20.524 -21.498 13.007
26 155.9830 7.9813 0.1033 11.604 -21.229 -22.230 13.189
27 157.3174 15.4637 0.0570 11.261 -21.377 -22.259 13.605
28 161.1391 45.5408 0.1122 11.577 -20.049 -21.001 13.043
29 162.1012 5.2697 0.0699 11.235 -20.415 -21.334 13.111
30 164.5891 3.6572 0.0567 11.312 -21.166 -22.145 13.235
31 165.8158 54.1113 0.0703 11.510 -21.037 -21.990 13.263
32 175.0114 15.7188 0.0844 11.483 -20.261 -21.208 13.156
33 175.5136 3.0047 0.0406 11.151 -20.327 -21.209 13.210
34 178.8740 49.7966 0.0535 11.139 -20.907 -21.818 13.180
35 179.8952 40.6662 0.0666 11.425 -20.782 -21.727 13.306
36 180.1458 32.6646 0.0715 11.463 -20.595 -21.566 13.328
37 181.2686 40.7910 0.0525 11.050 -20.526 -21.520 13.210
38 181.3191 21.0103 0.0746 11.565 -21.133 -22.111 13.100
39 181.4802 25.2690 0.1007 11.722 -20.689 -21.624 13.024
40 181.5380 -2.9481 0.0256 10.847 -21.123 -22.091 13.389
41 182.3114 67.6405 0.0599 11.234 -20.413 -21.392 13.103
42 183.1793 61.9709 0.0496 11.323 -20.877 -21.818 13.110
43 184.6847 44.7812 0.0383 11.233 -21.255 -22.150 13.326
44 192.5297 52.8502 0.0330 11.385 -20.683 -21.649 13.063
45 198.8502 7.8469 0.0926 11.614 -21.053 -21.931 13.727
46 201.2748 6.3122 0.0825 11.437 -20.423 -21.364 13.249
47 202.5798 11.5118 0.0377 11.184 -21.247 -22.226 13.405
48 203.7632 35.4873 0.0635 11.011 -20.667 -21.559 13.103
49 204.6871 15.4295 0.0745 11.343 -21.080 -22.011 13.027
50 205.0684 56.5015 0.0998 11.580 -21.328 -22.321 13.499
51 207.4004 28.4404 0.0746 11.404 -21.001 -22.005 13.282
52 210.5004 45.5619 0.0654 11.477 -20.185 -21.081 13.022
53 211.7204 -1.7302 0.0700 11.443 -20.505 -21.461 13.145
54 216.6863 9.1793 0.0550 11.335 -20.687 -21.649 13.044
55 218.8973 50.1900 0.0691 11.456 -20.003 -20.859 13.021
56 219.1753 9.9292 0.0586 11.726 -21.873 -22.841 13.901
57 219.6765 30.4659 0.0707 11.648 -20.980 -21.876 13.201
58 223.2020 32.3799 0.0878 11.873 -21.724 -22.760 14.007
59 225.6145 19.7352 0.0972 11.550 -19.964 -20.867 13.002
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Table 2. Continued.

Number RA DEC z logMBGG Mabsg Mabsr logMhalo
60 225.8131 36.1477 0.0733 11.649 -21.754 -22.699 13.734
61 226.1660 53.8232 0.0379 11.403 -20.567 -21.559 13.133
62 227.3765 46.4927 0.0378 11.195 -19.350 -20.342 13.072
63 227.4669 -0.3847 0.0711 11.775 -20.964 -21.874 13.129
64 228.2578 28.4928 0.0786 11.390 -20.520 -21.464 13.037
65 228.7253 42.0131 0.1348 11.968 -20.222 -21.162 13.185
66 232.6162 -0.2305 0.0869 11.774 -20.435 -21.238 13.090
67 233.3931 33.6996 0.0677 11.502 -21.141 -22.153 13.212
68 233.4166 24.4047 0.0434 11.335 -20.677 -21.642 13.158
69 234.9934 48.5938 0.0677 11.391 -20.930 -21.872 13.091
70 235.6059 13.9567 0.0926 11.635 -20.781 -21.717 13.026
71 236.6317 12.1427 0.0720 11.800 -20.121 -21.008 13.113
72 237.0568 29.9150 0.0960 11.500 -21.384 -22.344 13.069
73 238.4564 56.4235 0.1080 11.972 -20.599 -21.582 13.118
74 239.8565 42.2635 0.0605 11.420 -20.906 -21.841 13.068
75 242.3237 4.0439 0.0551 10.939 -20.982 -21.903 13.197
76 246.6880 24.1490 0.0589 11.117 -20.538 -21.497 13.164
77 251.8154 33.9324 0.0673 11.622 -20.905 -21.875 13.596
78 252.4850 35.2121 0.0996 11.589 -19.763 -20.775 13.000
79 255.2097 23.0110 0.0094 11.906 -21.262 -22.206 13.252
80 255.8944 58.9176 0.0762 11.516 -20.669 -21.656 13.026
81 317.6327 0.8951 0.0681 11.319 -20.853 -21.800 13.109
82 322.3274 11.2010 0.0890 11.755 -21.004 -21.990 13.310
83 327.4432 -7.4425 0.0903 11.582 -21.746 -22.652 13.590
84 336.5609 0.6678 0.0364 11.016 -20.888 -21.877 13.091
85 340.9873 1.0005 0.0580 11.195 -20.881 -21.756 13.297
86 342.3251 12.6305 0.1337 10.374 -19.661 -20.730 13.072
87 346.9538 0.9405 0.0418 11.459 -21.107 -22.059 13.596
88 348.8094 -1.2422 0.0251 10.848 -20.366 -21.327 13.012
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Table 3. Control sample of 30 non-FG candidates. The columns are: name, J2000 right ascension and declination (in degrees), spectroscopic
redshift, logarithm of the BGG mass, absolute magnitudes in the g and r bands, logarithm of the halo mass.

Name RA DEC z logMBGG Mabsg Mabsr logMhalo
NonFG6 121.2352 31.2595 0.0732 11.363 -20.550 -21.495 13.152
NonFG8 121.5296 39.3424 0.0645 11.480 -19.942 -20.897 13.190
NonFG9 121.6227 33.2801 0.0838 10.829 -20.221 -21.072 13.131

NonFG12 123.3757 30.3811 0.0753 11.197 -19.908 -20.894 13.017
NonFG15 124.1161 33.3768 0.1084 11.150 -20.659 -21.640 13.588
NonFG16 124.7523 34.9870 0.0623 11.159 -20.596 -21.592 13.198
NonFG17 125.0182 41.3390 0.1021 11.216 -20.396 -21.356 13.266
NonFG19 126.1656 32.3262 0.0683 11.357 -20.572 -21.526 13.282
NonFG22 126.5740 29.5435 0.1100 11.251 -20.850 -21.837 13.268
NonFG23 126.8353 34.2165 0.0876 10.973 -20.556 -21.531 13.223
NonFG24 127.3892 31.6653 0.0900 11.595 -20.422 -21.453 13.318
NonFG29 128.2929 30.4762 0.1075 11.301 -20.196 -21.128 13.177
NonFG30 128.3209 30.9804 0.0936 11.243 -19.755 -20.676 13.182
NonFG31 128.9864 30.1257 0.0933 10.824 -20.749 -21.711 13.097
NonFG33 129.4784 36.9984 0.0548 11.574 -20.437 -21.297 13.137
NonFG34 129.5675 35.0896 0.0647 11.434 -20.314 -21.331 13.092
NonFG48 131.7605 31.4298 0.0660 11.346 -19.842 -20.664 13.420
NonFG56 133.3498 37.3566 0.1036 11.083 -21.203 -22.141 13.250
NonFG58 133.6843 35.5656 0.0882 11.258 -21.218 -22.227 13.726
NonFG63 134.0557 37.7081 0.0938 10.904 -21.090 -22.034 13.163
NonFG67 135.3629 34.4643 0.0655 11.307 -20.122 -21.080 13.301
NonFG69 136.0299 30.8830 0.0635 11.212 -20.990 -21.967 13.201
NonFG78 140.8148 33.5107 0.0424 10.670 -20.200 -21.173 13.080
NonFG82 142.0339 35.8988 0.1108 11.454 -20.930 -21.906 13.061
NonFG84 143.2806 32.2718 0.0735 10.961 -21.084 -22.079 13.202
NonFG86 143.7315 32.8416 0.0610 11.287 -19.442 -20.364 13.279
NonFG90 144.2122 30.2841 0.1111 11.305 -21.027 -21.855 13.112
NonFG95 148.1868 40.7628 0.0925 11.150 -21.372 -22.324 13.043
NonFG96 148.3277 34.7647 0.0502 11.332 -20.690 -21.682 13.090
NonFG98 148.5450 32.4480 0.0869 11.200 -20.812 -21.764 13.506

Table 4. Number of BGGs of fossil and non-fossil groups for which one Sérsic law (Sérsic 1) or two Sérsic laws (Sérsic 2) are needed to fit their
2D profiles in the various bands.

FG non-FG
u r rLSB rLSB-ICL u r rLSB rLSB-ICL

Sérsic 1 29 2 7 1 27 6 10 4
Sérsic 2 6 23 12 18 3 24 20 26

Table 5. Slopes (a) with their error (σa) and intercepts (b) with their error (σb) for the Kormendy relation. For each filter, we give the values
without and with redshift dimming correction.

FG NonFG
a σa b σb a σa b σb

u 3.41 0.28 17.15 0.31 3.72 0.44 17.13 0.47
udim 3.13 0.30 16.95 0.33 3.68 0.44 16.83 0.47
r 3.31 0.35 16.80 0.36 3.95 0.68 17.24 0.69
rdim 3.26 0.42 17.05 0.44 3.76 0.68 17.09 0.69
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Chapter 4

Off-centre supermassive black holes in
bright central galaxies

Galaxy clusters are rich environments, hosts of hundreds to thousands of galaxies, which makes
them propitious environments to galaxy mergers. In Section 1, we have described the importance
of galactic mergers for the formation of galaxies. Apart from mergers, other parameters are to be
taken into account to explain the evolution of these clusters. One of these is black holes (BHs), and
more specifically, supermassive black holes (SMBHs).

BCGs are believed to be hosts of SMBHs in their centers. The many mergers that BCGs experi-
ence can bring matter such as gas into the center of the galaxy, and this matter will be absorbed by
the SMBH; mergers can also bring massive stars or BHs, with which the SMBH can merge to form
an even greater SMBH. As stated in the introduction (see Section 1.2.3), these BHs are believed to
be key ingredients in the shaping of their host galaxies, and more specifically in the quenching
of star formation in elliptical galaxies. This quenching would mainly consist in the heating of the
surrounding gas by AGN feedback (cooling flow problem).

However, Boldrini, Mohayaee, and Silk (2020) have shown that AGN feedback in dwarf galax-
ies is not effective if the central BH is off-centered, and Smith et al. (2018) indicated that this may
also be the case for more massive galaxies. The work I present here was first motivated by obser-
vations made in Chu, Durret, and Márquez (2021), in which we find that some BCGs are farther
than tens or even hundreds of kiloparsecs from the X-ray center of their host cluster. We wondered
if this offset was the sign of an off-centered SMBH in the cluster. Indeed, BCGs are more likely to
experience mergers in their lifetimes, and we suspect some of these mergers to be able to eject the
SMBH from its central position.

4.1 Method

We study here a large sample of 370 galaxy clusters in the Illustris-TNG300 simulation from Barnes
et al. (2018). Illustris-TNG1 is a large cosmological hydrodynamical simulation of galaxy forma-
tion. TNG-300 corresponds to the largest cosmological box size of 300 Mpc (see Figure 4.1), and
enables us to collect a large sample of clusters and to study the clustering of systems. The galaxy
formation model of the simulation includes: the radiative cooling of gas; the formation of stars
and SMBHs and their feedback; the formation, merging and accretion of nearby gas by SMBHs;
and other mechanisms and processes to explain galactic formation and evolution. Our aim is to

1https://www.tng-project.org/
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FIGURE 4.1: The Illustris-TNG simulation comes in three different sizes: 50, 100 and 300 Mpc.
In this work, we use the largest box which enables us to study a significant number of clusters.
Clusters can be identified as the knots, i.e. high density regions, and are connected to each
other with filaments. In between filaments, voids can also be spotted throughout the whole

image.

verify if galaxy mergers can indeed kick away the SMBH from its central position using informa-
tion from the simulation and orbital integration methods, i.e, we track the orbit of the SMBH in
the potential of the BCGs through multiple galaxy mergers.

I emphasize that we do not retrieve the orbit of the SMBH directly from the Illustris-TNG300
simulation. Indeed, simulations tend to pin the SMBH at the center of the cosmological box to
obtain effective AGN feedback and to ensure that SMBHs gain mass rapidly through mergers
during the early epochs of the Universe. Dynamical friction, which allows the SMBH to sink down
to the bottom of the potential well of the BCG, is also not well treated in simulations, hence the
repositioning of the SMBH (see Weinberger et al., 2017; Morton, Khochfar, and Oñorbe, 2021; Bahé
et al., 2021). We only use data from the simulation to obtain the BCGs’ and satellites’ properties,
and we then integrate the orbit of the SMBH using orbital integration methods independent from
the simulation. This enables us to overcome problems linked to the repositioning of the SMBH
and to resolve the orbit of the SMBH with better precision. As such, the orbits we compute are not
limited by the constraints imposed by the Illustris-TNG300 simulation.

4.1.1 Reconstruction of the BCG’s merger history

Barnes et al. (2018) have identified 370 galaxy clusters at z = 0 with a median halo mass M500 > 8.8
× 1013 M⊙. The catalogue gives information on the cluster ID in the simulation and its properties
at redshift z = 0. Since our goal is to retrace the merger history of the BCG, it is thus necessary to
know, at each time step, which galaxy is the BCG and if a satellite is a potential merger candidate.
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FIGURE 4.2: Merger tree of a BCG in the Illustris-TNG300 simulation (right to left) from soon
after the Big Bang (z = 20) to today (z = 0). Each dot represents a galaxy at a given time. The
bigger dots which form a continuous line represent the BCG of the cluster. The smaller dots

represent the satellites that have merged with the main galaxy.

However, Illustris-TNG300 does not give us these informations directly, we thus had to find a
method in order to draw numerically the merger tree of the BCG from z = 2 to z = 0. We chose to
stop at z = 2, as we found in Chu, Durret, and Márquez (2021) that BCGs were most likely formed
before that time. A cluster merger tree is shown in Figure 4.2. From left to right, we identify the
BCG as the most massive galaxy in the cluster (or halo), which on the diagram corresponds to the
bigger dots. At snapshot n, or in other words at a given time, Illustris-TNG gives the ID in the
simulation of the First Progenitor (FP) of a galaxy, which is the BCG at snapshot n − 1 (snapshot
n = 99 being equivalent to z = 0, and snapshot n = 0 to z = 20, soon after the Big Bang). It is thus
possible to track the BCG through time. Identifying the satellite with which the BCG merged,
however, is not as straightforward. The main idea is that two galaxies that merge together will
have the same "child", i.e., descendant. In order to find the two "parents", i.e. progenitors, of a
BCG resulting from the merging of two galaxies, we need to find two galaxies in the parent halo
that both share the BCG as their descendant. One of the two progenitors is obviously the previous
BCG at a time step earlier, the other one is the satellite. We checked in the simulation that the total
mass of the satellite was always smaller than the total mass of the BCG.

4.1.2 Orbital integration of the satellites in the potential of the BCG

We retrieve the tridimensional velocities, positions, stellar, DM and gas masses of the BCG at z =
2. Then, we follow the merger history of the BCG, and at each merger, we get the same properties
for the merging satellite. Using these properties, we are able to compute the orbit of the satellite
via orbital integration method in the potential of the BCG, which we model by a Hernquist profile
(Hernquist, 1990) for the DM distribution:

ρ(r) =
ρs(

r
rs

) (
1 + r

rs

)3 (4.1)
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with ρs the central density and rs the scale radius; and by a Plummer profile (Plummer, 1911) for
the stellar distribution:

ρ(r) =
3M0

4πa3

(
1 +

r2

a2

)− 5
2

(4.2)

with M0 the total mass of the BCG and a the Plummer radius which is a scale distance close to
the half mass radius (radius which encloses half of the total mass of the satellite). To compute
their orbits, as a first approximation, we consider the satellites as point masses (the masses are
given by the simulation), which fall into the potential of the BCG defined earlier and which suffer
dynamical friction which takes into account the size of the satellite. Tracking the orbit of the
satellite relatively to the center of the BCG enables us to check if the satellite can affect the central
region of the BCG as it is falling into the BCG’s potential. Indeed, in order to kick away the central
BH, two conditions need to be met:

1. The distance d between the center of the satellite and the center of the BCG must be smaller
than the half mass radius rsat

hm of the satellite. In order to simplify this model, we neglect
mass loss and mass transfer between the two galaxies during the merger, so this condition
needs to be met at the first passage of the satellite for this to be true. As a result, we look for
all the satellites which fall in a radial orbit in the potential of the BCG.

d ≤ rsat
hm. (4.3)

2. The total mass of the satellite Msat
tot must be greater than the mass of the BCG enclosed in an

aperture of radius d, with d the distance between the two galaxy centers. We thus select only
satellites which are massive enough to affect the central region of the BCG.

Msat
tot ≥ MBCG

int (d). (4.4)

If a satellite fulfills these two conditions, we define the time of the event as Td. The orbits of the
satellites relative to the BCG center are computed using the code galpy (Bovy, 2015), which is a
python package for galactic-dynamics calculations, and more specifically in this case, for numer-
ical orbit integration calculation. galpy enables to take into account dynamical friction as well,
which is defined by Chandrasekhar as the loss of momentum and energy of a moving object as it
suffers the gravitational force of its environment (Chandrasekhar, 1943a; Chandrasekhar, 1943b;
Chandrasekhar, 1943c)

In this way, we go through the merger history of the BCG from z = 2 to z = 0 and identify all
massive satellites which fall in a radial orbit in the potential of the BCG, potentially affecting the
central region of the BCG and thus the dynamics of the SMBH. We retrieve the time Td at which
each of these satellites meet Equations (4.3) and (4.4) and order them in chronological order. From
the Illustris-TNG database, we can only know which two galaxies are going to merge between two
redshifts (the time resolution of the simulation). By integrating the orbit of these objects, we have
better precision as to when the event happens. As a result, we complete the merger tree of the
cluster by indicating when a satellite and which satellite falls with a radial orbit in the potential
of the BCG and can potentially offset the central SMBH. Taking into account only these radial
mergers, we now track back the orbit of the central SMBH.
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4.1.3 Orbital integration of the SMBH in the potential of the BCG

We define the SMBH as an object with mass MSMBH = 0.06 M∗
BCG (Magorrian et al., 1998), with

M∗
BCG the stellar mass of the BCG at the first Td. The mass of the SMBH is fixed constant through-

out. We suppose that it is initially on a circular orbit at a radius 100 times its Schwarzschild
radius. This value was chosen to ensure that the SMBH would be orbiting in the central region of
the galaxy, but the factor of 100 was arbitrary. We tested several values and the factor does not re-
ally affect our results. Similarly to the method described for satellites in Section 4.1.2, we compute
the orbit of the SMBH with galpy. The SMBH is described as a point mass which goes through
the potential of the BCG and suffers dynamical friction. Following a radial merger, the SMBH
gets kicked away to distances up to a hundred kpc, and then, as it suffers dynamical friction from
its environment, loses energy and falls back to the center of its host cluster. As the next merger
happens, the SMBH may have not had time to go back to its initial position, and so it may not
be affected. Thus, not all radial mergers will affect the SMBH. Once the SMBH goes back to the
center and a radial merger happens, we update the SMBH velocity and position with the outputs
of galpy. We thus trace the dynamical history of the SMBH from z = 2 to z = 0.

4.2 Results

Our results show that almost half of the BCGs (170 out of 370 BCGs) in our sample present SMBHs
that have been at least once off-centered during their lifetime, and these BCGs for the most part
spent more than half of their lives off-centered. We also show that the more massive a galaxy is,
the more likely it is to present an off-centered SMBH still today. Boldrini, Mohayaee, and Silk
(2020) show that massive galaxies are centrally less dense than less massive ones. Our result of
larger off-centering of massive galaxies can be understood considering that dynamical friction is
less effective in massive galaxies, meaning that the SMBH will take more time to lose its angular
momentum and sink to the center (Boldrini, Mohayaee, and Silk, 2020).

These mergers can remove the SMBH from the central regions of its host galaxy for an extended
period of time, and can eject the SMBH to distances of a few pc to a hundred kpc. These results
are very interesting as the off-centering may have significant consequences on the growth and
evolution of the BCG SMBH, in particular, off-centering can prevent the SMBH mass growth. We
argue that a good fraction of SMBHs may not have been able to grow much since the last 10 Gyrs,
as they spent most of their time outside the dense central regions of the BCGs and did not accrete
matter efficiently.

As mentioned in Section 4.1, simulations tend to reposition the SMBH to the center of the
cosmological box at each time step, allowing the SMBH to accrete in the denser center of the
galaxies and thus to increase their masses. By showing that SMBHs can leave the central regions
to less dense regions where the accretion will be less effective, we argue that simulations may
overestimate the mass of the SMBHs. The absence of growth, i.e. the absence of accretion into
the central SMBH, also indicates that feedback becomes inefficient (Boldrini, Mohayaee, and Silk,
2020). Hence,we question the role of AGN feedback in the cooling flow problem, and suggest that
other processes need to be taken into account to explain the low SFR measured in clusters. This
work shows evidence for the necessity to take into account the off-centering of the SMBH and to
obtain in simulations good models of dynamical friction in simulations which tend to reposition
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the SMBH at the center of its halo. Such simulations will enable to properly model SMBH growth
and better understand which processes affect the formation and evolution of galaxies and estimate
their relative importance.

By retrieving reconstructed images of the star density of the 370 simulated BCGs at z = 0,
we attempted to determine the physical properties and characteristics of BCGs with an off-center
SMBH at z = 0 that can distinguish them from BCG with a still central SMBH. We checked for
the presence of a stream or tail, which would hint at a recent merger; an alignment of the stream
with the axis of the galaxy, which would indicate a radial merger; the intensity of the stream, as
an indicator of the strength of the merger; or the morphology or state (relaxed, disturbed) of the
galaxy which again would give evidence for a recent merger, and thus for a SMBH that would
not have had time yet to fall to its central position. However, we did not find any consistent link
between the presence of streams and a decentering of the BHs.

4.3 The paper

The paper included in this manuscript has been submitted to the Monthly Notices of the Royal
Astronomical Society.
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ABSTRACT

Supermassive black holes (SMBHs) are believed to reside at the centre of massive galaxies such as brightest cluster galaxies
(BCGs). However, as BCGs experienced numerous galaxy mergers throughout their history, the central BH can be significantly
kicked from the central region by these dynamical encounters. By combining the Illustris-TNG300 simulations and orbital
integrations, we demonstrate that mergers with satellite galaxies on radial orbits are a main driver for such BH displacements in
BCGs. BHs can get ejected to distances varying between a few parsecs to hundreds of kiloparsecs. Our results clearly establish
that SMBH offsets are common in BCGs and more precisely a third of our BHs are off-centred at I = 0. This orbital offset can
be sustained for up to at least 6 Gyr between I = 2 and I = 0 in half of our BCGs. Since the dense gas reservoirs are located in
the central region of galaxies, we argue that the consequences of off-center SMBHs in BCGs are to quench any BH growth and
BH feedback.
Key words: galaxy clusters – supermassive black hole – brightest cluster galaxy – off-centre black holes – orbtial integrations

1 INTRODUCTION

Galaxy clusters are the largest virialized structures known today.
These rich systems of hundreds to thousands of galaxies are the
perfect targets to study how environment can impact the formation
of galaxies and their evolution. Located at the intersection of the
filaments which compose the cosmic web, clusters are believed to
form mainly by accreting small galaxies and groups which fall along
the filaments, or by mergers with other systems (Kravtsov & Borgani
2012).Galaxies, gas clumps and globular clusters, which are captured
by the cluster potential, would sink to the central region of the cluster.
Indeed, these satellites are bound to merge with the central galaxy,
which is often referred to as the Brightest Cluster Galaxy (BCG)
(Crawford et al. 1999; Bernardi et al. 2007).
BCGs are among the most massive galaxies observed in the Uni-

verse (Dubinski 1998). These peculiar elliptical galaxies, which gen-
erally lie at the bottom of the cluster potential well, are more likely
to encounter other objects due to their special location, and thus, to
undergo many mergers during their lifetimes which promotes their
growth. BCGs form via environmental processes (Castignani et al.
2020, and references therein), and suffer and reflect all the processes
which formed and shaped their host clusters. Hence, BCGs have
properties which are closely linked to those of their host clusters (see
Lauer et al. 2014; Sohn et al. 2022).
In the local Universe, black holes (BHs) are nearly ubiquitous

in galaxies (Kormendy & Ho 2013; Saglia et al. 2016; van den
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Bosch 2016). In particular, BCGs host among the most massive
BHs ever detected, the supermassive black holes (SMBH). Recently,
measurements were reported of SMBH masses in excess of 1010

M� (McConnell et al. 2011; Hlavacek-Larrondo et al. 2012, 2015;
McConnell & Ma 2013a; Thomas et al. 2016). We expect the central
BHs to growat the same time as their host galaxies by accretingmatter
brought in by infalling galaxies. That is the reason why central BH
masses seem to be correlatedwith the stellar and bulgemasses of their
host galaxies (Magorrian et al. 1998; Gültekin et al. 2009; Marleau
et al. 2013; McConnell & Ma 2013b; Sahu et al. 2019). A prominent
example is the SMBH of Holm 15A, the BCG of the galaxy cluster
Abell 85, which is the most massive BH directly detected via stellar
dynamics with a mass of about 4 × 1010 M� , i.e. 2% of the total
stellar mass of the central galaxy (Mehrgan et al. 2019).
However, it has been demonstrated that BHs are not necessarily

located exactly at the bottom of the cluster potential, inside and at the
center of the central galaxy. In particular, tens of thousands of active
galactic nuclei (AGN) are not located at the centers of their host
dwarf galaxies. These observations exhibit BH offsets between tens
of parsecs to a few kiloparsecs (Menezes et al. 2014, 2016; Reines
et al. 2020; Shen et al. 2019). Many scenarios have been proposed
to explain these off-centre BHs (Sundararajan et al. 2010; Tremmel
et al. 2018; Barth et al. 2009; Comerford & Greene 2014; Merritt &
Milosavljević 2005; Volonteri & Perna 2005; Loeb 2007; Komossa
2012; Boldrini et al. 2020). It is important to notice that most of
these scenarios need to invoke interactions and mergers with other
galaxies or dark matter (DM) substructures (Bellovary et al. 2019;
Pfister et al. 2019; Bellovary et al. 2021, 2018; Boldrini et al. 2020).
This BH feature was also found in more massive galaxies such

© 2015 The Authors
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as Andromeda (M31). It has been shown that its SMBH is offset by
0.26 pc from the centre of the galaxy (Kormendy & Bender 1999).
As there are several indications of a recent merger activity in M31,
it was demonstrated that the accretion of a satellite on a highly
eccentric orbit naturally explains this off-centre BH in our neighbor
galaxy (Boldrini 2020). As BCGs are the results of numerous galaxy
mergers throughout their history, we suspect that somemergers could
have significantly offset the SMBH located at the center of BCGs to
distances even larger than of the order of a kiloparsec.
In this paper, we aim to examine the impact of mergers between

BCGs and satellite galaxies, within galaxy clusters, on the SMBH of
BCGs. In fact, we track the orbit of the central SMBH in 370BCGs by
using orbital integrationmethods after analysing themerger history of
the central galaxies provided by the Illustris-TNG300 simulation. The
paper is organized as follows. Our method is based on the coupling
between Illustris-TNG300 data and orbital integrationmethods and is
described in details in Section 2. We present our results in Section 3,
and discuss the implications of this BH behaviour in Section 4.
Section 5 presents our conclusions and perspectives.

2 METHOD

Using a large sample of 370 galaxy clusters from Illustris-TNG300
(see Barnes et al. 2018), we track the orbit of a test SMBH throughout
the merger history of the BCG, by integrating its orbit in the fixed
potential of the BCG using the publicly available code galpy1 (Bovy
2015). The sample is limited to masses"500 > 1013.75 M� and has a
medianmass"500 = 8.8× 1013 M� at I = 0. The following describes
our approach.

2.1 Merger history of BCGs with Illustris-TNG300

For each cluster in Illustris-TNG300, we identify the BCG at I = 0,
which is assumed to be themostmassive galaxy in the cluster at I = 0.
Going back through its merger history tree until I = 2, we search for
all themainmergers that the BCGhas undergone. Indeed, BCGswere
shown to have photometric properties and shapes that do not change
much in that redshift range, hinting at an earlier formation epoch
(Chu et al. 2021, 2022). Moreover, other studies such as De Lucia &
Blaizot (2007) and Thomas et al. (2010) have shown evidence that
the stellar population in such galaxies has most likely settled since
I = 2 as most of the stars in BCGs were already formed in-situ a long
time ago, and the stellar masses measured today are found not to be
significantly different from their masses 9 billion years ago (Collins
et al. 2009). More precisely, BCGs only grow a factor of 1.8 in mass
between I = 1 and I = 0 (Burke & Collins 2013).
We identify the BCG at snapshot = and go back one snapshot to

= − 1 to look for its first progenitor (FP) (the most massive galaxy in
the cluster at snapshot = − 1). If a merger happened, we also identify
the most massive satellite galaxy with which the BCG has merged,
which is referred to as the next progenitor (NP) in the Illustris-
TNG300 simulation. At snapshot =−1, the NPwill also have the BCG
as a descendant. We thus retrieve all FPs and NPs at each snapshot
present in the parent halo (or cluster). If two galaxies are merging,
we retrieve their positions, velocities, half-mass radii, stellar and DM
masses, which will be used to integrate the orbit of the satellite in
the potential of the BCG. We find that BCGs in this sample have
undergone between 12 and 130 mergers since z = 2.

1 Available at https://github.com/jobovy/galpy

Off-centered
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t=0

M*BCG(rBH(Td))

Figure 1. Dynamical heating from satellites of BCG: Scheme illustrating the
radial orbit of a satellite (green points), falling into the potential of the BCG,
which kicks away the central BH (black point) after its passage. It results in
an off-centered SMBH. The maroon circle represents the region of the BCG
where Equations (1) and (2) are satisfied. We note )3 the time at which both
of these conditions are met. The dotted orange circle represents the half-mass
radius of the BCG stellar component.

First kick

z=2 z=1 z=0

Last kick
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Figure 2. Black hole kicks in BCGs: Orbital radius of a MSMBH = 2.6× 1010

M� SMBH in a BCG potential composed of a DM halo of MDM =8.1×1012

M� and a stellar component of M∗ =4.4×1011 M� between I = 2 and I = 0.
The SMBH has experienced 17 mergers since I = 2 but only 4 mergers have
satisfied our kicking criteria described by Equations (1), (2) and (6), showed
by green arrows. The BH can be ejected to hundreds of kiloparsecs. Between
mergers, we observe the orbital decay of the BH due to dynamical friction.
At I = 0, the BH is still significantly off-centered by about 10 kpc.

2.2 Orbital integrations with galpy

For each satellite galaxy (or NP), we integrate its orbit forward in
time in the potential of the BCG (or FP) from I = 2 until I = 0. The
potential of the BCG consists in a Hernquist and Plummer profile
for the DM and stellar components respectively, which is computed
considering the properties found in Illustris-TNG300. All masses
and scale radii are taken from the cosmological simulation. The DM
and stellar masses of the BCG remain fixed along all the orbital
integrations. In fact, we neglect the mass contribution of satellites
from galaxy mergers. The satellite is assumed to be a point mass,
which suffered the dynamical friction from the BCG. Its total half-
mass radius ANP

hm is incorporated in the dynamical friction force.
Therefore, we also neglect the mass loss of the satellite, which could
reduce the impact of the merger with the BCG.

MNRAS 000, 1–7 (2015)
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We aim to determine if the satellite galaxy, via the merger, dy-
namically heats the central region of the BCG and more particularly
its SMBH. The satellite needs to be massive enough and pass close
enough to the center of the BCG on its first orbit to be able to transfer
energy to the central region of the galaxy during the merger. Two
conditions need to be met:

• The distance 3 between the centers of the satellite and the BCG
must be smaller than the half-mass radius of the NP Asat

hm:

3 ≤ Asat
hm. (1)

This condition needs to be true on the satellite’s first passage in the
potential of the BCG (radial merger). Indeed, through each orbit,
the satellite will transfer its mass to the total mass of the BCG with
which it is merging until all its mass has been consumed by the
BCG. In order to simplify the problem, we neglect the mass loss of
the satellite, which is valid only on its first passage.
• The total mass of the satellite galaxy must be bigger than the

total mass of the FP contained in a radius 3:

"sat
tot ≥ "BCG

int (3). (2)

Only under this condition, the BCG potential can be displaced due
to the mass deposit from the satellite (Goerdt et al. 2010; Read et al.
2006). Then the BH can vacate the central region of the galaxy.
In our mass calculations, we take into account the DM and stellar
components.

The two previous conditions are equivalent to checking if the
satellite has a radial orbit. Indeed, the satellite must pass by the
center or very close to the center of the BCG in order to affect the
central SMBH.We note)3 the time at which both of these conditions
are met. We update at each )3 the stellar and DM masses of the
BCG given by the Illustris-TNG300 simulation. Figure 1 illustrates a
satellite which falls in the potential of the BCG passing by its center,
in a radius Asat

hm as described in Equation 1. The SMBH is significantly
kicked by the satellite galaxy (see Figure 1).
Using the simulation information, we are able to follow the orbit

of satellites throughout the merger history of the BCG with galpy,
by considering their initial positions, velocities, and masses. Then,
a SMBH with a constant mass is placed at the centre of each BCG
potential. As we are not using the BH as a PartType5 particle from
the simulation, the mass of the SMBH was calculated based on the
Magorrian et al. (1998) relation: MSMBH = 0.06 MBCG∗ , with MBCG∗
the stellar mass of the BCG at the first Td.We suppose that the SMBH
is initially on a circular orbit at a arbitrary radius, which is 100 times
its Schwarzschild radius, as the SMBH should lie in the central region
of its host galaxy. After a careful check, choosing a smaller radius
does not significantly affect our results. If both Equations (1) and
(2) are satisfied, the SMBH is kicked at Td with a velocity based on
the analytic expansion derived in Naab et al. (2009):

Efirst
kick =

√
(1 + [n2)
(1 + [) ESMBH

c (100 × 's), (3)

with ESMBH
c , which is the circular velocity of the SMBH at 100 times

its Schwarzschild radius 's,

[ = "sat
tot /"BCG

int (3), (4)

and

n =
Esat

ESMBH
c

, (5)

where Esat the velocity norm of the satellite galaxy at Td (see Fig-
ure 2). Our criterion (2) is established to maximise the energy trans-
ferred to the SMBH via the velocity kick, described by Equations (3)
and (4). All the velocities are calculated relative to the BCG.We then
integrate the BH orbit with its new velocity by applying dynamical
friction to it with a constant mass.
At each subsequent merger, we check if the SMBH, which might

have been kicked from the center of the galaxy, passes close to the
inner region of the BCG heated by the satellite. We, therefore, use
the orbital radii of the SMBH and distance 3 between the centers
of the satellite and the BCG to define a simple criterion in order to
establish if the BH can be affected after this new merger:

ASMBH
orb ≤ 3. (6)

In order to satisfy this condition, the BH must have had sufficient
time to come back to the BCG centre before the next merger happens.
Then, the SMBH is kicked once again with a new velocity:

Esub
kick =

√
(1 + [n)
(1 + [) E

SMBH
N . (7)

The only difference with Equation (3) is that the SMBH is no longer
in a circular orbit and now has a velocity norm ESMBH

N .
First, we plot the orbit of the SMBH within a BCG which went

through multiple mergers throughout its history. As an example,
Figure 2 depicts the four kicks that a MSMBH = 2.6 × 1010 M�
BH has experienced in a BCG potential composed of a DM halo
of MDM =8.1×1012 M� and a stellar component of M∗ =4.4×1011

M� between I = 2 and I = 0. The maximum distance reached by
the SMBH is about 150 kpc. The SMBH has been heated by a first
merger between I = 2 and I = 1 and by three more mergers between
I = 1 and I = 0. We emphasize that the number of mergers shown in
Figure 2 may not be equal to the total number of mergers experienced
by the BCG. Indeed, the BCGhas experienced 17mergers since I = 2
but only 4 mergers have satisfied our kicking criteria described by
Equations (1), (2) and (6). In this example, the BCG undergoes its
last merger almost 2 Gyrs ago, the SMBH was kicked up to 100
kpc away from the center, which is to say beyond ABCG

hm = 32 kpc at
I = 0. After being kicked, we observe the orbital decay of the SMBH
in the BCG potential due to dynamical friction. We argue that the
SMBH needs to return to the central region to be kicked again (see
Figure 2). In other words, chances of encounter between an offcenter
BH and a falling satellite are very small. In the case of dynamical
interactions out of the central regions of BCGs, the collision would
have little impact. Indeed, it is really hard to satisfy the criterion (2)
in these regions of BGCs as the major impact of satellites takes place
especially in the central region where the enclosed mass of BCG is
smaller (at large distances d, Msat

tot would need to be comparable to
the total mass of the BCG MBCG

int (3)). We stress that at I = 0, the
BH is still significantly off-centered by about 10 kpc.
We apply this procedure to our full sample of 370 galaxy clusters

from Illustris-TNG300.

3 RESULTS

Here we present our results by considering our full sample of 370
BCGs and thus 370 orbiting BHs, tracked with orbital integrations.
As depicted by Figure 3, all themergers undergone by the BCGs do

not perturb the central BH. We derive that BHs are mainly kicked by
satellites which have stellar masses "sat∗ > "BCG∗ /100. We confirm
that satellites on a radial orbit are rare but this does not invalidate
their efficiency in displacing the BH of BCGs. That is the reason
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Figure 3. Mergers in our full sample: Satellite stellar mass as a function of
the BCG stellar mass . We distinguish two different categories of mergers
in our full sample of 370 BCGs: mergers which have kicked the central BH
(green points), and mergers which have not affected the BH (orange points).
The dotted line represents a constant ratio of 100 in mass. The majority of
mergers leave the BH unaffected. BHs are mainly kicked by satellites which
have stellar masses " sat∗ > "BCG∗ /100.
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Figure 4.Off-centered black holes in BCGs: Cumulative histograms showing
the BH offset at I = 0 in yellow, and the maximum offset measured since
I = 2 in maroon. In almost half of our sample (170 BCGs), the SMBH is
still off-centered (A > 0.01 kpc) at I = 0. About 60% of these SMBHs are
located at A > 0.1 kpc at present time, and more than 80% of these SMBHs
were off-centered by at least 1 kpc during their dynamical history.

why almost half of BHs (∼170) of our sample were off-centered
during their orbital history. Some of the more massive satellites also
appear to not have decentered the BH, as indicated by the orange
island of points. These are most likely to be massive mergers which
did not satisfy Equations(1), i.e. their orbits are not radial. Thus,
we predict two different populations of BHs: those that have resided
at the centre of their BCGs and those that have been off-centered.
Hence, we expect that these BHs exhibit differences in accretion,
growth and feedback.
For all the 170 BHs heated by satellite galaxies, we analyse their
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Figure 5. Black hole offset time: Cumulative histogram of the total duration
of our 170 BHs with an offset > 10, 100 and 1000 pc since I = 2. A huge
percentage 85% (60%) of the BCGs exhibit a SMBH off-centered with A >

10 pc (A > 100 pc) for at least 6 Gyrs. Besides, these BHs spend less than 3
Gyrs above 1 kpc.
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Figure 6. Offset epochs: Cumulative histograms showing the times when the
first (yellow), the maximum (maroon) and the last (green) kick happened.
The vertical black dashed lines show z=2, 1 and 0. 70% of our 170 BHs
experienced their first kick before I = 1. The merger which kicked the central
SMBH to the maximum distance does not take place at a particular time since
I = 2, but still happens much earlier than the last merger. 65% of the clusters
have undergone their last mergers after I = 1. That is the reason why it is
very likely that SMBHs in BCGs are still off-centered at I = 0.

orbit between I = 2 and I = 0. Figure 4 shows the cumulative
distribution of the SMBH offset at I = 0 and the maximum offset
measured since I = 2. In almost all BCGs, the SMBH is still off-
centered at I = 0. About 60% of these SMBHs are located at A > 0.1
kpc at present time, and almost all SMBHs were off-centered by
at least 1 kpc during their dynamical history. The maximum offset
reached by these BHs is about 200 kpc (see Figure 4). We also
demonstrate that even if BHs have been significantly displaced at a
specific redshift, BHs have sufficient time to decrease their offset.
We now evaluate the time spent by the SMBH at distances longer
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Figure 7. Dynamical friction on black holes: BH offset as a function of its
mass at I = 0 (yellow dots) and at the time of the maximum offset (maroon
dots). More massive BH exhibits larger offsets than less massive ones because
dynamical friction acting on BHs becomes significantly weaker as the total
galaxy mass grows.

than 10, 100 and 1000 pc from the BCG center. Figure 5 illustrates
the cumulative histogram of the duration of the SMBH offset. We
state that 85% (60%) of the BCGs exhibit a SMBH with an offset
of 10 pc (100 pc) for more than 6 Gyr since I = 2. This means that
SMBHs in BCGs spent more than half of their lifetime off-centered.
We also notice that these BHs spend less than 3 Gyrs above 1 kpc.
Besides, we show on Figure 6 the cumulative distribution of the

specific times at which the first merger, the merger which has led to
the maximum offset, and the last merger happened. We establish that
70% of our 170 BHs experienced their first kick before I = 1. Hence,
SMBHs do not inhabit the center of the BCG potential already at
early times of the Universe. Most of BHs have undergone their most
important merger in terms of dynamical heating, i.e. the one that
displaces the most our BHs, after I = 1, but much earlier than their
last mergers. We then establish that the energy given by subsequent
mergers is one of the key ingredient that permits BHs to reach these
far distances of the order of a tens of kpc. More precisely, as a result
of the first merger, BHs gain energy from the satellite by changing
its velocity according to Equation (3). Before the second kick, BHs
have eccentric orbits and thus are more energetic. This dynamical
behaviour allows them to reach velocities which are higher than the
escape velocity, until large radius from the galaxy centre. Finally,
we demonstrate that 65% of the clusters have undergone their last
mergers after I = 1. This phenomenon naturally explains why it
is very likely that SMBHs in BCGs are still off-centered at I = 0.
Indeed, these BHs do not have a sufficient time to loose their angular
momentum via dynamical friction and then reach the central region
of the galaxy, where they are expected to reside.
Finally, Figure 7 displays the BH offset as a function of the BH

mass, both at I = 0 and at the time the SMBH suffered its most sig-
nificant kick. We recall that MBH was fixed at the mass derived from
the BCG mass at the first )3 . We report a correlation between BH
mass and its offset. Indeed, more massive BH exhibits larger offsets
than less massive ones at I = 0. As a result, it is more likely to find
off-centered SMBHs in the most massive BCGs. In the hierarchical
structure formation model, the density at the centre decreases as the
total galaxy mass grows. In fact, dynamical friction acting on BHs

becomes significantly weaker and then BHs take more time to sink
towards the centre of their BCGs, as demonstrated in Figure 7.

4 DISCUSSION

BH offsets of a few dozen parsecs were shown to have huge con-
sequences on the physics that reign at the center of galaxies (Smith
et al. 2018; Bahé et al. 2022). Even at such small distances, Boldrini
et al. (2020) have pointed out that accretion by the SMBH in dwarf
galaxies would become inefficient, due to the lower density of gas at
higher radii from the center. Smith et al. (2018) indicated that this
might also be the case for more massive galaxies, such as BCGs.
Our results clearly establish that SMBH offsets are common in

BCGs as they have undergone frequent dynamical perturbations.
Indeed, about a third of our SMBH sample are off-centred at the
present time, and half of SMBHs were off-centered by at least 1
kpc during their dynamical history. As for dwarf galaxies (Bellovary
et al. 2021), we demonstrated that the reason for off-center locations
is also mainly due to galaxy-galaxy mergers and more precisely
mergers with satellites on radial orbits. This orbital offset can sustain
up to at least 6 Gyr between I = 2 and I = 0 in half of our BCGs.
Our result reinforces the prediction of a population of off-centered
BHs, not only in dwarf galaxies (Governato et al. 1994; Rashkov &
Madau 2014; Micic et al. 2011; Islam et al. 2004; Volonteri et al.
2003; Schneider et al. 2002; Bellovary et al. 2018; Boldrini et al.
2020), but also in very massive galaxies such as BCGs.
The fact that half of our SMBHs spend almost all their dynamical

history offset from the BCG center should have major consequences
on the BH and galaxy formation and evolution as there is an interplay
between the feeding/feedbackmechanisms of the SMBH and the host
galaxy (Silk & Rees 1998). In particular, it was pointed out that BHs
must intersect with a highly accretable clump at some time in order
to accrete gas efficiently (Smith et al. 2018). Hence, as off-centered
BHs seems to be very common in BCGs, we expect that they accrete
gas very inefficiently as gas clumps are centrally located. As a result,
off-centered BHs should experience essentially no growth at all. It
was already demonstrated that in cosmological simulations, SMBH
offset has a dramatic effect on BH growth (Bahé et al. 2022). It is
established that SMBHs gain mass via gas accretion (Soltan 1982;
Rees 1978) and via BH mergers. Even if BH mergers are strongly
subdominant to gas accretion for SMBHs (Ni et al. 2022; Zhang et al.
2021), we pointed out that both mechanisms are effectively halted by
mergers of satellites on radial orbits in BCGs.
According to our results, we expect that growth and feedback for

a non-negligible SMBH population in BCGs was quenched between
I = 2 and I = 1 until I = 0. For this reason, we predict the presence
of a population of SMBHs with very different masses. It will result in
a larger scatter in mass compared to what cosmological simulations
predict. However, observations of BHs show the presence of a scatter
around the MBH - MBCG relation (Gaspari et al. 2019; Bogdán et al.
2018; Savorgnan et al. 2016; Main et al. 2017; McConnell & Ma
2013a). Such scatter is evidence of the complex co-evolution of
SMBHs with their host galaxies in clusters (Volonteri et al. 2021).
In particular, we establish that the growth of these SMBHs seems to
be governed by one property of their host clusters, i.e. the number of
satellites on radial orbits.
The absence of gas accretion by the SMBHs will also obviously

influence their feedback (Heckman&Best 2014). If the SMBHs is not
accreting, BH feedback also becomes inefficient. Nevertheless, it is
well established that the BH feedback can alter theDMdistribution of
galaxies. In fact, the repeating episodes of gas ejection and recycling
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can flatten the cuspy DM profile until the formation of a constant
density in the central region of galaxies, called the DM core. This
effect on the DM profile has been studied in massive galaxies in
the Horizon-AGN simulation (Peirani et al. 2017, 2019) and in the
NIHAO-AGN simulations (Macciò et al. 2020).They showed that BH
feedback can very slightly flatten the DMprofile of BCGs. Our result,
i.e the quenching of BH feedback due the BH offset, reinforces the
prediction concerning the inefficiency of this mechanism to create
DM cores in massive galaxies such as BCGs.
This work highlights a major problem encountered in simulations

which pin the SMBH to the center of potential of the cosmological
box (Bahé et al. 2021). Doing so has many advantages: keeping the
BH at the center renders sub-grid AGN models effective, and this
ensures that the initial merger-driven growth of BHs can proceed
rapidly as this early phase is highly uncertain. This also avoids the
question of dynamical friction, which is still treated poorly within
simulations (Morton et al. 2021). This results in higher accretion
rates, overestimated BHgrowth and higher counts of BH-BHmergers
(see Bahé et al. 2021; Barausse et al. 2020, and references therein).
We confirm that BH repositioning in simulations (see Section 2.2 of
Weinberger et al. 2017, which details the repositioning of the BH in
the Illustris-TNG simulation) is nonphysical and show the need of
new repositioning and dynamical frictionmodels in order to correctly
model the dynamics in galaxy clusters.

5 CONCLUSION

Making use of the work of Barnes et al. (2018), we study how
satellites affect the dynamics in the central region of 370 different
BCGs from the Illustris-TNG300 simulation, between redshift I = 2
and I =0.Byusing orbital integrationmethods,we showhowgalaxies
which fall in the potential of the BCG can heat dynamically the
center of BCGs, and kick away the central SMBH to distances from
a few parsecs up to a hundred kiloparsecs. Our study demonstrates
that half of SMBHs in BCGs, more particularly those in the most
massive galaxies, were kicked away since I = 2, but only a third
are still off-centered by more than 200 pc today. These BHs spent
most of their lives outside the central region of their host, which has
consequences on the physics that reign at the center of clusters.
As gas is mostly condensed in the center of galaxies, BHs, if

offcentered, do not encounter as many gas clumps. As a result, BHs
can not accrete gas efficiently. Consequently, the growth of SMBH
may have been overestimated. Indeed, the lack of efficient accretion
means that they do not gain much mass in their lifetime. As the
central SMBH can not accrete matter efficiently, AGN feeback also
becomes inefficient.
Following this study, analyzing how mergers can affect the dis-

tribution of DM in the central regions of BCGs might also be an
interesting subject of research. Indeed, the multiple passage of satel-
lites in the central region of BCGs may be responsible for ejecting
DM out of the center of the galaxy, resulting in the flattening of the
central DM density.
The presence of such a population of offcentered BHs in BCGs

brings up the question of their detections and the identification of
BCGs which may host a SMBH which has been kicked away in the
recent past. Traces in the morphology of the BCG such as stellar
tails or streams may hint at the passage of a massive satellite and
thus at a recent merger. Observations of the central regions of these
galaxies with integral field units such as theMulti Unit Spectroscopic
Explorer (MUSE)may enable us to pinpoint the location of a potential
offcentered BH by looking for the presence of a broadline region,

characteristic of Seyfert galaxies or associated with the presence
of an AGN (Gaskell 2009). This is still a challenging project as
Elitzur et al. (2014) show that the broadline emission decreases as
the accretion rate of the BH decreases as well. If offcentered, we
would thus not expect an intense emission.
In this paper, we only considered the central BH of the BCG.

However, satellites may harbor a SMBH as well in their centers. We
could thus expect a population of wandering BHs of different masses
in the BCG. The characterization of this population of BHs and the
knowledge of their orbits in the potential of the BCGs may give us a
better idea of the rate of BH-BH mergers observed in the future.
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Chapter 5

Conclusions and perspectives

In this thesis, I have worked on different aspects of the physics of Brightest Cluster Galaxies,
from an observational point of view as well as from a numerical simulation point of view, in an
attempt to better probe the formation and evolution of these special galaxies. Starting from galaxy
clusters, to fossil groups, and finally to the central supermassive black holes of clusters, my work
has covered a number of subjects related to extragalactic astronomy.

5.1 Summary

In Chapter 2, I describe the analysis of the two different BCG samples that we built. The first one
is a sample of 149 BCGs observed with HST at redshifts 0.1 - 1.8. This represents one of the largest
samples of BCGs in the literature that covers almost all the cluster history since its formation
and with such exquisite resolution. The second sample consists in 1371 clusters detected in the
CFHTLS with redshifts between 0.1 - 0.7. This sample is remarkable thanks to its big size, which
allows statistically significant studies.

First, I developed new tools in order to detect BCGs automatically on optical and near infrared
images, obtained from spatial or ground based observatories. Two methods were used in order to
take into account the nature of the cluster redshift: spectroscopic or photometric. We show that
these methods are quite effective, as we manage to detect successfully all red BCGs in the HST
sample and about two-thirds of the BCGs in the CFHTLS sample. I then modeled these galaxies
with the GALFIT fitting algorithm. I automatized this step as well so that masks, PSFs, initial
photometry and then profile fitting could be done on a large number of galaxies with minimal
human intervention. The results of these studies show that the physical properties of BCGs do
not evolve much since z = 1.8, and we conclude that BCGs were most likely formed before 10
Gyrs ago. Interestingly, although their sizes or luminosities do not grow significantly in that time
lapse, their structures may have changed through time. Indeed, we count more galaxies whose
luminosity profiles can be modeled by two Sérsic profiles rather than one at lower redshift. We
suspect that this is mainly due to an observational bias due to the depth of the surveys instead
of a real evolution in their structures. Studies by De Lucia and Blaizot (2007), Bai et al. (2014) or
Edwards et al. (2019) suggest an inside-out growth scenario in which the central region of BCGs
forms first, and then the outer regions of the galaxies grow through dry mergers. From Chu,
Durret, and Márquez (2021), we would expect the inner component (the central region) of the
BCG to have already been in place by z = 1.8, as we do observe two-component BCGs already at
these times. However, the depth of our surveys does not enable us to estimate the evolution of the
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fraction of two-Sérsic BCGs over the whole population of BCGs over time. Such a study would
allow to estimate when the core and then the outskirts of these bright galaxies formed.

We also reduce the scatter in the Kormendy relation, and show that the scaling relations for
BCGs over all redshifts up to z = 0.7 and z = 1.8 are very well defined with little dispersion, which
is useful on a cosmological point of view to test models. We confirm that BCGs have a strong
tendency to align with the major axis of their host clusters, with an alignment fraction within 30
degrees of 70% in Chu, Durret, and Márquez (2021). This can be taken as evidence for the effect
of mergers on the central galaxy. From our samples, we estimate a fraction of less than 9% of blue
BCGs over the total population of observed BCGs which tend to be mainly at z > 0.4. The subject
of ICL is also considered to estimate how much this faint component can modify the luminosity
profiles of BCGs and thus, bias their photometric properties.

We focus on the peculiar groups that are Fossil Groups in Chapter 3. We increase the number
of candidate and confirmed FGs to better infer why and in which aspects these groups evolved
differently from their peers. We characterize the physical properties of FG BGGs and compare
them with those of non-FG BGGs. We show that FG BGGs tend to have brighter surface bright-
nesses and luminosities than BGGs of non-FGs, and that their formation is more comparable to
that of BCGs of clusters than that of BGGs of non-FGs, as infered from the Kormendy relation.
These results are valid considering or not the ICL in the analysis. Consequently, we suggest that
FGs may have formed long ago in a similar fashion as clusters, with FG BGGs cannibalizing all
the bright galaxies of the group, and then stopping their evolution, as their environment was not
rich enough to bring other galaxies or groups in the vicinity of the FG. The stellar populations
of the BGGs of FGs and non-FGs, as deduced from spectra-fitting with the FIREFLY code, show
no clear difference of evolution between the two. We conclude that FGs and non-FGs may have
evolved differently as inferred by their different morphologies and physical properties, but still
have comparable stellar histories.

Finally, we discuss in Chapter 4 the impact of galaxy mergers on the central regions of BCGs,
according to simulations. Based on a sample of 370 galaxy clusters identified in the Illustris-
TNG300 simulation, we find that radial mergers, although not numerous in the whole history of
the galaxy, can kick away the central SMBH from the center of the BCG, to distances ranging from
a few parsecs to hundreds of kiloparsecs. Half of BCGs had their SMBHs displaced at least once
since the last 10 Gyrs, and these SMBHs have for the most part spent the majority of their lives off-
centered. As a result, because of the lack of accretion as they moved to less dense environments,
these SMBHs would not be able to grow and the inefficient accretion leads to inefficient feedback
as well. Consequently, we suggest that the mass of SMBHs in simulations and the importance of
AGN feedback may be overestimated in cosmological models which try to explain the formation
of galaxies.

5.2 Perspectives

The work presented in this thesis can still be improved and pushed further in many ways. Ma-
chine learning could be implemented in the detection method to make it more robust and at
the same time attempt to characterize and classify the detected BCGs according to their physi-
cal properties and morphologies. Even without machine learning, though, these algorithms may
be applied to future large surveys in order to increase significantly the statistics on the number of
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identified BCGs. In particular, we look forward to the future Euclid and LSST missions that will
detect about one hundred thousand clusters in the near infrared range and enable us to complete
cluster catalogs at lower redshifts.

Euclid is the future spatial telescope developed by the European Space Agency (ESA) and the
Euclid consortium, expected to be launched next year, in 2023. It will observe in the optical to
the near-infrared wavelengths, with the aim of observing and analyzing the shapes of galaxies
through time (up to z ≈ 2). This will enable researchers to better constrain DM and understand
how it affected the expansion of the Universe and how structures formed. Euclid will survey 15000
deg2 of the sky, and will detect billions of galaxies, ten of thousands of galaxy clusters and groups,
while providing us with multi-band photometry for the estimation of photometric redshifts.

The Rubin-LSST is an astronomical observatory located in Chile which aims to survey the
entire southern sky with an 8 meter telescope every ten days, allowing to observe fainter and
fainter objects at each iteration over the next decade. Ultimately, the survey will provide images
with unprecedented depth.

These future surveys will enable us to obtain deep images of the whole sky and thus to bet-
ter estimate the fraction of 2-Sérsic BCGs and more specifically, to better constrain the epoch of
formation of the core and external regions of these galaxies. Although the inside-out scenario of
structure formation is widely accepted now, observationally, more works have to be carried out to
confirm this even further. It might also be worth verifying if two-component BCGs have an inner
structure that is linked with the presence of an AGN. Cross-correlating our BCG catalogues with
catalogues of radio sources may be the next step of this study. Moreover, Euclid and LSST, thanks
to their depth, will allow the detection of ICL. The ICL fraction may be estimated with higher
accuracy to better understand the impact of mergers on the central galaxy.

We also look forward to the future James Webb Space Telescope (JWST) surveys, which will
complete observations in the infrared up to 28.3 µm with excellent resolution. The successor of
the Hubble Space Telescope will enable us to go back to the first galaxies in the Universe, up
to the epoch of reionization. As mentioned in Chapter 2, apart from the shallow depth of our
images, another problem lies in the choice of the filter used to model these massive galaxies. In
order to carry on a homogeneous study of the red stellar population of BCGs, the same rest-frame
wavelength interval needs to be modeled. However, at higher redshift especially (z > 1.0), data in
the near infrared filters of the HST WFC3 instrument although appropriate, are not often available
in the archive. We can hope with the JWST NIRCam and MIRI near and mid-infrared imager
instruments to complete observations of clusters at the redder wavelengths. The sky coverage of
the JWST, compared to Euclid or LSST, will not enable us to obtain big surveys in the infrared with
good resolution; but pointed observations can enable us to complement data obtained with HST.

The main expectation however is the discovery and confirmation of proto-clusters, the pro-
genitors of galaxy clusters, up to z = 6. I would be very interested in extending our study on the
characterization of BCGs of clusters to brightest galaxies of proto-clusters, in the hope of determin-
ing since when did clusters start forming and stopped evolving. This is also very interesting from
a cosmological point of view, in order to establish how clusters were formed. Via a hierarchical
evolution scenario, clusters are expected to have formed via the assembling of several groups and
galaxies together over time. We may also wonder if the BCG was already formed as the cluster
came together.

In our samples, we identified 2% of blue BCGs in our HST sample and 9% in our CFHTLS
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sample. The existence of these blue BCGs is rather surprising considering that most BCGs are red
quescient galaxies, so the question of the processes which triggered star formation can be brought
up. Our subsample of about 89 blue BCGs from the CFHTLS may be subject to another study to
analyze better their morphologies and estimate their stellar content.

As mentioned in Chapter 3, the work presented in this manuscript is still not complete. Indeed,
those are only preliminary, as we only considered 30 out of 100 non-FGs as a first test to compare
the stellar populations of FG and non-FG BGGs. The remaining non-FGs need to be included in
this study.

Another project concerning FGs is currently in progress. This work consists in the analysis
of fossil groups detected by Sarron et al. (2018) in the CFHTLS. As only photometric redshifts
are available for this catalogue, the fossil groups here are only candidates. In the aim of build-
ing a bigger sample of confirmed fossil groups, we proceeded to observe 14 FG candidates, with
observations still on-going today, with the Nordic Optical Telescope at La Palma with the AL-
FOSC spectrograph instrument, with the 2.2m telescope at Calar Alto mounted with the CAFOS
instrument, or at the Observatoire de Haute Provence, France, with the MISTRAL instrument.
Our observations have been limited to bright BGGs as we only used 2-meter class telescopes so
far. We are in the process of asking for observing time with 4-meter class telescopes such as the
TNG telescope at La Palma to obtain the spectra of fainter galaxies and potentially higher-z BGGs.
However, even if we were to measure similar redshifts between the first and second ranked galaxy
of the groups with a magnitude gap of 2 magnitudes (first condition), this would not be enough to
confirm the fossil nature of the group, since the second condition requires a high X-ray luminosity.
Our catalogues are thus to be cross-correlated with XMM-Newton catalogues to retrieve the X-ray
luminosity if available. For fossil group candidates which satisfy the first condition and that do
not have X-ray data, we plan to submit observation proposals with XMM-Newton to fill in the
gaps.

We also aim to measure emission lines of any BGG that would show signs of star formation.
The future survey obtained from observations with the Dark Energy Spectroscopic Instrument
(DESI) instrument should allow the detection of many fossil groups. DESI is attached to the 4-
meter Mayall telescope at the Kitt Peak National Observatory. It will provide us with the spectra
of tens of millions of galaxies and other distant objects. DESI will thus give us a detailed 3D map
of the Universe which will go back up to 11 Gyrs ago.

Finally, X-ray data may also be retrieved for clusters which show traces of a recent merger, in
hope of detecting an off-center SMBH. The first hint would be an offset between the BCG coordi-
nates and the coordinates of the clusters measured on X-ray images. In Chu, Durret, and Márquez
(2021), we find that all BCGs are off-centered by at least 1 kpc from the associated X-ray emission,
with an offset reaching up to 330 kpc. The lower limit of 1 kpc can be explained by the Chandra
resolution which does not enable us to resolve objects below this value at these redshifts.

The separation between the BCG and X-ray centers may be linked to the dynamical state of the
cluster at the moment the observation was made. I retrieved the central densities, cooling times
or central entropies of clusters in Chu, Durret, and Márquez (2021) as derived from their X-ray
emission. We find that the less dense the core of the cluster and/or the higher the central entropy,
the more important the measured offset. Cool-core clusters, as defined by Hudson et al. (2010), are
centrally dense and dynamically relaxed clusters, characterized by a low central entropy and, as
hinted by its name, should have short cooling times. However, the distinction between cool-core
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systems and non cool-core systems is not obvious. Hudson et al. (2010) shows that the cooling time
is the best indicator to distinguish between the different classes, and that it is correlated with the
central entropy. They find that cool-core clusters present a systematic drop in their temperature
profile, and generally have a brighter BCG located at the X-ray peak. On the other hand, what
they call weak cool-core clusters, or transition clusters (medium cool-core clusters) tend to have a
less significant drop in their temperature profiles, and a moderate central entropy, with a BCG that
is moderately bright located near the X-ray peak. On the contrary, non cool-core clusters have flat
temperature profiles and higher entropies. We might thus expect to observe off-centered SMBHs
mainly in non cool-core clusters. This may be subject to a future paper.

A natural follow-up of this study would be to detect these off-center SMBHs via observations.
X-rays may give us a clue at the presence of an off-centered SMBH, but this will not enable us to
localize the position of the SMBH precisely. Indeed, the X-ray peak is not necessarily associated
with the position of the SMBH; and the resolution of X-rays telescopes such as the Chandra X-
ray Observatory or XMM-Newton will not enable us to resolve the center of clusters, and thus to
localize the position of the SMBH under the kpc.

One way of solving this problem would be to use integral field units (IFUs) such as the Multi
Unit Spectroscopic Explorer (MUSE) on the ESO Very Large Telescope (VLT) to map the BCG,
and to look for the presence of an off-centered pixel relatively to the BCG center with a broadline
emission in its spectrum. As broadline emission is linked to AGNs (Gaskell, 2009), this may give
us a clue on the position of the SMBH in the cluster. However, MUSE may only enable us to
resolve the central regions of BCGs below one kpc for relatively local BCGs. Using the Wide Field
Mode with a field of view of 4’ × 4’, the resolution of a pixel is 1 kpc at z = 0.35, and is below
100 pc for z < 0.03. This mode may be used to observe the more massive BCGs which are more
likely to present large offsets than less massive ones (see Section 4.2). The Narrow Field Mode
may allow to resolve the centers at higher redshifts (resolution below 100 pc at z < 0.26) but the
field of view will be much smaller than the Wide Field Mode (7.5" × 7.5"). This may also be used
to resolve the centers of the less massive galaxies which may present smaller offsets between the
galaxy center and the SMBH. Moreover, it is important to note that the intensity of the broadline
emission decreases with decreasing accretion by the SMBH (Elitzur, Ho, and Trump, 2014). It may
therefore be difficult to apply this method to detect off-center SMBHs which may not be associated
with strong AGNs because of the lack of accretion. Although difficult and challenging, Chen et al.
(2022) have managed to detect AGNs separated by more than a kpc from the center of their BCGs
in high redshift galaxies. Catalogues of radio sources may also be retrieved to identify off-centered
AGNs.

As mergers can disturb the central SMBH, it would also be interesting to study how they
would affect the DM distribution in the center of the BCG, which can be done by retrieving the
DM properties in Illustris. Indeed, such a study might help better understand and constrain the
DM profile in clusters: as mergers happen and satellites fall in the potential of the BCG and pass
by the core, DM could be ejected.

Lastly, we might expect the existence of, not a single one, but a population of wandering
SMBHs in clusters. Indeed, in this work, we only considered the SMBH of the BCG, but satellites
may host SMBHs as well. It would thus be interesting to characterize this population of SMBHs
in clusters. By integrating the orbits of the "main" SMBH of the BCG, and those of the SMBHs har-
bored by satellites as well, we might be able to better estimate the rate of SMBH-SMBH mergers
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which will be observed in the future.
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