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Abstract

Galaxy formation and evolution is one of the most active and evolving fields of
research in observational astronomy and cosmology. While we know today which
physical processes qualitatively regulate galaxy evolution, the precise timing and
behaviour of these processes and their relations to host environments remain un-
clear. Many interesting questions are still debated: “What regulates galaxy evolu-
tion? When do massive galaxies assemble their stellar mass and how? Where does
this mass assembly occur?”. This thesis studies the formation and evolution of cen-
tral galaxies in groups and clusters over the last 9 billion years in an attempt to
answer these questions.

Two important properties of galaxy clusters and groups make them ideal systems
to study cosmic evolution. First, they are the largest structures in the Universe
that have undergone gravitational relaxation and virial equilibrium. By comparing
mass distributions among the nearby- and early-Universe clusters, we can measure
the rate of the structure growth and formation. Second, the gravitational potential
wells of clusters are deep enough that they retain all of the cluster material, despite
outflows driven by supernovae (SNe) and active galactic nuclei (AGN). Thus, the
cluster baryons can provide key information on the essential mechanisms related
to galaxy formation, including star formation efficiency and the impact of AGN
and SNe feedback on galaxy evolution. This thesis reports identification of a large
sample of galaxy groups including their optical and X-ray properties. It includes
several refereed journal articles, of which five have been included here.

In the first article (Gozaliasl et al. 2014a), we study the distribution and the
development of the magnitude gap between the brightest group galaxies (BGGs)
and their brightest satellites in our well defined mass-selected sample of 129 X-ray
galaxy groups at 0.04 < z < 1.23 in XMM-LSS. We investigate the relation between
magnitude gap and absolute r-band magnitude of the central group galaxy and its
brightest satellite. Our observational results are compared to the predictions by three
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semi-analytic models (SAMs) based on the Millennium simulation. We show that
the fraction of galaxy groups with large magnitude gaps increases significantly with
decreasing redshift by a factor of ∼ 2. In contrast to the model predictions, we show
that the intercept of the relation between the absolute magnitude of BGGs and the
magnitude gap becomes brighter as a function of increasing redshift. We attribute
this evolution to the presence of a younger population of the observed BGGs.

In the second article (Gozaliasl et al. 2016), we study the distribution and evo-
lution of the star formation rate (SFR) and the stellar mass of BGGs over the last
9 billion years, using a sample of 407 BGGs selected from X-ray galaxy groups at
0.04 < z < 1.3 in the XMM-LSS, COSMOS, and AEGIS fields. We find that the
mean stellar mass of BGGs grows by a factor of 2 from z = 1.3 to present day and
their that stellar mass distribution evolves towards a normal distribution with cos-
mic time. BGGs are found to be not completely inactive systems as the SFR of a
considerable number of BGG ranges from 1 to 1000 M� yr

−1.
In the third article (Gozaliasl et al. 2014b), we study the evolution of halo mass,

magnitude gap, and composite (stacked) luminosity function of galaxies in groups
classified by the magnitude gap (as fossils, normal/non-fossils and random groups)
using the Guo et al. (2011) SAM. We find that galaxy groups with large magnitude
gaps, i.e., fossils (∆M1,2 ≥ 2 mag), form earlier than the non-fossil systems. We
measure the evolution of the Schechter function parameters, finding that M∗ for
fossils grows by at least +1 mag in contrast to non-fossils, decreasing the number of
massive galaxies with redshift. The faint-end slope (α) of both fossils and non-fossils
remains constant with redshift. However, φ∗ grows significantly for both type of
groups, changing the number of galaxies with cosmic time. We find that the number
of dwarf galaxies in fossils shows no significant evolution in comparison to non-fossils
and conclude that the changes in the number of galaxies (φ∗) of fossils are mainly
due to the changes in the number of massive (M∗) galaxies. Overall, these results
indicate that the giant central galaxies in fossils form by multiple mergers of the
massive galaxies.

In the fourth article (Khosroshahi et al. 2014), we analyse the observed X-ray,
optical, and spectroscopic data of four optically selected fossil groups at z ∼ 0.06 in
2dFGRS to examine the possibility that they can be associated with diffuse X-ray
radiation. The X-ray and optical properties of these groups indicate the presence of
extended X-ray emission from the hot intra-group gas. We find that one of them is a
fossil group, and the X-ray luminosity of two groups is close to the defined threshold
for fossil groups. One of the groups is ruled out due to the optical contamination in
the input sample.

In the fifth paper (Khosroshahi et al. 2015), we analyze data of the multi-
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wavelength observations of galaxy groups to probe statistical predictions from the
SAMs. We show that magnitude gap can be used as an observable parameter to
study groups and to probe galaxy formation models.
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1 Introduction

The present paradigm of structure formation within the framework of Λ cold dark
matter (ΛCDM) cosmology predicts that large scale structure in the Universe forms
via gravitational collapse due to strong primordial density fluctuation, then grows
through a hierarchical sequence of accretion and mergers of smaller systems (e.g.,
White & Rees 1978; Springel et al. 2005; Kravtsov & Borgani 2012). Galaxy clusters
are thus the most massive gravitational bound objects at the densest part of the
large-scale structure of the Universe. They can be defined as nearly self-similar
systems (Kaiser 1986).

Clusters and groups contain 50-70% of all galaxies in the local Universe (Geller &
Huchra 1983; Eke et al. 2005) and the most massive galaxies, which are some 10 times
more luminous thanM∗ galaxies (Collins et al. 2003). Although the light of member
galaxies dominates the optical appearance of clusters, their contribution to the total
baryonic mass is a small fraction, ∼5-15% (e.g., McCarthy et al. 2007; Dai et al. 2010).
Observations show that clusters contain hot, X-ray emitting intracluster medium
(ICM) that has been heated to temperatures up to several millions of degrees Kelvin
(e.g., Finoguenov et al. 2007; Boehringer & Werner 2009). From the gravitational
lensing effect, the dispersion in radial velocities of the galaxies within clusters, and
X-ray detections, we are now able to estimate the total mass of the galaxy clusters.
These measurements show that the baryon mass of clusters is ∼ 12-15% of the cluster
total mass and the remaining fraction consists of dark matter. (e.g., Zwicky 1937;
Vikhlinin et al. 2006; Giodini et al. 2012). The matter content of clusters is expected
to be a fair sample of the matter in the Universe (e.g., White et al. 1993). As a
tracers of the cosmic large-scale structure, they are used to test cosmological models,
constraining the cosmological parameters (e.g., Vikhlinin et al. 2006; Boehringer &
Werner 2009).

There is a general agreement among studies that galaxies in the early Universe
do in fact form via dissipative collapse and merging of low mass galactic progenitors.
Galaxies grow in stellar mass and size by accreting neighbor galaxies and matter
from the surrounding haloes (e.g., Scoville et al. 2007; Conselice 2014). The brightest
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30″
WFC3/IR F125W F140W F160W
WFC3/IR F105W
ACS/WFC F775W F814W F850LP
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WFC3/UVIS F225W F275W F336W
ACS/SBC F150LP

Figure 1.1: Deep imaging of galaxies down to magnitude 30 in the Hubble Ultra
Deep Field survey (HUDF 2014), covering the whole range of wavelengths available
to Hubble’s cameras (ultraviolet through visible to near-infrared). The image shows
galaxies with a variety of properties and morphologies distributed over the age of the
Universe, ∼ 13 billion years (Credit: NASA, ESA, public domain).

group/cluster galaxies are the most unique examples of such process and the most
massive, luminous galaxies to be formed.

The image of the full range of ultraviolet to near-infrared light of the Hubble
Ultra-Deep Field (HUDF-2014), as shown in Fig. 1.1, indicates that galaxies exhibit
a variety of physical properties. We observe that early Universe galaxies are bluer
and more irregular and interacting than the nearby Universe galaxies, which have
generally regular structures (e.g., Conselice 2014). Despite impressive observational
findings and an understanding of what environmental and internal physical processes
influence galaxy evolution, the precise behavior of the galaxy evolution mechanisms
in the life of a galaxy are still elusive. This study aims to investigate the stellar mass
assembly of BGGs and the impact of environment on BGG evolution over the last 9
billion years.

Groups are detected with a remarkable diversity of properties, in regard to rich-
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Chapter 1. Introduction

ness, X-ray luminosity, temperature, and formation period. Observations indicate
that mergers and galaxy interactions occur more frequently in groups because of
their sufficiently high densities and low velocity dispersions that are essential for
encounters (e.g., Ponman et al. 1994). The massive (M∗) galaxies in normal groups
are thought to gradually merge with the central galaxy, and eventually form a giant
elliptical galaxy surrounded by faint satellites. A galaxy group that includes a lu-
minous elliptical galaxy with an R-band magnitude gap of two or greater with the
brightest satellite within half the virial radius of system and extended X-ray emission
with a bolometric X-ray luminosity of Lx,bol > 5 × 1041 h−2

70 erg s−1 is known as a
“fossil group”. It is expected that fossil groups present a luminosity function with a
deficit of M∗ galaxies. In this thesis, we study the stacked luminosity function of
galaxies in fossil and non-fossil groups down to an absolute magnitude of -15 and
search for the link between formation of the central group galaxies and the evolution
of the luminosity function below z = 1 using the Guo et al. (2011) SAM (Gozaliasl
et al. 2014b).

The magnitude gap of groups, ∆M1,2, is used as an optical observable parame-
ter to quantify the age of groups and to identify fossil groups (e.g., Ponman et al.
1994; Jones et al. 2003; D’Onghia et al. 2005; Dariush et al. 2007; Smith et al. 2010;
Gozaliasl et al. 2014a; Raouf & Khosroshahi 2015; Raouf et al. 2016). The develop-
ment of the magnitude gap of groups is believed to have a link with the merging of
group galaxies (e.g., Jones et al. 2003; Dariush et al. 2007). This thesis extends the
study of the magnitude gap distribution and its relation with the absolute (r-band)
magnitude of the BGGs out to z = 1.23.

In addition, this dissertation aims to determine of the optical and X-ray properties
of fossil galaxy groups and determine their luminosity function in absolute r-band
magnitude using a sample of optically selected fossils at z ∼ 0.06 in the 2dFGRS field.
We examine the possibility that a galaxy group including a giant elliptical galaxy and
a large magnitude gap can be associated with an extended X-ray emission, similar
to that observed in fossil galaxy groups (Khosroshahi et al. 2014).

1.1 The structure of the dissertation

This dissertation includes five refereed journal articles and an introduction. The
structure of this introduction is as follows. Chapter 2 discusses the general prop-
erties of galaxy groups, cluster mass measurements, identification of clusters and
introduces the major survey data used here. Chapter 3 introduces the important
physical processes that drive galaxy evolution. Chapter 4 discusses the distribu-
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1.1. The structure of the dissertation

tion and evolution of stellar mass and star formation rate of BGGs. Chapter 5
presents a statistical study of the distribution and development of the magnitude
gap and presents the properties of fossil groups. Chapter 6 studies the evolution of
the stacked (composite) luminosity function of galaxies in group progenitors at z < 1
using the Guo et al. (2011) SAM. Chapter 7 summarizes our conclusions.
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2 Identification and advantage of X-ray
galaxy Groups

Groups of galaxies have a typical size of D ∼ 0.1 − 1 h−1 Mpc and a typical mass
(including dark matter and barons ) of ∼ 1012 to 1014 M�. Cluster sizes typically
span D ∼ 1 − 2 h−1 Mpc and their total mass ranges from ∼ 1014 M� up to
5×1015 M�. They are rare structures compared to galaxy groups and the transition
between groups and clusters is not sharp. The main distinction between them is
made by richness and the velocity dispersion of the member galaxies. The richness is
sensitive to depth and quality of observations. Groups and clusters typically consist
of a few to hundreds of galaxies. The velocity dispersion of galaxies in groups and
clusters range ∼ 200− 400 km s−1 and ∼ 400− 1400 km s−1, respectively (Postman
& Murdin 2001; Schneider 2014).

Multi-wavelength observations, in particular in X-ray astronomy, explore the
intracluster/intergroup X-ray emitting gas with LX ∼ 1041 − 1044 erg s−1 and
T ∼ 106 − 108 K (e.g., Finoguenov et al. 2009; George et al. 2011). Fig. 2.1 shows
an X-ray emitting cluster at z = 0.731 in COSMOS.

This chapter gives an overview on the X-ray emission from clusters, cluster red-
sequence, and the methods for identifying clusters. Finally, we briefly describe the
major data surveys used in this study.

2.1 The X-ray emission of groups and clusters

In recent years, most of the detailed knowledge on galaxy clusters has been estab-
lished via X-ray observation. This is due to the fact that cluster gas has been heated
up to 108 K through the infall onto the gravitational potential wells of clusters.
At this temperature, low density hot plasma (∼ 10−3 atoms cm−3) emits in the
X-ray regime. The spectral energy distribution (SED) of the X-ray emission from
ICM confirms that the X-ray radiation from clusters is mainly due to the thermal
bremsstrahlung (free-free radiation). The emission that is generated when an elec-
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2.1. The X-ray emission of groups and clusters

Figure 2.1: The combined g, r, and i band (Hyper Suprime-Cam) images of an X-ray
galaxy cluster at z = 0.731 in the COSMOS field (Gozaliasl et al. in prep.). The
white contours corresponds to the extended X-ray emission from the intracluster gas.

tron is accelerated in the electric field of an atomic nuclei (protons). The cluster gas
mass is ∼ 5 times the mass of the observable galaxies and stars, and its contribution
to the total mass of clusters is about 5-25% (e.g., Vikhlinin et al. 2006; Giodini et al.
2012). X-ray observations provide a unique opportunity to measure precisely the
total baryonic content of clusters, making them excellent tools to probe the matter
content of the Universe (e.g. ΩM ) (Allen et al. 2004).

The following items summarize the important advantages of X-ray galaxy clus-
ters.

• The X-ray emission guarantees the presence of a gravitational potential well
that produces gravitational lensing effects (e.g., Hattori et al. 1999; Collins
et al. 2003) .

• X-ray emission gives detailed information on the cluster mass distribution,
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Chapter 2. Identification and advantage of X-ray galaxy Groups

detection of the cool core or the non-cool core clusters, and the heating of
cluster cores by the central AGN (e.g., Fabian & Nulsen 1977; Kaastra et al.
2004).

• X-ray spectroscopy gives detailed knowledge of the metallicity and chemical
composition of the ICM (e.g., Böhringer & Werner 2010)

It has been established that the X-ray spectra of galaxy groups differ from those
of clusters. Intra-group hot plasma has a lower temperature, thus the abundant
elements are not fully ionised, and as a result, a fraction of the flux is due to line
emission. The X-ray luminosity of galaxy groups generally range from ∼ 1041 to
1043 erg s−1. Galaxy groups exhibit a wide range of structure in terms of X-ray
appearance. The low-mass groups generally show irregular X-ray shapes compared
to the most massive groups and clusters with LX > 1043 erg s−1. In massive clusters,
their central galaxies are generally located close to the peak of the X-ray radiation,
while the diffuse X-ray emission from low-mass groups is generally distributed around
several member galaxies and the central galaxies might not be close to the X-ray
center.

The X-ray (e.g., mass) measurements are usually of at R500, the radius within
which the cluster mass density is 500 times the critical density. R500 corresponds to
∼ 0.7 of the virial radius. Beyond this distance, the X-ray flux detection is difficult.

2.2 Red-sequence of cluster galaxies

Galaxy colour is used as an important redshift-dependent observable to study their
evolution and to classify them as early- and late-type systems. Galaxies with a low
contribution of hot, young stars (which radiate at high frequencies) appear red in
colour. In contrast, galaxies with a high contribution of young stars appear blue.

The galaxy colour has a link with galaxy star formation activity. Blue colour
galaxies are often active and star forming systems (e.g., spirals), while red galaxies are
generally passive and quenched systems (e.g., ellipticals). Furthermore, red galaxies
have a higher metallicity than blue ones.

Fig. 2.2 shows a schematic view of the relation between the colour and the lumi-
nosity (absolute magnitude) of SDSS galaxies, the so called galaxy colour-magnitude
diagram (Bell et al. 2004). This digram consists of three main regions: red sequence,
green valley, and blue cloud. The red sequence includes mostly red elliptical galaxies.
The blue area contains blue spiral galaxies, and the green valley includes a number
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2.2. Red-sequence of cluster galaxies

Figure 2.2: A schematic view of the galaxy colour-magnitude diagram with three
populations: the red sequence, the blue cloud, and the green valley. The red sequence
includes most red galaxies which are generally elliptical galaxies. The blue area
contains most blue galaxies which are generally spirals, and the green valley includes
a number of red spirals e.g., Milky way (Bell et al. 2004). (credit: CC BY-SA 3.0).

of red spirals (e.g., Milky way), indicating that colour parameters can differentiate
galaxy populations remarkably well.

Since cluster galaxies experience similar effects and evolution, they exhibit similar
colours. Thus, when we plot their well-defined colours (e.g., r− i, z− i) as a function
of magnitude, they will fall on a roughly linear sequence known as the red-sequence
(see lower panel of Fig. 2.3). The red-sequence is widely used for selecting group
membership and for assigning a photometric redshift to galaxy groups (e.g., Koester
et al. 2007; Mirkazemi et al. 2015).

In this thesis, we used a red-sequence finder (see Gozaliasl et al. 2014a; Mirkazemi
et al. 2015) with two colours to assign group membership. We select a galaxy as a
member of a group if its colours fall on both red-sequences of the hosting group (e.g.,
g
′−r′ and r′−i′). The following combination of filters defined as a function of redshift

for the red sequence algorithm: 0.05 ≤ z ≤ 0.66: g′ , r′ , i′ and 0.66 < z ≤ 1.10: r′ ,
i
′ , z′ .
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Chapter 2. Identification and advantage of X-ray galaxy Groups

Figure 2.3: Upper panel : The combined CFHTLS r’-, i’-, and z’-band images with
the overlaid X-ray emission contours of a fossil group candidate at z = 0.07. The two
brightest group galaxies have been marked with white circles. Lower panel : Colour
g
′ − r

′ (upper) and r′ − i
′ (lower) as a function of z′ magnitude. The dark circles

illustrate group membership and two brightest group galaxy within 0.5R200 have
been marked with red asterisks. The upper and lower limits of colours are shown by
a horizontal dashed line. Figures are adopted from (Gozaliasl et al. 2014a).
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2.3 Identification of galaxy groups and clusters

During the past 50 years, several techniques have been developed in order to identify
galaxy groups. We briefly describe the most common methods as follows:

• Detection of spatial over-densities: the two most common methods to quantify
the environment of a galaxy are the distance to the nearest neighbor (Dressler
1980) and the number of neighboring galaxies located within a fixed radius
(Hogg et al. 2003). These measurements allow to identify over-densities. Clus-
ters and groups are bound over-densities with ρ/ρ̄ > 200 (Berlind et al. 2006;
Ramella et al. 2001).

• Red-sequence method : this method is widely used for detecting the over-density
of the red galaxies. The 13,823 galaxy clusters in the MaxBCG catalogue
have been identified using the red-sequence technique in SDSS (Koester et al.
2007). In paper I and paper IV, we use this technique to select group members
(Gozaliasl et al. 2014a; Khosroshahi et al. 2014).

• X-ray selection: cluster of galaxies are the brightest extended sources in the
X-ray sky. Thus, X-ray observations provide a unique opportunity for identi-
fication of clusters and groups. The X-ray selection is independent from the
optical properties of galaxies. Catalogs of X-ray galaxy groups have already
made an important contribution to studies of galaxy formation and evolution
(e.g., Finoguenov et al. 2007; Finoguenov et al. 2009, 2010; Alshino et al. 2010;
Erfanianfar et al. 2013; Gozaliasl et al. 2014a). In addition to cluster identifi-
cation, modern X-ray surveys provide a precise cluster characterization.

• Gravitational lensing method : galaxy cluster work as lenses for the light rays
of background galaxies. Thus, the lensing signal also provides powerful clues
for identifying the foreground clusters or groups (e.g., Miyazaki et al. 2007).

• Spectroscopic selection: construction of a number of wide and deep galaxy
redshift surveys (e.g. SDSS, 2dFGRS, and zCOSMOS) allows one to identify
clusters using their spectroscopic redshift (e.g., Dressler et al. 1999; Gerke et al.
2012). The projection may affect z < 0.1 spectroscopic selection. However, at
z > 0.1 the spectroscopic selections work well (e.g., Lilly et al. 2007).

• Sunyaev-Zeldovich effect : the energy of CMB photons moving through a
galaxy cluster towards us can slightly boost during collision with hot electrons.
Compton scattering transfers energy from the electrons to the CMB photons,
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Chapter 2. Identification and advantage of X-ray galaxy Groups

increasing on average the photon frequency after scattering. A consequence of
this scattering is an increased number of high energy photons and a decreased
number of photons at higher and lower energies, relative to the Planck spec-
trum. This effect is known as the Sunyaev-Zeldovich (SZ) effect (Sunyaev &
Zeldovich 1970, 1972) and is observable. The SZ effect does not depend on the
cluster redshift and the details of the gas distribution, offering a unique tool
for studying the ICM (e.g., van de Voort et al. 2016) and to identify galaxy
clusters (e.g., Reichardt et al. 2013; Bleem et al. 2015; de Haan et al. 2016).

In this study, we identify 129 X-ray galaxy groups at 0.04 < z < 1.23 in CFHTLS
W1 as a part of XMM-LSS (Gozaliasl et al. 2014a).

For identification of groups, we inspect the over-density of the projected galaxies
to each extended X-ray source in the aforementioned surveys visually and determine
the over-density of the projected galaxies in different redshift bins using their pho-
tometric and spectroscopic redshifts. In addition, we apply our red-sequence finder
on each extended X-ray source to detect any red-sequence galaxies falling within a
radius of about 500 kpc from the X-ray peak. This procedure is discussed in detail
in Gozaliasl et al. (2014a); Mirkazemi et al. (2015).

In order to estimate the halo mass of the X-ray galaxy groups and clusters in
our catalogue presented in the paper I (Gozaliasl et al. 2014a), we take into account
the relation between the X-ray luminosity that we derive from the flux estimation
and a total halo mass, inferred by the weak lensing analysis on systems of similar
mass and redshift obtained in COSMOS field (Leauthaud et al. 2010). We also used
the result of the study of the galaxy clustering (Allevato et al. 2012) to confirm the
scaling relations used in this study.

2.4 COSMOS

COSMOS is the largest field ever observed using the HST. This survey covers ∼ 2
deg2 (a square with 1.4 degrees to a side). This survey was designed to probe
the evolution and formation of galaxies as a function of both redshift and galaxy
environments, while decreasing cosmic variance as a source of bias. The survey
research goals and its features were presented in more details in Scoville et al. (2007).

This field has extensively been observed by several major ground- and space-
based observatories, covering the full spectral range, with X-ray (Chandra and
XMM–Newton), UV (GALEX), optical (Subaru), NIR (CFHT), near-infrared (Ul-
traVISTA; ESO VISTA telescopes) mid-infrared (Spitzer), Herschel far-infrared (100,
160 µm), submillimetric (MAMBO) and radio (VLA) imaging. In addition, the X-
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ray information provided by the 1.5 Ms exposure with XMM-Newton (53 pointings
on the whole field, 50 ks each (Hasinger et al. 2007) and the additional 1.8 Ms ex-
posure with Chandra in the central square degree (Elvis et al. 2009) allows robust
detections of very high-z X-ray galaxy groups (e.g., Finoguenov et al. 2007; George
et al. 2011).

COSMOS provides very deep (AB ∼ 25-27 mag) and multi-wavelength ( 0.23-24
µm) data of 2 × 106 of galaxies.

The COSMOS galaxies have also been observed by many spectroscopic pro-
grammes using different telescopes. The spectroscopic follow-up is still ongoing and
includes the zCOSMOS survey at VLT/VIMOS (Lilly et al. 2007; Lilly et al. 2009),
Galaxy Environment Evolution Collaboration 2 (GEEC2) survey with the GMOS
spectrograph on the Gemini telescope (Balogh et al. 2011; Mok et al. 2013), Magel-
lan/IMACS (Trump et al. 2007) and MMT (Prescott et al. 2006) campaigns, obser-
vations at Keck/DEIMOS (PIs: Scoville, Capak, Salvato, Sanders, Kartaltepe) and
FLWO/FAST (Wright et al. 2010).

In this thesis, we used the X-ray data taken by both Chandra and XMM-Newton
observatories, the optical images (e.g. Subaru, UltraVista, CFHTLS), and all spec-
troscopic data of galaxies. This data allows us to extend the detection of X-ray
galaxy groups out to z ∼ 3. We also use the previous catalogue of X-ray galaxy
groups of this survey as presented in Finoguenov et al. (2009); George et al. (2011).

Fig. 2.4 shows the wavelet reconstruction of the early -type galaxy concentration
in the photo-z catalogue of galaxies in the COSMOS field. The extended X-ray
sources have been shown as green contours (Finoguenov et al. 2007).

2.5 CFHTLS

The CFHTLS observations were carried out in a period of 5 years between 2003 to
2008, covering a large area of ∼ 155 square degrees in four independent contiguous
patches (known as W1, W2, W3, and W4). The CFHTLS photometric images were
obtained in u*, g′, r′, i′, z′ bands with the MegaCam instrument. The point sources
reach an 80% completeness limit in AB of u∗ = 25.2, g′ = 25.5, r′ = 25.0, i′ = 24.8,
and z′ = 23.9. Within four fields, W1 is the largest field with 72 pointings that covers
an area of ∼ 64 square degrees around RA = 02h 18m 00s, Dec. = −07◦ 00′ 00′′; s,
patch W2 includes 33 pointings around RA = 08h 54m 00s, Dec. = −04◦ 15′ 00′′,
patch W3 consists 49 pointings around RA = 14h 17m 54s, Dec. = +54◦ 30′ 31′′ and
patch W4 includes 25 pointings around RA = 22h 13m 18s, Dec. = +01◦ 19′ 00′′

(e.g., Erben et al. 2013).
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Figure 2.4: The colours of COSMOS. The wavelet reconstruction of the early-type
galaxy concentrations searched in the photo-z catalog is colour-coded according to
the average redshift: blue – 0.2, cyan – 0.4, green – 0.6, yellow – 0.8, red – 1.0. The
green contours outline the area of the X-ray emission associated with 150 extended
source candidates. The image is 1.5 degrees on a side. The pixel size is 10” on a side
(Finoguenov et al. 2007).

The CFHTLS overlaps with several surveys such as COSMOS, XMM-LSS. In this
thesis, we search for the X-ray galaxy groups using data of the CFHTLS together
with data of X-ray observations of XMM-Newton in 3 deg2 of XMM-LSS (Gozaliasl
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et al. 2014a). We utilize the photometric redshift catalog of Brimioulle et al. (2008)
in CFHTLS. CFHTLS has also a good spectroscopic coverage ∼ 0.64 deg2 with the
VIMOS-VLT Deep Survey (VVDS; Le Fèvre et al. 2004, 2005) and the targeted
cluster follow-up of Adami et al. (2011), which we also use in the present study.

2.5.1 AEGIS

We use data from the All-Wavelength Extended Groth Strip International Survey
(AEGIS) located in CFHTLS W3 field, covering ∼ 0.35 deg2. The AEGIS data are
used for studying the contamination of group members by dusty star forming galaxies
when selecting the two brightest group galaxies using the two colour red-sequence
finder. We utilise the AEGIS X-ray galaxy group catalogue (Erfanianfar et al. 2013)
in the study of the stellar properties of the BGGs as presented in Gozaliasl et al.
(2016).
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3 Evolution of cluster galaxies

The schematic flowchart in Fig. 3.1 shows an overview of the physical processes
that drive the evolution of a galaxy. Galaxies can accrete material through inflows
from the ICM/IGM, and can lose matter through outflows driven by AGN, SNe, and
environmental effects (e.g. tidal stripping of gas, mergers). Furthermore, several
intergalactic physical processes and conditions contribute to the cooling of hot gas,
converting cold gas to stars, and accreting of hot and cold gas onto the central black
hole.

Observationally, it is not possible to trace galaxies backwards in time. We have
thus sought to apply cosmological simulations for quantifying biases in observational
data and interpreting observational findings. Towards this aim, several cosmological
N-body simulations such as the Millennium simulation (e.g., Springel et al. 2005),
SAMs (e.g., Bower et al. 2006; Guo et al. 2011; Henriques et al. 2015), and hydro-
dynamical simulations (e.g., Vogelsberger et al. 2014; McAlpine et al. 2016) have
been constructed. We can now directly follow dark matter haloes, stars, and gas
in entire galaxy populations in simulations. A successful model of galaxy formation
is expected to predict a wide variety of observational scaling relations, such as the
fundamental plane for elliptical galaxies, Tully-Fisher relation for spiral galaxies,
tight relations between galaxy properties with its mass, central black hole mass, and
halo mass. To achieve these goals, we are require to understand in more detail the
physical processes that are responsible for galaxy evolution.

This chapter provides a brief introduction on the Millennium simulation and
SAMs. Important physical properties and processes in the evolution and formation
of galaxies are also defined.
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Figure 3.1: A schematic view of the evolution of an individual galaxy (dashed ma-
genta box) which contains hot gas, cold gas, stellar population, and a black hole.
The cooling process converts hot gas into cold gas, from which stars are formed.
Through supernovae, energy, metals, and gas are ejected into the gas components.
In addition, the central black hole grows by accretion of both cold and hot gas. This
fuels the AGN and frees a large amount of energy which heats the gaseous compo-
nents of the host galaxy. It is generally assumed the box to be open since gas can
be accreted onto the galaxy from the IGM/ICM and can be ejected from galaxy
through outflows driven by AGN and SNe feedback. Finally, a merger or interaction
with another galaxy may also result in a significant boost or suppression of all these
mechanism (Mo et al. 2010).

3.1 Millennium simulation and Semi-analytic models

3.1.1 Millennium simulation

The Millennium simulation was the largest cosmological N-body simulation based
on the ΛCDM model published in 2005 (Springel et al. 2005). This simulation
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was implemented using the cosmological parameters, (Ωm, Ωb, ΩΛ, n, σ8, h)=(0.25,
0.045, 0.75, 1, 0.9, 0.73), based on a combined analysis of the 2dFGRS (Colless
et al. 2001) and the first-year WMAP data (Spergel et al. 2003). The Millennium
simulation uses 21603 particles with typical masses of 1.18 × 109 M� to trace the
dark matter distribution in a cubic region 500 h−1 Mpc on a side from redshift
127 to the present day. Application of simplified modeling techniques to the stored
output of this simulation allows us to study the formation and evolution of the ∼ ten
million galaxies more luminous than the Small Magellanic Cloud. In this simulation,
the FOF algorithm was used to identify clusters and groups by linking particles with
separation scale less than ∼ 0.2 the mean inter-particle separation (Davis et al.
1985). The identification of the sub-haloes in each FOF group is also performed by
using the SUBFIND algorithm (Springel et al. 2001). The output of the Millennium
simulation has been used several times in constructing SAMs such as Bower et al.
(2006); De Lucia & Blaizot (2007); Guo et al. (2011); Henriques et al. (2015). For
more details on the Millennium simulation, the reader is referred to Springel et al.
(2005).

3.1.2 Semi-analytic model

In the last two decades, a number of simulation methods have been developed to give
a statistical picture of galaxy formation and evolution history, in terms of specific star
formation, stellar mass growth and halo mass assembly. The “semi-analytic model”
method is the most economic and inexpensive technique that takes the approach
of treating the different physical processes associated with galaxy formation in an
approximate, analytic way.

Predictions from SAMs show good agreement with N-body/hydro calculations,
but have been limited to either simulations of individual galaxies (e.g., Stringer et al.
2010) or simplified physics (e.g., Yoshida et al. 2003; Benson 2010).

Semi-analytic models are applied in order to study several aspects of galaxy
formation such as galaxy counts, galaxy clustering, galaxy colours and metallicities,
sub-mm and infrared galaxies, abundance and properties of Local Group galaxies, the
reionization of the Universe, the heating of galactic disks, the properties of Lyman-
break galaxies, supermassive black hole formation and AGN feedback (e.g., Bower
et al. 2006; Croton et al. 2006; De Lucia & Blaizot 2007; Benson 2010; Guo et al.
2011; Henriques et al. 2015).

In this study, we use data from four SAMs (Bower et al. 2006; De Lucia & Blaizot
2007; Guo et al. 2011; Henriques et al. 2015). The main properties of these models
have been summarized in Gozaliasl et al. (2014a).
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3.2 Evolution processes

Several important processes contribute to the evolution of cluster galaxies and need
to be included in implementation of the galaxy formation models such as SAMs. The
important processes are briefly described here.

3.2.1 Gas cooling

Gas cooling is an important ingredient of galaxy formation. The rate of gas cooling
depends on temperature, density, and chemical composition. Cooling of the hot gas
occurs through a variety of mechanisms. At very high redshifts (z > 6), the density
of CMB photons are high enough that the Compton scattering of these photons from
electrons in the ionized ICM causes significant cooling of the host plasma. The CMB
photon density is the same at any radius and independent from the gas density,
thus Compton cooling timescale is independent of gas density (Peebles 1968; Benson
2010).

In massive haloes, where the virial temperature is Tvir ∼ 107 K, gas cools through
Bremsstrahlung emission from free electrons. At a temperature range of 104 K <
Tvir < 106 K, transitions between energy levels excited by the collisions between
electrons and partially ionized atoms become important in cooling process.

For haloes with Tvir < 104 K, gas is expected to be neutral. In the presence
of heavy elements or molecules, gas is unable to cool through the usual atomic
processes. Cooling can occur by excitation of rotational or vibrational energy levels in
molecular hydrogen through collisions (Bromm et al. 2009). The cooling of molecular
hydrogen is more complicated compared to that of atomic cooling since there are still
uncertainties in the details of molecular chemistry (Glover & Abel 2008).

3.2.2 Star formation

Based on observations, star formation mostly occurs in two modes: normal star for-
mation and starbursts. The first is a consequence of cooling inflows and formation
of a nearly self-gravitating disk in galaxies. These disks cool and become gravita-
tionally unstable, and form massive stellar clouds, which themselves eventually lose
their stability, fragment, and form stars. Starbursts are mostly limited to relatively
small volumes (e.g., nucleus) of galaxies, which include a massive amount of gas.
Observations reveal that they are triggered by strong interactions and instabilities.
For instance, a significant merger can trigger a starburst in a galaxy. For a galaxy
in starburst mode, the star formation rate can reach up to few thousands of solar
masses per a year.
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A number of studies indicate that the integrated star formation density in the
Universe evolves significantly with redshift (e.g., Kennicutt Jr 1998; Leitherer et al.
1999; Daddi et al. 2007), rising from a low initial value at early epochs (z > 6) to a
peak at z ∼ 2−3, then decreasing to low values (e.g., Daddi et al. 2007; Wuyts et al.
2011). Daddi et al. (2007) show that for a given stellar mass, the star formation
rate (SFR) at z = 2 is higher by a factor of ∼ 4 and ∼ 30 than that of star-forming
galaxies at z = 1 and z = 0, respectively. They also found a tight correlation between
SFR derived from UV/IR and stellar mass of galaxies in GOODS (at z ≈ 1) in which
massive galaxies have a higher star formation rates (Daddi et al. 2007; Noeske et al.
2007). A similar relation is also seen between SFR and stellar mass of the SDSS
galaxies at z = 0, but with a lower normalization, indicating that the cosmic SFR
density declines with cosmic time (e.g., Elbaz et al. 2007). There is also a tight
relation between galaxy structure and SFR. High star forming galaxies are generally
spiral types or those with central bright starburts (e.g., Conselice 2014). The SFR of
galaxies strongly depends on the environment, as field galaxies are more star forming
than cluster galaxies. The SFR is a key parameter that is used to classify galaxies
into various categories of star forming/quenched systems (e.g., Van den Bergh 1976).

Unfortunately, the theory of star formation for different types of galaxies over
cosmic time is not complete. Another important problem is that the contribution
of different star formation modes to the stellar mass assembly of galaxies is not
completely clear. In this thesis, we investigate the evolution and distribution of the
SFR of the BGGs and compare our results with predictions from the SAMs based
on the Millennium simulation.

3.2.3 Heating processes

Gas cooling and star formation in galaxies can be strongly suppressed by several
heating processes. These processes are mainly driven by stellar evolution, growth of
the central black hole of galaxies, and radiation from the first stars and quasars.

Supernovae and stellar winds: Observations of spectra (ultraviolet to in-
frared) of hot, luminous stars with masses above ∼ 15M� show that they undergo
rapid mass outflows (stellar winds) that can erode their outer layers (De Jager et al.
1988). Furthermore, as the very massive stars die, a huge amount of mechanical and
radiative energy are released by SN explosions. The SN-driven outflows can extend
to even galactic scales and dramatically reheat, reshape, and ionize the surrounding
interstellar medium (ISM) (e.g., Croton et al. 2006). In addition, they can even eject
gas from the galaxy halo. Such effects are termed “SNe feedback”. This feedback can
have a significant impact on the evolution of galaxies, quenching their star formation
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activities and changing their chemical composition (Larson 1974).
The cool cores of clusters and AGN feedback: The X-ray observations of

galaxy clusters indicate that their ICM at the center of many clusters is very dense,
thus the cooling time-scale becomes much shorter than the Hubble time-scale (e.g.,
Hudson et al. 2010; Fabian & Nulsen 1977). This finding led to the development
of the cluster cooling-flow model. The model predicted that the ICM at the dense
core of clusters quasi hydro-statically cools and the cooled gas is condensed under
the weight of the surrounding ICM/IGM and dark matter halo. Consequently, the
hot gas from the outer layers inflows to replace the condensed gas and a cooling-flow
is produced. Accordingly, it was expected that a high amount of star formation
must occur at the core of clusters, where the temperature of cooling gas falls to
104K. Later, this scenario was rejected by the optical observations of cluster cores
(McNamara & O’Connell 1989). In addition, the X-ray spectroscopy of cluster cores
with XMM-Newton (e.g., Tamura et al. 2001) indicate that the gas at these regions
does not cool below one third of the virial temperature. This led to a conclusion
that a heating source must be responsible in re-heating of the ICM and preventing
further cooling of gas in cluster cores (Zakamska & Narayan 2003; Ruszkowski et al.
2004; Dennis & Chandran 2005; Mathews et al. 2006). AGN are possibly the main
source of this heating (e.g., Bîrzan et al. 2004, 2008).

AGN are an important piece of the galaxy formation puzzle. They are believed to
be powered by super-massive black holes with L ∼ 108−1014 L�. The AGN emission
can change on timescales of a few days, indicating that this emission originates from
a region of a few light days. Overall, ∼ 10-20% of energy radiated in the Universe
comes from AGN. The energy released by an AGN can suppress the cooling flows
of galaxies, thereby modifying the galaxy luminosities, colours, stellar mass, and
quenching star formation activity.

3.2.4 Environmental effects

The structure and properties of galaxies strongly correlate with their local environ-
ments. Dressler (1980) studied galaxy morphology in 55 rich clusters and found that
the number of elliptical and S0 galaxies (early type galaxies) increase as a function
of increasing projected number density of galaxies, while the number of the spiral
galaxies (or late type galaxies) decrease with increasing the galaxy number density.
This correlation is known as “morphology-density relation”. The morphology-density
relation states that spiral galaxies are more common in the field (and in the lower
density group environment). In contrast, elliptical (early-type) galaxies are more
common in clusters.
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Figure 3.2: (Left panel) Ram pressure stripping of the gas from NGC 4402 in the
Virgo Supercluster. The curved, or convex, appearance of the disk of gas and dust is
a result of the forces exerted by the heated gas (credit: CC BY 3.0). (Right panel)
The Cartwheel galaxy has recently been harassed, possibly due to an encounter with
one of the two neighbouring galaxies (credit: PD-NASA).

As a result, the morphology-density relation indicates that environments affect
the properties and structure of galaxies, particularly the star formation which is
quenched once a galaxy falls within high density regions. There are several envi-
ronmental processes (e.g., ram pressure stripping, tidal striping, and mergers) which
must be taken into account in all galaxy formation theories.

Ram-pressure: When a satellite moves through the cluster, it experiences a
wind due to its motion relative to the ICM. Ram-pressure removes some or all of
the galaxy’s ISM, suppressing star formation and even leading to a morphology
transformation (e.g., Gunn & Gott III 1972). The left-panel of Fig. 3.2 shows an
example of the ram-pressure gas stripping from the NGC 4402 galaxy in Virgo cluster.

Tidal gas striping: Tidal forces between cluster galaxies can remove gas from
these systems and can even disrupt satellites. As a result, the stellar components,
metals and cold gas of this satellite are then assigned to intracluster stellar population
and the halo of central cluster galaxies. Gas stripping leads a rapid decline of star
formation and reddening in the colours of the satellite galaxies (e.g., Kang & Van den
Bosch 2008; Font et al. 2008).

Galaxy mergers: One of the most accepted views on the formation and growth
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Figure 3.3: The two merging galaxies called NGC 2207 and IC 2163 in the distant
Canis Major constellation (credit: PD-NASA).

of galaxies is that the most massive galaxies (e.g., BGGs/BCGs) form as a result
of multiple mergers (e.g., Toomre 1977). When galaxy mergers occur, the structure
of merging galaxies becomes very distorted and peculiar and the major galaxy un-
dergoes an episode of intense star formation, the so-called “starburst ”. This has
been shown by numerical simulations (e.g., Springel & Hernquist 2005), as well as
in observations ( see right panel of Fig. 3.3) (e.g., Joseph & Wright 1985; Sanders
& Mirabel 1996). For instance, at least 5 to 25 percent of galaxies in the Hubble
deep field have been found to reveal signs of mergers. The galaxy merger rate is
one of the most important and fundamental estimates of galaxy evolution. These
measurements tell us how galaxies grow with time through encounters with other
galaxies. Galaxy formation models based on ΛCDM define a merger tree, which
describes the formation history of a dark matter halo and the associated galaxies.

Galaxy mergers are classified into two types: major and minor. The former one
occurs between galaxies with masses differing by less than a factor of 3. If the mass
ratio of merging galaxies exceeds this factor, the merger is assumed to be a minor
merger. A major merger destroys the disks of the two merging galaxies and forms
a spheroidal galaxy. But in a minor merger, the major galaxy’s disk survives and
accretes the cold gas and stellar contents of the small progenitor. Both mergers
trigger a starburst which converts a fraction of the merging cold gas into stars. This
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fraction of cold gas, eburst, can be estimated by

eburst = 0.56

(
Mminor

Mmajor

)0.7

, (3.1)

where Mminor and Mmajor are the total baryonic mass of minor and major galaxies,
respectively (Somerville et al. 2001; Cox et al. 2008; Somerville et al. 2008).
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4 Evolution of the brightest group galax-
ies

It has been found that BCG luminosities are independent from the given global
luminosity function (e.g., Tremaine & Richstone 1977). Von Der Linden et al. (2007)
found, using a large sample of 625 BCGs in SDSS, that they have higher velocity
dispersions and are larger than non-BCGs of the same stellar mass, indicating that
they contain a higher fraction of dark matter. The dynamical mass-to-light ratio
of BCGs does not change with galaxy luminosity and thus, they lie on a different
Fundamental Plane compared to ordinary elliptical galaxies. The mean stellar ages
and metallicity of BCGs are similar to non-BCGs of the same mass, but their α/Fe
ratios are higher than non-BCGs, which shows that stars may have formed over a
shorter time-scale in BCGs. Such findings suggest that formation of BCGs might be
different from other elliptical galaxies.

Several scenarios have been suggested to describe the formation and evolution
of BCGs. These include galactic cannibalism due to dynamical friction (e.g., White
1976a,b; Richstone & Malumuth 1983; Ostriker & Hausman 1977), tidal stripping
from satellites (e.g., Richstone 1976; Merritt 1985), and star formation in cooling
flow clusters (Fabian et al. 1994). Dubinski (1998) modeled galaxy cluster formation
based on the ΛCDM model and showed that the central galaxy mainly forms due
to early multiple mergers of several massive galaxies.

More recently, semi-analytic models assume two epochs of formation for BCGs.
They consider that stars in BCG progenitors are initially formed by the collapse
and condensation of cooling gas and gas-rich mergers at very early times, while later
they continue to grow considerably through dry merging with old, red satellites (e.g.,
De Lucia & Blaizot 2007; Laporte et al. 2013). SAMs also assume that the gas cooling
process in BCGs is reduced by heating, and AGN feedback at late times (e.g., Croton
et al. 2006; Guo et al. 2011). Observations of X-ray cavities and radio cavities in
clusters provide the strongest evidence for supporting the existence of AGN feedback.

Furthermore, numerical hydrodynamical simulations which include AGN driven
buoyantly rising bubbles reproduce the observed stellar properties of BCGs remark-
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Figure 4.1: Halo mass (M200) as a function of redshift for the X-ray galaxy groups
selected from the COSMOS (open magenta diamonds), XMM-LSS (filled black cir-
cles), and AEGIS (open blue triangles) fields. The dashed red boxes illustrate our
five defined subsamples. The figure is adopted from Gozaliasl et al. (2016).

ably well compared to models that do not include AGN feedback (e.g., Sijacki &
Springel 2006). The growth of BCGs through dry mergers at late times is also
largely in agreement with observations (Rines et al. 2007; Liu et al. 2009). However,
some studies of the high-z BCGs disagree with this scenario (e.g., Whiley et al. 2008;
Stott et al. 2010).

In this Chapter, we report our results on the distribution and evolution of the
stellar mass and SFR of BGGs, and their relation with the halo mass using a large
sample of BGGs at 0.04 < z < 1.3. We select our sample of BGGs from X-ray
selected galaxy groups with intermediate halo masses (M200 = 1012.85 to 1014 M�)
where the group properties have been poorly investigated.
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4.1. Data and sample definition

4.1 Data and sample definition

We use a large sample of 407 BGGs selected from X-ray galaxy groups in COSMOS
(Finoguenov et al. 2007; George et al. 2011), XMM-LSS(Gozaliasl et al. 2014a), and
AEGIS (Erfanianfar et al. 2013) fields.

Fig. 4.1 presents the halo mass of groups hosting BGGs versus redshift. We select
five subsamples of X-ray galaxy groups considering their halo mass and redshift as
follows:

S-I: 0.04 <z< 0.40 & 12.85 < log(M200
M�

) ≤ 13.50

S-II: 0.10 <z≤ 0.4 & 13.50 < log(M200
M�

) ≤ 14.02

S-III: 0.4 <z≤ 0.70 & 13.50 < log(M200
M�

) ≤ 14.02

S-IV: 0.70 <z ≤ 1.0 & 13.50 < log(M200
M�

≤ 14.02

S-V: 1.0 <z≤ 1.3 & 13.50 < log(M200
M�

) ≤ 14.02

Four subsamples (S-II to S-V) have a similar halo mass range. For these subsam-
ples of BGGs, we can compare the BGG properties and their evolution over the last
9 billion years. This sample definition also allows us to compare properties of BGGs
within haloes of different mass at the same redshift.

Over ∼ 200 BGGs in our sample have spectroscopic redshifts. The rest of the
BGGs are likely selected using a red-sequence finder (Mirkazemi et al. 2015) with two
colour selection and with a help of multiband photo-z. We use the galaxy photometric
redshift catalogs of Ilbert et al. (2013); McCracken et al. (2012); Capak et al. (2007)
in COSMOS, Brimioulle et al. (2008, 2013) in CFHTLS-W1, and Wuyts et al. (2011)
in AEGIS. As shown in Fig. 4.2, we visually inspect the presence of the BGGs in
the combined g, r, i-band images of their hosting groups.

We also use data from four SAMs presented in Bower et al. (2006, here after
B06), De Lucia & Blaizot (2007, here after DLB07), Guo et al. (2011, here after
G11), and Henriques et al. (2015, here after H15) for interpreting the observational
results. In models, BGGs are selected from groups according to the halo mass and
redshift range which we adopt in observations.

We present our results on the properties of BGGs in a series of three papers.
The first paper has been published (bgg-paper I; Gozaliasl et al. 2016) and its main
results will be discussed in the following sections.

Furthermore, in paper III (Gozaliasl et al. 2014b) we use the SAM of Guo et al.
(2011) to study the evolution of the magnitude gap and the mass assembly of fossil
and non-fossil groups. We first classify groups by the magnitude gap, putting them
into three classes of normal/control groups (∆M1,2 < 0.5), fossil groups (∆M1,2 > 2),

26



Chapter 4. Evolution of the brightest group galaxies

Figure 4.2: (left panel) The combined optical (g-, r-, and i-band) images of a galaxy
group at z = 0.322 in the COSMOS field. The BGG is located at the X-ray cen-
troid. White contours correspond to the X-ray emission from the IGM. The image
is adopted from Gozaliasl et al. (2016).

and a sample of groups with random magnitude gap.
For each sample of these classes, we select three sub-samples following the halo

mass and the BGG luminosity ranges:
(BS-I) 13.0 < log(M200/h

−1M�) ≤ 13.5 and −22.5 < Mr,BGG ≤ −22,
(BS-II) 13.5 < log(M200/h

−1M�) ≤ 14.0 and −23 < Mr,BGG ≤ −22.5, and
(BS-III) 14.0 < log(M200/h

−1M�) and −23.0 < Mr,BGG ≤ −24.10.

4.2 Star formation rate history

In the local Universe, star formation activity is strongly correlated to both local
galaxy density and galaxy stellar mass (Brinchmann et al. 2004). Dressler (1980)
found that massive early-type galaxies are located at high density regions and they
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4.2. Star formation rate history

Figure 4.3: The SFR versus stellar mass of BGGs at intermediate redshift range
between 0.4 ≤ z ≤ 1.0. Magenta and black points represent the observed BGGs
with spectroscopic and photometric redshifts, respectively. The dashed yellow line
represents main sequence (MS) galaxies adopted from Whitaker et al. (2012). The
dashed blue lines correspond to MS but with a ±1 M�yr

−1 shift in intercept. We
select a BGG as a star forming/normal galaxy if its SFR falls between the two
dashed blue lines. BGGs with lower SFRs are selected as passive systems. Red and
green points present the SFR −M∗ relation in the SAMs of Guo et al. (2011) and
De Lucia & Blaizot (2007), respectively. As a result, a considerable number of BGGs
in observations fall in the main sequence, in contrast to the model predictions. The
figure is adopted from Gozaliasl et al. (2016).

have generally been dominated by redder, older stars. The specific star formation
rate (sSFR) (i.e., SFR per unit stellar mass) of galaxies is skewed towards lower
values in denser regions (Brinchmann et al. 2004), indicating that more massive
galaxies form stars at a lower rate per unit mass than low mass galaxies. Thus, the
stars in massive galaxies should be formed at earlier times compared to the stars in
low mass galaxies (Thomas et al. 2005). The presence of quenched and red galaxies
is difficult to reproduce unless AGN feedback is introduced. While we know today
that several processes affect star formation in galaxies, the star formation history of
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Chapter 4. Evolution of the brightest group galaxies

Figure 4.4: Distribution of specific SFR of BGGs. Models underestimate significantly
the fraction of star forming BGGs. The figure is adopted from Gozaliasl et al. (2016).

massive galaxies is still not fully understood.
Recent observational studies indicate that the SFR of BGGs/BCGs is not always

low (e.g., O’dea et al. 2008; Pipino et al. 2009; McDonald et al. 2011; Liu et al. 2012;
Oliva-Altamirano et al. 2014). In particular, local Universe BGGs harbour ongoing
star formation with rates up to 10 M� yr

−1, having important implications on model
predictions (e.g., Tonini et al. 2012; Oliva-Altamirano et al. 2014).

In paper II (Gozaliasl et al. 2016), we used the SED fitting method (le Phare
code) and estimate the physical properties (e.g. stellar mass, SFR) of BGGs. We
investigate the distribution of the sSFR of BGGs and probe the evolution of the
average SFR of BGGs over the last 9 billion years. We also determine the SFR-
stellar mass relation and the sSFR-halo mass relation.

Fig. 4.3 presents the relation between SFR and stellar mass of BGGs at in-
termediate redshifts 0.0 < z < 1.0 in observations (black circles (BGGs with
photo-z) and magenta circles (BGGs with spec-z)) and in the SAMs of Guo et al.
(2011) (red points) and De Lucia & Blaizot (2007) (green points) in the SFR range
of −3 < log(SFR/M� yr−1) < 3. In order to identify star forming and non-
star forming BGGs, we adopt the main sequence relation of galaxies presented in
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4.2. Star formation rate history
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Figure 4.5: The fraction of star forming (left hand panels, fSF ) and passive (right
hand panels, fpas) BGGs as a function of the stellar mass of BGGs for S-I+S-II
(upper panel), S-III+S-IV (middle panel), and S-V (lower panel). The solid black
line, dotted red line, dashed green line illustrate the trends in observations and the
G11 and DLB07 models, respectively. The figure is adopted from Gozaliasl et al.
(2016).

Whitaker et al. (2012) (dashed yellow line). The dashed blue lines corresponds to
log(SFR/M� yr−1) ± 1 for a given stellar mass. If a BGG SFR falls between the
two blue lines, we select it as a star forming BGG. As seen in Fig. 4.3, there are a
considerable number of BGGs with SFR of 1 to 1000 M� yr−1, showing that BGGs
are not entirely quenched systems.

Fig. 4.4 shows the distribution of the sSFR of BGGs for S-III. In contrast to
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Chapter 4. Evolution of the brightest group galaxies

Figure 4.6: The redshift evolution of the average SFR of BGGs in observations (black
circles). The magenta line and the highlighted area represent the best-fitting relation
and its 68 per cent confidence intervals. The dashed and dotted lines represent
SFR evolution for galaxies with M∗=1010.5 and 1011 M� in the study of Whitaker
et al. (2012), respectively. The subplot shows the redshift evolution of the mean
SFR of the BGGs in the G11 (dotted red line) and DLB07 (dashed green line)
models, respectively. The average SFR of BGGs is found to increase significantly
with increasing redshift in observations. The figure is adopted from Gozaliasl et al.
(2016).

observations, we find that at least 50% of BGGs in models exhibit no star formation
activities. In order to quantify this discrepancy, we classify BGGs into two types
of star forming/normal and passive systems using the main sequence of Whitaker
et al. (2012) and study the fraction of passive/star forming BGGs as a function of
stellar mass. The left-hand and right-hand panels of Fig. 4.5 present the fraction of
star forming BGGs (fSF ) and the fraction of passive BGGs (fpas) as a function of
their stellar mass for S-I to S-V, respectively. For all subsamples of BGGs, we find
that the fraction of star forming BGGs decreases as a function of increasing stellar
mass with a corresponding increase of the fraction of passive BGGs. Models fail to
reproduce the observed trend for BGGs at 1 < z < 1.3 (S-V).
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4.3. Stellar mass assembly

In Fig. 4.6, we explore the evolution of the average SFR of BGGs in observations
(black points) at 0.04 < z < 1.3. The trend in observations is approximated by the
following best-fitting relation (the solid magenta line)

< SFR >= (0.70 ± 0.06)e(3.79±0.10)z + (−0.39 ± 0.97) (4.1)

We find that the mean SFR of BGGs grows significantly with increasing redshift.
Since models show no significant evolution of BGG SFR, we illustrate the SFR− z
relation in models separately.

The dotted and dashed blue lines in Fig. 4.6 shows the SFR evolution of galaxies
for two given stellar masses, log(M∗/M�) = 10.5 and 11, in the study of (Whitaker
et al. 2012). The SFR of our BGGs does not deviate significantly from the SFR of
galaxies of the same stellar mass.

In Gozaliasl et al. (2016), we also find that the low mass BGGs in low-mass haloes
are more active in forming stars than BGGs in more massive haloes over the same
redshift range. The sSFR of BGGs within low-mass haloes (S-I) is found to decrease
as a function of increasing halo mass at z < 0.4.

4.3 Stellar mass assembly

In the hierarchical framework of structure formation in the Universe, galaxies build
up their mass by converting the accreted cold gas from the surrounding halo into stars
and through merging with other galaxies. SAMs are constructed on the standard
model of ΛCDM prediction that BCGs grow substantially with redshift. For instance,
De Lucia & Blaizot (2007) found that the BCG stellar mass in their SAMs can
increase up to a factor of 4 since z = 1.

Observational studies have presented conflicting results, mainly claiming little
or no growth of the stellar mass in BCGs (e.g., Whiley et al. 2008; Collins et al.
2009; Stott et al. 2010). Aragón-Salamanca et al. (1998) used a sample of optically
selected clusters and showed that the stellar mass of BCGs increases by a factor of 4
between z = 1 and present day. In contrast, using an X-ray-selected cluster sample
at a similar redshift range (z < 0.8), Burke et al. (2000) found no significant growth
for the BCG stellar mass.

One of the main goals of the present study is to take advantage of a large sample
of X-ray selected groups with intermediate halo masses ∼ 1013 − 1014 M� in order
to investigate the stellar mass evolution from z = 0.04 to 1.3 (Gozaliasl et al. 2016).
For the first time, we inspect the evolution of the stellar mass distribution relative
to a normal distribution. In Fig. 4.7, we show the stellar mass distribution of BGGs
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Chapter 4. Evolution of the brightest group galaxies

Figure 4.7: The stellar mass distribution of BGGs within groups with M200 = 1013.5

to 1014M�) spanning the redshift range of 0.1 < z < 0.5 in observations (black
histogram) and the SAMs (colour histograms). The best-fit of the Gaussian function
to the data in observations and models are shown with solid black, dotted red (G11),
dashed (DLB07), and dash-dotted (B06) lines, respectively. The figure is adopted
from Gozaliasl et al. (2016).

for S-II in observations (black histogram) and in SAMs (colour histograms). We
fit a Gaussian function to the data and quantify this distribution. As a result, we
find evidence for the presence of a second peak at lower masses around ∼ 1010 M�
and show that the shape of the observed mass distribution deviates from that of
a normal distribution with increasing redshift, in contrast to the SAM predictions.
This distribution skews to low masses with increasing redshift (see Fig. 3 and Fig.
4 in Gozaliasl et al. (2016)).

In Gozaliasl et al. (2016), we also show that the average stellar mass of BGGs
grows by a factor of 2 since z = 1.3, which is in good agreement with resent results
(e.g., Lidman et al. 2012; Lin et al. 2013) and the SAM predictions (see Fig. 4.8).
This growth can be explained by multiple mergers of BGGs with nearby satellites.
In addition, we also find evidence that the growth of the stellar mass of BGGs slows
down at z < 0.5, in agreement with the recent results from Bellstedt et al. (2016).
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4.4. The stellar mass and halo mass relation
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Figure 4.8: The average stellar mass of BGGs as a function of redshift (gray points).
The solid black line and highlighted area represent the best-fit of the linear relation
to the data and its 68 per cent confidence interval. The dashed green, dotted red,
and dash-dotted blue lines present the mean stellar mass evolution in the SAMs of
Bower et al. (2006); De Lucia & Blaizot (2007); Guo et al. (2011), respectively. In
agreement with models, the average stellar mass of BGGs increases by a factor of
∼ 2 since z = 1.3 to today. the figure is taken from Gozaliasl et al. (2016).

4.4 The stellar mass and halo mass relation

Environment plays a key role in the formation of BCGs because of their special lo-
cation in the cluster. Several authors have identified a correlation between BGG
properties ( e.g., luminosity, stellar mass) and the halo properties (e.g., X-ray lu-
minosity, mass) (e.g., Brough et al. 2002; Nelson et al. 2002; Whiley et al. 2008;
Sanderson et al. 2009; Ascaso et al. 2011).

There is a well-known relation between the stellar mass of BCGs and the halo
mass of clusters. This relationship suggests that the more massive BCGs are found
in more massive haloes. The slope of this relation is less than unity, indicating that
BCGs grow with rates which are slower than the rate of the growth of hosting clusters
(Aragón-Salamanca et al. 1998; Brough et al. 2002; Brough et al. 2005, 2008; Stott
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Figure 4.9: The stellar mass of BGGs as a function of the group mass (M200) in
observations (gray points). The black points show median stellar mass versus halo
mass in observations and the blue, green, and red points show the same in the SAMs
of Bower et al. (2006); De Lucia & Blaizot (2007); Guo et al. (2011), respectively.
The solid, dashed, dotted and dash-dotted lines represent the best-fitting relations.
In agreement with predictions of SAMs, the BGG stellar mass positively correlates
with the host group mass. The figure is adopted from Gozaliasl et al. (2016)).

et al. 2010; Collins et al. 2009; Lidman et al. 2012; Oliva-Altamirano et al. 2014).
In contrast, there are some studies that disagree with the strong correlation

between halo mass and BCG properties. Guo et al. (2009) studied the relation of
the structural parameters of central cluster galaxies with their stellar masses and
the host dark matter halo masses. They found that stellar mass of BCGs is the
dominant property dictating the shape and size of these objects, and point out that
the halo mass plays no significant role, in agreement with findings from Kauffmann
et al. (2004); Van Der Wel et al. (2008).

In Gozaliasl et al. (2016), we study theM∗−M200 relation for our five subsamples
of BGGs. We find a good agreement between the observed relation and the SAM
predictions from Bower et al. (2006); De Lucia & Blaizot (2007); Guo et al. (2011).
Fig. 4.9 presents this relations in observations (gray points) and SAMs for S-III.
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4.4. The stellar mass and halo mass relation

We compare the median stellar mass of BGGs versus the halo mass and the best
fit relation between observations and models. Error bars on black and colour points
correspond to the median absolute deviation. The solid, dotted, dashed, dash-dotted
points show the best fit relations. In agreement with models, we find that the stellar
mass of BGGs positively correlates with halo mass of BGGs. Within observational
errors, the slope of this relation shows no considerable evolution. We also find that
the slope of the M∗−M200 relation for BGGs within low-mass haloes (S-I) is steeper
than that of the BGGs within massive haloes (S-II) at the same redshift range (0.04 <
z < 0.4).
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Figure 5.1: Distribution of the magnitude gap of groups at 0.45 < z < 0.80 in
observations (black histogram) and the SAMs. We take into account the effect of
contamination in selecting BGGs/brightest satellites with error bars in each bin. The
figure is adopted from Gozaliasl et al. (2014a).

5 Magnitude gap and fossil groups

5.1 Magnitude gap

Observations show that gravitational interactions and mergers between group galax-
ies occur more frequently than in low-density regions. Since the velocity dispersion
of group galaxies is sufficiently low, dynamical friction effectively causes massive
satellites to dissipate their orbital energy and angular momentum, driving them to
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5.1. Magnitude gap

the center of host systems until they eventually merge with the central group galaxy
(Chandrasekhar 1943; White 1976a; Ponman et al. 1994). If this is a feasible sce-
nario for the evolution of group galaxies, then the formation and growth of central
galaxies are expected to be tightly linked to the evolution of hosting groups. As a
result of evolution, the number of the massive galaxies is expected to decrease due
to mergers with the central galaxy because the time-scale for major mergers is less
than the Hubble time-scale. The changes in the number of dwarf galaxies should
be insignificant due to minor mergers, since the time-scale for small galaxy merging
is longer. It is expected, due to evolution of group galaxies, that the magnitude
differences (∆M1,2) between the absolute (r-band) magnitude of the central galaxies
(M1) and that of the brightest satellites (M2) changes.

The luminosity gap or the (r-band) magnitude gap are believed to have physical
meaning and they are often used as an optical criterion for determining the group
dynamical age, as a diagnostic of past mergers among the massive galaxies in groups,
and also as an optical tracer for the cluster mass (e.g., Ponman et al. 1994; Dariush
et al. 2007; Hearin et al. 2013). The magnitude gap is also used as an essential
parameter for identifying so-called “fossil groups”. A fossil group includes a giant
elliptical galaxy surrounded with some faint satellites and an extended X-ray emitting
hot halo (Ponman et al. 1994; Jones et al. 2003).

In the last two decades, the magnitude gap distribution, relation between group
properties (e.g., mass) and the properties of the BGGs/BCGs (e.g., stellar mass,
luminosity) have been the focus of several studies (e.g., Dariush et al. 2007; Dariush
et al. 2010; Smith et al. 2010; Trevisan et al. 2016). For example, Dariush et al.
(2007); Dariush et al. (2010) studied the mass assembly of galaxy groups classified
by magnitude gap and found that galaxy groups with large magnitude gaps assem-
ble their mass earlier than the normal groups with small magnitude gaps. Smith
et al. (2010) also used SAMs and a sample of 59 massive (∼ 1015M�) galaxy clusters
at z . 0.3 to study the magnitude gap distribution and the properties of groups
with large/small magnitude gaps. They found that large magnitude gap clusters are
relatively homogeneous including elliptical/disky brightest cluster galaxies (BCGs),
cuspy gas density profiles (i.e., strong cool cores), high concentrations and low sub-
structure fractions. Meanwhile small magnitude gap clusters are more heterogeneous.
They conclude that the magnitude gap can be used for characterizing clusters and
probing model predictions. Recently, Trevisan et al. (2016) find using an SDSS-based
sample of 569 groups with elliptical BGGs, that there is no correlation between the
magnitude gap of groups and BGG ages and metallicities.

In paper I (Gozaliasl et al. 2014a), we used a catalog of 213 galaxy groups, includ-
ing 84 groups with spectroscopic membership selected from COSMOS (Finoguenov
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Chapter 5. Magnitude gap and fossil groups

Figure 5.2: Relation between magnitude gap and the absolute magnitude of the
BGGs and the second brightest galaxy in observations (black points and lines) and
the SAM of Guo et al. (2011) (green and red points and lines). The BGG luminosity
increases as a function of increasing magnitude gap. The figure is adopted from
Gozaliasl et al. (2014a).

et al. 2007), AEGIS (Erfanianfar et al. 2013), and XMM-LSS (Gozaliasl et al. 2014a)
fields in order to extend the study of the magnitude gap distribution and its evo-
lution from z = 0.3 out to z = 1.23. Fig. 12 in Gozaliasl et al. (2014a) presents
the magnitude gap distribution over ∼ 9 billion years. Here, Fig. 5.1 shows the
magnitude gap distribution for galaxy groups in observations (black histograms) and
models (colour histograms) at 0.45 < z < 0.8. We take into account the effect of
contamination by dusty star forming galaxies, effect of completeness, and effect of
sample selections in the error bars associated with each magnitude gap bin. As a
result, we find that the fraction of groups with large magnitude gaps increases with
cosmic time.

In Fig. 16 to Fig. 19 of paper I (Gozaliasl et al. 2014a), we investigate the
relation between magnitude gap and absolute r-band magnitude for BGGs and the
second brightest group galaxy and compare this relation between observations and
the predictions from B06, DLB07 and G11. We also extend this study from z = 0.3
out to z = 1.23. In Fig. 5.2, we compare this relation between observations and
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5.1. Magnitude gap

Figure 5.3: Evolution of the zero point and slope of the relation between magnitude
gap and r-band absolute magnitude of the BGGs with redshift. The figure is adopted
from Gozaliasl et al. (2014a).

the G11 model. We fit the best linear relation to the data in the models (green
and red solid lines) and observations (black dotted lines). As a result, we find that
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Chapter 5. Magnitude gap and fossil groups

the BGGs of groups with large magnitude gaps are more luminous than those of
groups with small magnitude gaps. In Fig. 5.3, the intercept and slope of the best-
fit linear relations are plotted as a function of redshift. We show that the zero point
of this relation evolves by ∼ −1 mag with increasing redshift. We conclude that the
high-z BGGs are more luminous than the low-z BGGs within groups with similar
halo masses since high-z BGGs are younger than the low-z BGGs. The slope of the
relation is found to show no significant evolution in agreement with models.
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5.2. Fossil galaxy groups

5.2 Fossil galaxy groups

Numerical simulations (e.g., Barnes 1989) suggest that the end product of merging
galaxies in compact groups is a bright giant elliptical galaxy. Observations have also
shown that some of the compact groups contain an extended X-ray emitting halo, and
thus a considerable amount of dark matter. Therefore, an elliptical galaxy formed,
by mergers in these groups will be surrounded by the X-ray emitting halo. Based
on these finding, Ponman et al. (1994) used the ROSAT X-ray all sky survey and
discovered the first fossil galaxy group. The first formal definition of fossil groups
was presented by Jones et al. (2003). According to this definition, a galaxy group
is identified as a fossil group if it includes a giant luminous elliptical galaxy with
a large r-band magnitude difference (∆M1,2 ≥ 2 mag) with the second brightest
satellite within half of the virial radius, and also has an extended X-ray emitting hot
halo with LX & 1042 erg s−1.

The central elliptical galaxies in fossil groups have a significant contribution to
the optical appearance of fossil groups. Fig. 5.2 shows the most massive fossil group
(RX J1416.4+2315) with Mh = 3.1 × 1014 M� at z = 0.137, known to date (e.g.,
Khosroshahi et al. 2006).

It is believed that fossil groups have formed earlier than other normal groups
and clusters and they exhibit no sign of recent major merger and no recent star
formation (Jones et al. 2000; Khosroshahi et al. 2007). Using Chandra X-ray data
of seven fossil groups, Khosroshahi et al. (2007) studied their X-ray scaling relations
and found that fossils contain hotter IGM, more concentrated dark matter, and are
more luminous in X-rays than normal groups for a given optical luminosity.

Dariush et al. (2007) show using the Millennium simulation that fossil systems
accumulate their mass earlier than non-fossils at high redshifts. The most widely
suggested formation scenario for these objects is that dynamical friction causes the
massive galaxies close to the core of the group to merge and form the central elliptical
with a large magnitude gap (e.g., D’Onghia et al. 2005). Harrison et al. (2012)
identified 17 fossil groups and clusters within the XMM Cluster Survey and the
Sloan Digital Sky Survey and found that the stellar masses of the BGGs in fossils
are larger than those of normal groups at a fixed group/cluster mass. They suggest
that fossil galaxy groups have formed early and in the densest regions of the Universe.
Bharadwaj et al. (2016) also analyze X-ray observations of 17 fossils and identified
most of the fossils as cool-core objects. They contemplate that the AGN feedback
and non-gravitational heating could have had an effect on the IGM properties of
these objects.

An interesting debate in the literature is whether fossils are a particular class
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Figure 5.4: The most massive fossil group, RX J1416.4+2315 (Mh = 3.1 × 1014M�)
at z = 0.137, known to date with extended X-ray emitting (blue) hot gas halo and
a giant central elliptical galaxy (Khosroshahi et al. 2006).

of groups representing the end product of galaxy mergers in groups and clusters.
La Barbera et al. (2012, 2009) argue that fossil groups are not particular/distinct
groups, and merely represent the end stage of mass assembly in a place with insuffi-
cient surrounding material. In addition, von Benda-Beckmann et al. (2008) argued
using simulation that the large magnitude gap of fossils can be filled by a fresh infall
of massive galaxies, thus the fossil phase is temporary.

In this thesis, we identify a large sample of fossils at XMM-LSS, COSMOS, and
2dfGRS and investigate their optical and X-ray properties (Gozaliasl et al. 2014a;
Khosroshahi et al. 2014).

In addition, we use the Guo et al. (2011) SAM and trace backwards three subsam-
ples of fossils and non-fossils (BS-I to BS-III as defined in §4.1), from z = 0 to z = 1,
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5.2. Fossil galaxy groups

Figure 5.5: The mean halo mass of groups as a function cosmic time. The haloes are
selected at z = 0 and are traced backwards out to z = 1 in the SAM of Guo et al.
(2011) model. At z = 1, fossils assembled more mass than non-fossils, indicating
that they form earlier than non-fossils. The figure is adopted from Gozaliasl et al.
(2014b).

and examine whether the galaxy luminosity function, halo mass, and magnitude gap
of their progenitors evolve with redshift.

Fig. 5.5 shows the evolution of the halo mass of fossils, controls, and random
groups as a function of cosmic time. We find that groups with large magnitude gaps
assemble their halo mass earlier than other groups with small magnitude gaps at a
fixed redshift (e.g., z = 1), indicating that these groups form earlier.

Fig. 5.6 shows the magnitude gap evolution for the haloes that are traced back-
wards from z = 0 to z = 1 (upper panel). We also examine the magnitude gap
evolution for haloes that are selected at z = 1 and are traced forwards from z = 1
to z = 0 (lower panel). Overall, we find that the magnitude gap of z = 0 fossils
have significantly grown between z = 0.6 and z = 0. We also find that the large
magnitude gap of z = 1 fossils might be filled due to the infall of luminous galaxies.

In Gozaliasl et al. (2014a), we identify a new sample of fossil group candidates in
our catalog of X-ray galaxy groups in XMM-LSS and divide them into two subsam-
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Chapter 5. Magnitude gap and fossil groups

ples, one including fossils at z < 0.6 and the other including fossils at 0.6 < z < 1.23.
We show that the fraction of fossils increases with decreasing redshift by a factor of
∼ 2. In addition, we study the colour magnitude diagram of these observed fossils
and find evidence that the large magnitude of high-z fossils can be filled by infalling
luminous galaxies into the group cores, in agreement with findings in von Benda-
Beckmann et al. (2008).
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5.2. Fossil galaxy groups

Figure 5.6: (Upper panel)Evolution of the magnitude gap of fossil, control, and
random groups when they are traced backwards from z = 0 to z = 1. (Lower panel)
The same evolution when haloes are traced forwards from z = 1 to z = 0. This test
indicates that the magnitude gap of fossils grows at z < 0.6 and a high-z fossil may
lose its large gap due to the infall of galaxies. Figures are adopted from Gozaliasl
et al. (2014b).
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6 Luminosity function of galaxies in group
progenitors

The luminosity function of galaxies is well-reproduced by the Schechter luminosity
function (Schechter 1976) as follows:

Φ(L) =

(
Φ∗

L∗

)(
L

L∗

)α
exp(L/L∗), (6.1)

where Φ(L)dL represents the number density of galaxies in the luminosity/absolute
magnitude range of [L,L + dL] or [M, M+dM]. The number density of bright galaxies
drops exponentially, while the luminosity distribution of faint galaxies change as a
power law function with the slope α. L∗ defines a characteristic luminosity that
separates the two regimes of the bright and faint parts of the luminosity function, and
Φ∗ has units of number density and represents the normalization of the distribution.
Fig. 6.1 shows a schematic plot of the galaxy luminosity function.

The Schechter luminosity function can be written in terms of the absolute mag-
nitude of galaxies (M) as follows:

n(M)dM = 0.4ln10 φ∗
[
100.4(M∗−M)

]α+1
e

[
−100.4(M

∗−M)
]
dM, (6.2)

here, M∗ is the characteristic absolute magnitude.
The galaxy luminosity function is a fundamental observable and must be repro-

duced by successful galaxy formation models. This function has been well studied
(e.g., Bahcall 1979; Binggeli et al. 1988; Blanton et al. 2001; Benson et al. 2003;
Lin et al. 1996; Popesso et al. 2005; Milosavljević et al. 2006; van den Bosch et al.
2007; Tinker & Conroy 2009). Early studies believed that the luminosity function of
galaxies is a universal function and is independent from galaxy properties and their
environment (Oemler 1974; Gaidos 1997; Colless 1989; De Propris et al. 2003). In
contrast, several studies reveal that the galaxy luminosity function is an environ-
ment dependent function (Godwin & Peach 1977; de Filippis et al. 2011; Hansen
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Figure 6.1: A schematic Schechter luminosity function of galaxies with the char-
acteristic luminosity of L∗, a typical faint end slope of α, and corresponding Φ∗

(normalization parameter).

et al. 2005; Giodini et al. 2012) changing over cosmic time (Lilly et al. 1995; Ellis
et al. 1996; Norberg et al. 2002; Willmer et al. 2006; Alshino et al. 2010; Bowler et al.
2014).

We study the galaxy luminosity function for two purposes. The first is under-
standing the shape of a single fossil group and the stacked luminosity function of
fossil groups within R200 and 0.5R200. The distribution of galaxy luminosities in
fossil groups is poorly understood since these systems are very rare. In paper IV
(Khosroshahi et al. 2014), we study the luminosity function of some fossil group
candidates selected from the Eke et al. (2004) catalog of optically selected galaxy
groups in the 2dFGRS field. Fig. 6.2 shows the luminosity function for one of our
fossil groups (2PIGG-2868) and the presence of a large magnitude gap at the bright
end of its luminosity function.

The second purpose is to test the evolution of the composite (stacked) luminosity
function of galaxies in groups classified by a high magnitude gap. The most accepted
scenario of formation of the central galaxies in fossil groups suggests that these
systems form due to multiple mergers of massive galaxies in a few tenths of a Hubble
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Chapter 6. Luminosity function of galaxies in group progenitors
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Figure 6.2: The observed composite luminosity function of optically selected fossil
groups at z ∼ 0.05. The figure is adopted from Khosroshahi et al. (2014).

time. For this to be a viable scenario, we expect fossil groups to present a luminosity
function with a deficit of L* galaxies. The key lies in the timescale for merging of
dwarf galaxies and cooling of the group X-ray halo, which is longer than the period
for merging L∗ galaxies. Thus, the bright end of the luminosity function of fossils is
expected to show stronger time evolution than the faint end slope.

In paper III (Gozaliasl et al. 2014b), we use the SAM of Guo et al. (2011) and
define three classes of groups: fossils (∆M1,2 ≥ 2 mag), non-fossils/control groups
(∆M1,2 ≤ 0.5 mag), and random groups (a sample with any ∆M1,2). For each class
of groups, we select three subsamples at z = 0 (as discussed in §5.2) and we trace
them backwards out to z = 1. In 23 snapshots and three radii of 0.25R200, 0.5R200,
and R200, we measure the stacked luminosity function of galaxies according to the
method presented in Colless (1989) and fit a single Schechter function (Eq. 6.2). Fig.
6.3 shows the stacked luminosity function of fossils within BS-III at z = 0.

In Fig. 6.4 and Fig. 6.5, the Schecter parameters α, M∗, φ∗, and number of
dwarf galaxies are plotted as a function of redshift for subsample BS-II.

In contrast to control groups, we find that M∗ for fossils evolves significantly by
approximately +1 mag in the last 5 billion years (lower panel in Fig. 6.4). The faint
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Figure 6.3: The composite (stacked) luminosity function of fossil groups with Mh >
1014M� at z = 0 in the SAM of Guo et al. (2011). The large magnitude gap of
fossils is seen at the bright end of the luminosity function. The figure is adopted
from Gozaliasl et al. (2014b).

end slope shows no significant evolution (upper panel of Fig. 6.4). φ∗ increases with
decreasing redshift for all three classes of groups (upper panel of Fig. 6.5). The
number of dwarf galaxies (−18 ≤Mr < −16) in fossil groups remains constant over
cosmic time in contrast to the significant growth of those for the control and random
sample groups (lower panel Fig. 6.5).

Overall, we conclude that the change in φ∗ for fossils occurs due to the decreasing
number of massive galaxies in theses systems. As a result, we argue that central
galaxies in fossils mainly form by mergingM∗ galaxies or major mergers. In addition,
since the time scale for merging small galaxies is too long, the minor mergers have a
low contribution.
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Chapter 6. Luminosity function of galaxies in group progenitors

Figure 6.4: (Upper panel) Evolution of the faint end slope (α) of the composite
luminosity function of galaxies in groups classified by magnitude gap with redshift.
(Lower panel) Similar plot for the bright end (M∗). M∗ for fossils shows a significant
growth with redshift by ∼ +1 mag, while α remains roughly constant for all classes.
Figures are adopted from Gozaliasl et al. (2014b).
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Figure 6.5: (Upper panel) Evolution of φ∗ of the composite luminosity function of
galaxies with redshift. (Lower panel) Evolution of the number of dwarf galaxies
(−18 6 Mr 6 −16) in groups with redshift. φ∗ grows significantly for all three
classes of groups and the number of dwarf galaxies in fossils remains constant in
contrast to other two classes of groups. Figures are adopted from Gozaliasl et al.
(2014b). 52



7 Summary and concluding remarks

In this thesis, we search for the diffuse X-ray emission using the contiguous XMM
coverage of the CFHTLS field by the XMM-LSS public data and identify 129 X-ray
galaxy groups with M200 = 1012.85 to 1014.2 M� at 0.04 < z < 1.23 in the 3 deg2

CFHTLS-XMM-LSS (Gozaliasl et al. 2014a). We use this data and the data of the
X-ray galaxy groups presented in (Finoguenov et al. 2007; Erfanianfar et al. 2013)
to address some major goals: the assembly of groups and clusters, the development
of the magnitude gap between the BGG and its brightest satellite to assess the use
of the magnitude gap as an observable indicator, evolution of the stacked luminosity
function of groups classified by magnitude gap, formation of central galaxies in fossils,
the distribution and evolution of the stellar mass, and the SFR of BGGs and their
relation with halo mass over the last 9 billion years (0.04 < z < 1.3). We compare
our results with prediction from the SAMs of Bower et al. (2006); De Lucia & Blaizot
(2007); Guo et al. (2011); Henriques et al. (2015).

For the first time, we extend the study of the magnitude gap distribution and
its relationship with the absolute r-band magnitude of the first and second brightest
group galaxies from z ∼ 0.3 out to z = 1.23. Our results suggest that the magnitude
gap contains important information on the assembly of groups. We show that galaxy
groups with large magnitude gaps such as fossils, are formed earlier than the galaxy
groups of similar halo mass with small magnitude gaps at z = 0. We also demonstrate
that the fraction of galaxy groups with large magnitude gaps increases with cosmic
time. As a result, we find the fraction of fossils in observations to grow by a factor of
2 since z ∼ 0.6. We show that some high-z fossils may lose their large magnitude gap
by infalling luminous satellites into the central region (r < 0.5Rvir) of these systems.

This study shows that the absolute r-band magnitude of BGGs anti-correlates
with the magnitude gap, indicating that BGGs in large magnitude gap systems are
more luminous than the BGGs in low magnitude gap systems. In addition, the zero
point of the relation between absolute r-band magnitude gap of BGGs and magnitude
gap is found to evolve by -1 mag as a function of increasing redshift out to z = 1.23.
We conclude that the high-z BGGs are more luminous than low-z BGGs of haloes
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with similar mass due to having younger stellar populations.
We trace backwards haloes classified by the magnitude gap from z = 0 to z = 1

in the Guo et al. (2011) SAM. We compare the best-fit parameters of the Schechter
function to the stacked luminosity function and find that the luminosity function of
fossil groups evolves differently compared to non-fossils. In contrast to non-fossils,
the M∗ parameter of the luminosity function for fossils evolves by at least +1 mag
since z = 1. The faint end slope (α) shows no significant changes in the luminosity
function of all types of groups. While the Φ∗ grows significantly for all group classes,
indicating that the total number of galaxies in all groups changes with redshift. In
addition, the number of dwarf galaxies in fossils is found to remain roughly constant
in contrast to the significant growth in non-fossils. These results show that the
changes in total number of galaxies in fossils (the changes in Φ∗) are occurring due
to changes in the number of massive (M∗) galaxies. We conclude that the central
galaxy in fossils must form by merging massive galaxies.

This thesis also investigates, in detail, the evolution of the stellar mass distribu-
tion of BGGs within groups of intermediate halo masses (M200 = 1012.85 to 1014 M�)
at 0.04 < z < 1.3. We show that the shape of this distribution evolves towards a
normal distribution with decreasing redshift in contrast with the SAM predictions.
Also in contrast to model predictions, a second peak is detected at the low mass tail
of the observed mass distribution at M∗ ∼ 1010.5 M�. The galaxies that form the
second peak are found to be younger and star forming.

In agreement with SAMs, we show that the average stellar mass of BGGs grows
by a factor of 2 since z = 1.3 to today. We present observational evidence that this
growth becomes slow at z < 0.5. Our findings are consistent with recent results for
the BCGs of massive clusters (e.g., Lidman et al. 2012; Lin et al. 2013).

We study the evolution and distribution of SFR and sSFR of BGGs and conclude
that they are not completely quenched galaxies, since there are a considerable number
that continue star formation with rates between 1 and ∼ 1000 M� yr

−1. The mean
SFR of galaxies is found to increase significantly with increasing redshift. The low-
mass BGGs are found to be more star forming compared to the massive BGGs at
similar redshift. The fraction of star forming BGGs decreases with increasing stellar
mass and halo mass in the range probed.

Finally, a positive correlation has been found between the stellar mass of BGGs
and the halo mass of their host groups. The slope of the stellar mass and halo mass
relation is below unity, concluding that the rate of the stellar mass assembly of BGGs
are slower than the rate of the mass assembly of haloes.

This thesis uses multi-wavelength observations of galaxy groups to probe the
predictions from several SAMs. We find that the recent modifications in SAMs brings
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Chapter 7. Summary and concluding remarks

them much closer to observations than the earlier models, however, they partially
fail to reproduce the observations and still need further modifications.

While we know that the contribution of cluster galaxies to the total baryonic
mass of clusters is small (∼ 5-15%), understanding the contribution from the cen-
tral galaxy, satellites, and the ICM to the total cluster baryons can significantly
improve cluster modelling. Following this study, we will quantify the contribution
of the BCGs/BGGs to the total baryonic mass of cluster/groups. We will estimate
the stellar to halo mass ratio for central galaxies as a function of halo mass and the
relation between the BGG mass and the halo mass. For the first time, we are quan-
tifying the scatter in the stellar mass of BGGs at a fixed halo mass. The stellar mass
assembly of BGGs still needs to be extended to higher redshifts, using high-quality
data on group galaxies. In order to achieve this goal, we have begun to confirm spec-
troscopically our high-z galaxy groups. In addition, we contribute to many ongoing
missions of future surveys (e.g., Euclid, eROSITA). These data surveys will provide
high-quality data on billions of galaxies and thousands of clusters, which allow us to
address precisely the role that environmental and internal physical processes play in
the evolution and formation of bright central galaxies in massive haloes.
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