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Abstract

In this thesis, I explore the evolution of the brightest cluster galaxies (BCGs) over the
last 10 billion years through detailed studies of both local BCGs from SDSS and their
high-z progenitors from CANDELS UDS.

First, I study a large sample of local BCGs and link their morphologies to their struc-
tural properties. We derive visual morphologies for these BCGs and find that ~ 57% of
local BCGs are cD galaxies, ~ 13% are ellipticals, and ~ 21% belong to intermediate
classes, mostly between E and cD. There is a continuous distribution in the properties
of the BCG’s envelopes, ranging from undetected (elliptical BCGs) to clearly detected
(cD galaxies), with intermediate classes showing increasing degrees of the envelope
presence. A minority (~ 7%) of BCGs have disk morphologies, with spirals and SOs
in similar proportions, and the rest (~ 2%) are mergers. After carefully fitting the
galaxy light distributions using Sérsic models, I find a clear link between BCG mor-
phology and structure, such that cD galaxies are typically larger than elliptical BCGs,
and the visually extended envelope of c¢D galaxies is a distinct structure differing from
the central bulge. Based on this BCG morphology—structure correlation, I develop a
statistically robust way to separate cD from non-cD BCGs, by which cD galaxies can

be selected with reasonably high completeness and low contamination.

Next, I investigate the effect of environment on the properties of local BCGs by study-
ing the relationship between the BCG’s internal properties (stellar mass, structure and
morphology) and their environment (local density and cluster halo mass). I find that
the size of BCGs is determined by the intrinsic BCG stellar mass, with a weak corre-
lation with the cluster environment. Additionally, more massive BCGs tend to inhabit
denser regions and more massive clusters than lower mass BCGs. The growth of the

BCGs seems to be linked to the hierarchical growth of the structures they inhabit:
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as the groups and clusters became denser and more massive, the BCGs at their cen-
tres also grew. Moreover, I demonstrate that cD galaxies are ~ 40% more massive
than elliptical BCGs, and prefer denser regions and more massive haloes. My results,
together with the findings of previous studies, suggest an evolutionary link between
elliptical and cD BCGs. I propose that most present-day cDs started their life as el-
lipticals at z ~ 1, which subsequently grew in stellar mass and size due to mergers.
In this process, the cD envelope developed. This process is nearing completion since
the majority of the local BCGs have cD morphology. However, the presence of BCGs
with intermediate morphological classes suggests that the growth and morphological

transformation of BCGs is still ongoing.

Finally, I present a new method for tracing the evolution of BCGs from 2z ~ 2 to
z ~ 0. I conclude, on the basis of semi-analytical models, that the best method to
select BCG progenitors at z ~ 2 is a hybrid environmental density and stellar mass
ranking approach. Ultimately I am able to retrieve 45% of BCG progenitors. Although
the selected high-z progenitor sample is a mixture of BCG and non-BCG progeni-
tors, I demonstrate that their properties can be used to trace BCG evolution. Applying
this method to the CANDELS UDS data, I construct an observational BCG progenitor
sample at z ~ 2. A local BCG comparison sample is constructed using the SDSS data,
taking into account the likely contamination from non-BCGs to ensure a fair com-
parison between high-z and low-z samples. Using these samples I demonstrate that
BCG sizes have grown by a factor of ~ 3.2 since z ~ 2, and BCG progenitors are
mainly late-type galaxies, exhibiting less concentrated profiles than their early-type
local counterparts. I also find that BCG progenitors have more disturbed morpholo-
gies, while local BCGs have much smoother profiles. Moreover, I find that the stellar
masses of BCGs have grown by a factor of ~ 2.5 since z ~ 2, and the SFR of BCG

progenitors has a median value of ~ 14 Mg yr—!

, much higher than their quiescent lo-
cal descendants. I demonstrate that at 1 < z < 2 star formation and merging contribute
approximately equally to BCG mass growth. However, merging plays a dominant role
in BCG assembly at z < 1. I also find that BCG progenitors at high-z are not signifi-
cantly different from other galaxies of similar mass at the same epoch. This suggests

that the processes which differentiate BCGs from normal massive elliptical galaxies

must occur at z < 2.
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Chapter 1

Introduction

People began to explore our universe from thousands of years ago. Starting with naked
eye observations, our knowledge on the formation and evolution of our universe has
developed rapidly since the discovery of the telescope and the later development of
modern telescopes. It is known today that galaxies, rather than stars, are the basic
units to study the universe. Galaxies were once thought of as “nebulae” within our
Milky Way. The thought that they might be outside our home galaxy can be traced
back to the eighteenth century. This hypothesis was eventually proven around 1925 by
Edwin Hubble who used Cepheid variable stars in the constellation of Sagittarius to
determine the distance to the so-called “nebulae” and demonstrated that these nebulae
are actually located outside our Milky Way (Hubble 1925a,b). He concluded that the
“nebulae” are extragalactic in nature and are individual galaxies as our own system.
This is the beginning of extragalactic astronomy. With the discovery that there are
hundreds of billions of galaxies populating the universe, people are keen to answer

fundamental questions such as how galaxies form and evolve.

1.1 Galaxy Evolution

The current paradigm for galaxy formation and evolution is the ACDM model which
takes into account dark energy in the form of a cosmological constant A and cold
dark matter (CDM). In this model, structures in the universe result from the growth of

overdensities in the primordial density fluctuations observed in the cosmic microwave
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background (CMB). In the early universe, the seeds of overdensity were amplified
through gravitational collapse of dark matter haloes, and small haloes form first (Pee-
bles 1980). Merging with other dark matter haloes, small haloes grow into more mas-
sive dark matter systems over cosmic time (White & Rees 1978). Computer simula-
tions have shown that the hierarchical growth of structures based on this model can
successfully reproduce the large-scale distribution of dark matter in our universe (e.g.,
Millennium simulation, Springel et al. 2005). Along with the build up of dark matter
haloes, the baryonic matter also collapses at the centre of the haloes under the influence

of gravity, and hence galaxies form.

Observationally, galaxies display a clear bimodality in many properties. This diver-
sity was first discovered in the galaxy morphologies by Hubble (1926) through visual
inspection of the appearance of 400 galaxies. He classified galaxies into four types:
ellipticals, lenticulars, spirals and irregulars, which are presented in his famous tuning
fork diagram (see Fig. 1.1). Elliptical and lenticular galaxies are referred as “early-
type” galaxies which display smooth ellipsoidal morphologies without visible internal
structures. Spiral galaxies are classified as “late-type” galaxies with spiral features
embedded in a disc structure. Irregular galaxies, as the name implies, have no regu-
lar structures such as a spheroid or disk. This classification scheme, which is usually
called “the Hubble Sequence”, represents the degree of complexity in galaxy structure,

and is still widely used today.

Subsequent studies show that diversity also exists in other galaxy properties, such as
galaxy colours. By studying the optical colour distribution of galaxies in the Sloan
Digital Sky Survey (SDSS), an intrinsic colour bimodality in the local galaxy popu-
lation is confirmed (e.g., Kauffmann et al. 2003; Balogh et al. 2004). The upper-left
panel of Fig. 1.2 shows the bimodal distribution for SDSS galaxies in u — 7 colour.
The galaxy population with bluer colours are now called as the “blue cloud” because
of their scattered colour-mass distribution, while the red galaxy population are com-
monly known as the “red sequence” since they have a tight colour-mass correlation
(see the lower-left panel of Fig. 1.2). These colours reveal the stellar populations that
are within galaxies. Galaxies appear blue in the optical if they host many hot and mas-

sive OB stars which are extremely bright, thus being able to overwhelm the total light
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Hubble’'s Galaxy Classification Scheme

Sb

Sc

Late-type

Figure 1.1: The Hubble tuning fork. This figure was created by using galaxies from the Sloan
Digital Sky Survey (SDSS; York et al. 2000) which are classified by the GalaxyZoo project (Lintott
et al. 2008; image credits http://www.galaxyzoo.org).
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Figure 1.2: The upper-left panel illustrates the distribution of u—r colour of SDSS galaxies (Strat-
eva et al. 2001). It shows a clear bimodality in galaxy colours such that a red galaxy population
separates from the blue galaxies. The lower-left panel is the diagram of u — r colour vs. stellar
mass for SDSS galaxies from Schawinski ez al. (2010). Galaxies with blue u — r colours distribute
in a diffused region called the “blue cloud”. Galaxies with red v — r colours which are in a tight
colour-mass correlation lie on the “red sequence”. The two panels in right, which are also from
Schawinski et al. (2010), show the correlation between colour bimodality and galaxy morphology.
The upper-right panel shows that the early-type (elliptical and lenticular) galaxies are generally
optically red, and their u — r colour-mass diagram follows the “red sequence”. The lower-right
panel, on the other hand, illustrates that the late-type (spiral) galaxies have bluer colours and widely
spread in the “blue cloud” region.
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produced by the fainter stars (Ellis, Abraham & Dickinson 2001). Since OB stars are
short-lived (only tens of Myrs in the stellar main sequence), their presence indicates
star formation within the galaxies. Therefore, blue galaxies are characterized by on-
going or recent star formation. In contrast, galaxies with optical red colours have few

or no OB stars and are dominated by old passive star populations.

The bimodality in galaxy colour is broadly linked with galaxy morphology (see the two
right panels in Fig. 1.2). Late-type (spiral) galaxies are generally bluer in colour and
have strong nebular emission lines implying a high level of star formation. Early-type
(elliptical and lenticular) galaxies, on the other hand, are typically red in the optical
and lack emission lines, indicating negligible star formation within them. It becomes
clear that there are two distinct main galaxy populations in the universe: blue star-
forming galaxies with late-type morphologies, and old red passive galaxies with early-
type morphologies. In this thesis we are interested in one special kind of early-type

galaxies called the brightest cluster galaxies (BCGs).

1.2 Properties of the Brightest Cluster Galaxies

BCGs are the most luminous and massive galaxies in the local universe, usually lo-
cating at the centre of galaxy clusters or groups (see Fig. 1.3). To first order BCGs
appear to be giant elliptical galaxies. However, their unique properties and special
host environments make them differ from normal (giant) elliptical galaxies and are
one of the most important kinds of galaxies to understand the evolutionary history of
massive galaxies, galaxy clusters and large scale structures. In this section, I review

the properties of BCGs in many aspects to present how special they are.

1.2.1 Luminosity

The first studies of BCGs focussed on their extremely high luminosities. With ab-
solute magnitudes between —21.5 and —23.5 in the V-band, BCGs are typically 10
times more luminous than normal elliptical galaxies (e.g., Sandage & Hardy 1973;

Schombert 1986). Earlier studies found that the luminosities of BCGs are too high to
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-
Galaxy Cluster Abell 2261
Hubble Space Telescope

Figure 1.3: The brightest cluster galaxy (BCG) of galaxy cluster Abell 2261. Image credit: NASA;
ESA; M. Postman, STScI; T. Lauer, NOAO, Tucson; CLASH team.

Figure 1.4: Example of an elliptical BCG (left panel) and a cD galaxy (right panel). The cD galaxy
is surrounded by a large diffuse halo. The image is adapted from von der Linden et al. (2007).
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be consistent with them being drawn simply as the brightest member of the standard
luminosity function (Schechter & Peebles 1976) of elliptical galaxies (e.g., Tremaine
& Richstone 1977; Dressler 1978; Bernstein & Bhavsar 2001). This implies that BCGs
are not the extreme of normal elliptical galaxies, but belong to a special class of atypi-

cal galaxies which constitutes a unique sample in their own right.

Moreover, if BCGs would had been the brightest galaxies drawn from the general lu-
minosity function, the dispersion of their luminosities should be larger (at the level
of 2 mag). However, observational studies of BCG optical and near-infrared magni-
tudes demonstrated that the intrinsic scatter in the absolute magnitudes of BCGs is
no more than 0.3 mag, much smaller when compared to other less massive galaxies
(e.g. Sandage 1988; Aragén-Salamanca, Baugh & Kauffmann 1998; Collins & Mann
1998). The small dispersion in BCG luminosities also supports the uniqueness of the
BCG population and suggests that they may have a different evolutionary history from

the ordinary massive elliptical galaxies.

1.2.2 Morphology

Galaxy morphology is another important property to provide clues on galaxy formation
and evolution. Originally, the most luminous galaxies in clusters were generally classi-
fied as giant elliptical (gE) galaxies which were distinct from other early-type galaxies
by their large size. Some of them were classified specifically as D or cD galaxies (e.g.,
Matthews, Morgan & Schmidt 1964; Morgan, Kayser & White 1975; Albert, White
& Morgan 1977). Matthews, Morgan & Schmidt (1964) outlined the definitions of
these two specific morphological types. They defined a D galaxy as a system with an
elliptical-like nucleus surrounded by a diffuse envelope. The “D”, therefore, stands for
“diffuse”. cD galaxies, in their definitions, were the supergiant D galaxies which were
much larger in size and observed in the core regions of rich galaxy clusters. Schombert
(1987), on the other hand, defined D galaxies as being gE galaxies with a shallower
slope of surface brightness profile, and c¢D galaxies as D galaxies but having large

extended stellar haloes.

The exact meaning on the classification of D is often confusing and the classification

of D and c¢D is often done loosely. Moreover, note that brighter elliptical galaxies
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have shallower light profiles and galaxies with elliptical bulges can have disks (such as
lenticular galaxies) and tidally stretched haloes, all of which satisfy the definition of a
D galaxy. This implies that D galaxies are not a single class of new phenomenon and
can be hardly regarded as a separate type of galaxy. Kormendy (1987) recommended
that the term D galaxy should not be used. Since then BCGs have been usually classi-
fied into two main morphological types: cD galaxies containing a large visual extended
envelope, and giant elliptical BCGs without an envelope in their outskirts (see Fig. 1.4).
The questions that naturally arise are how to reasonably quantify the visual morpholo-
gies of BCGs, and whether the structures of BCGs are different from normal elliptical

galaxies.

1.2.3 Structure

The unique morphologies of BCGs, especially those of cD galaxies, suggest that BCGs
may have unique structures. Therefore, the comparison between the structures of
BCGs and normal elliptical galaxies has drawn people’s attention in order to probe

their structural differences.

Oemler (1976) carried out the first comparative study of this by fitting the surface
brightness profiles of galaxies with a Hubble surface brightness distribution (Hubble
1930) modified by an exponential cutoff. They found that, generally, normal elliptical
galaxies can be well fitted by the model they used. In contrast, BCGs, especially
those 1dentified as cD galaxies, were shown to deviate from good fits by having a
separate very diffuse envelope around the central bulge. Due to this envelope, there is
an inflection in the profiles of BCGs which typically occurs between 24 and 26 mag

arcsec 2 in the V-band.

Schombert (1986) conducted a study on the BCG light profile by employing the more
general r1/4 de Vaucouleurs model (de Vaucouleurs 1948). The structural differences
between BCGs and elliptical galaxies was presented as well in their results. However,
they found that the '/ law provides a good description of the structure of elliptical

galaxies only for surface brightness of 21 — 25 mag arcsec™>

, and for most elliptical
galaxies there is a flux excess displaced above the r'/* model at large radii, similar

to BCGs. A more accurate model is required to confirm the structural differences of
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BCGs and normal elliptical galaxies.

In more recent studies, a model profile called the Sérsic (r'/™) law (Sérsic 1963) is used
virtually by many authors to derive the structure of various kinds of galaxies. It is a
more general power law model than the Hubble-Oemler model or '/* de Vaucouleurs

profile. The Sérsic model has the form

I(r) =1, exp{—b[(r/re)l/” — 1]}, (1.1)

where I(r) is the intensity at distance r from the centre, r., the effective radius, is the
radius that encloses half of the total luminosity, /. is the intensity at ., n 1s the Sérsic
index representing concentration, and b ~ 2n — 0.33 (Caon, Capaccioli & D’Onofrio
1993). Sérsic profiles with different Sérsic index n are illustrated in Fig. 1.5. The
Sérsic function is able to properly describe the light profiles of galaxy bulges and nor-
mal elliptical galaxies. Graham et al. (1996) applied this law to BCG surface brightness
profiles, finding that it is also an appropriate model to represent the BCG structure.
They further showed that BCGs have larger values of Sérsic index n than ordinary

elliptical galaxies.

However, many later studies claimed that a single Sérsic profile still cannot fully re-
produce the BCG luminosity distributions. Gonzalez, Zabludoff & Zaritsky (2005)
found that a sample of 30 BCGs were best fitted using a double /4 de Vaucouleurs
profile rather than a single Sérsic law. Furthermore, Donzelli, Muriel & Madrid (2011)
suggested that a two-component model with an inner Sérsic and an outer exponential
profile is required to properly decompose the light distribution of ~ 48% of the BCGs
in their 430 galaxy sample. A similar conclusion was obtained by Seigar, Graham &
Jerjen (2007). The interpretation of the deviation from single Sérsic model is that some

BCGs are embedded in a dispersed stellar halo (see Fig. 1.6).

Since some of the BCGs can be well fitted by a single Sérsic model, and some of them
deviate from the model by presenting a separate halo, it implies that even within the
BCG population there are two structural types of galaxies. Apart from the studies on
the difference between BCGs and normal galaxies, a few recent papers begin to focus
on exploring the difference of these two BCG subsamples. For example, Donzelli,

Muriel & Madrid (2011) split their BCG sample into two profile categories: single
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Figure 1.5: The Sérsic profile, where effective radius and intensity at the effective radius are fixed.
The image is from https://users.obs.carnegiescience.edu/peng/work/galfit/README.pdf.

w [mag arcsec2]
u [mag arcsec2]

1 Il Il Il 1 } Il Il Il
0 10 20 30 40 0 10 20 30 40
radius [kpe] radius [kpc]

Figure 1.6: An example of BCG luminosity profile. The left panel shows that it is inconsistent
with the single Sérsic model with a light excess in the outer regions of this BCG. The right panel
illustrates that this profile can be well fitted by a Sérsic (dotted line) + exponential (dash line)
model. The images are from Donzelli, Muriel & Madrid (2011).
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(Sérsic) and double (Sérsic+Exponential) component profiles, according to the fitting
model the BCG is consistent with. They found that double-profile BCGs are brighter
than single profile BCGs, and that the extra-light of double profile BCGs comes from
the outer regions of these galaxies. This suggests that the study on the subsample of

BCGs could indeed provide more information on BCG evolution.

Most BCGs are visually classified as cD galaxies and elliptical BCGs, the two main
classes of BCGs. However, there is no systematic study yet explicitly comparing the
physical properties of these two types of BCGs. What is the relationship between BCG
morphology and structure? Are elliptical BCGs and cD galaxies two clearly distinct
and separated classes of galaxies? Are elliptical BCGs and cD galaxies formed by
different processes or in different environments? Is there an evolutionary link between
them? By carefully measuring the structure of c¢D and elliptical BCGs and relating
their properties with cluster environments, we will try to answer these questions in

Chapter 2 and Chapter 3.

1.2.4 Fundamental Plane

The properties of BCGs are often discussed in the scaling relations. On the Kormendy
relation (Kormendy 1977) which is between effective radius (/,) and mean surface
brightness within effective radius ((x1),), BCGs are larger at a given mean effective
surface brightness than normal elliptical galaxies (Schneider, Gunn & Hoessel 1983;
Schombert 1987; Hoessel, Oegerle & Schneider 1987). The Kormendy relation can
be expressed as a size—luminosity or size—mass relation which have a similar physical
meaning. With more accurate measurements on the BCG structure, we will revisit
the size-mass relation for BCGs in Chapter 3. Another scaling relation is the Faber—
Jackson relation which can be expressed as L o< o7 where L is the luminosity and
o is the stellar velocity dispersion. BCGs have a much larger v compared with that
of normal elliptical galaxies (e.g., von der Linden et al. 2007; Liu et al. 2008). It
implies that the velocity dispersion of BCGs increases less steeply with luminosity

than predicted by the non-BCG Faber—Jackson relation.

Effective radius R., mean effective surface brightness (1), and stellar velocity disper-

sion ¢ are the three main global observables of elliptical galaxies. Elliptical galaxies do
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not populate uniformly in this three dimensional parameter space, but are distributed
along a narrow logarithmic plane which is called the fundamental plane (Dressler et al.
1987; Djorgovski & Davis 1987). The Kormendy relation and Faber—Jackson relation
are interpreted as projection of the fundamental plane along the coordinate axes. There
is a model fundamental plane predicted by theory for virialized stellar systems who are
also in structural and dynamical homology and have constant mass-to-light ratio. Ob-
servations show that elliptical galaxies distribute on a plane deviating from this model
fundamental plane. This is called the tilt problem. The inconsistency between theory
and observation implies that at least one condition among the theoretical assumptions
has to be dismissed. Either the variation in mass-to-light ratio, or the non-homology
in elliptical galaxies is the possible solution for the tilt problem that many studies have
argued, but there 1s no conclusion yet. Oegerle & Hoessel (1991) found that the fun-
damental plane of BCGs is consistent with the ordinary elliptical galaxies. However,
more recently, von der Linden ef al. (2007) demonstrated that BCGs lie on a different
fundamental plane which is closer to the model fundamental plane predicted by the-
ory. This implies that BCGs and normal elliptical galaxies have different formation

histories.

1.2.5 Other Properties

In addition to the unique properties described above, BCGs are also special in other
properties. von der Linden et al. (2007) found that BCGs have higher velocity disper-
sion than elliptical galaxies in similar stellar masses and derived that BCGs have higher
dark matter fraction. BCGs often display double or multiple nuclei (Schneider, Gunn
& Hoessel 1983; Laine et al. 2003). By using Integral Field Unit (IFU) spectroscopy,
Oliva-Altamirano et al. (2015) showed that BCGs have high central metallicities and
shallow metallicity gradients, and the ages of BCGs have a wide range, from 5 Gyr,
which reflects an active accretion history, to 15 Gyr, which suggests no star formation
since z ~ 2. The derived central stellar populations and stellar population gradients of
BCGs are similar to the ones of early-type galaxies of similar mass. However, massive
early-type galaxies have consistently old ages. Moreover, other studies (Giacintucci

et al. 2007; von der Linden ef al. 2007) find that BCGs have been frequently identified
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as powerful radio sources and are more likely to host a radio-loud AGN. All of these

properties provide clues on the mechanisms for BCG formation and evolution.

1.3 Environments and Host Clusters of BCGs

Since BCGs reside in the core of galaxy clusters, their unique properties are likely to
tie to the properties of the host clusters. Studying the relationship of BCGs with their

host galaxy clusters is important to better understand how BCG form and evolve.

BCGs were usually thought to reside in the centre of galaxy clusters. Early work on
the X-ray morphology of galaxy clusters (Jones & Forman 1984) and their velocity
structure (Quintana & Lawrie 1982) indeed found that BCGs are likely to be centrally
located at the bottom of cluster gravitational potential. However, recent studies ob-
served that some BCGs are displaced from the X-ray centre of clusters (e.g., Patel
et al. 2006; Hashimoto, Henry & Boehringer 2014). Lauer et al. (2014) show specif-
ically that the median offset from BCG to X-ray-defined cluster centre is ~ 10 kpc,
but about 15% of their BCGs have offset larger than 100 kpc. Moreover, BCGs usu-
ally have significant peculiar velocities with respect to the mean velocity of their host
clusters if they have an appreciable distance from cluster centres (Zabludoff, Huchra &
Geller 1990; Malumuth 1992; Oegerle & Hill 2001; Coziol et al. 2009). The position
and peculiar velocity of BCGs with respect to the centre of the cluster potential may
correlate with the evolution of the cluster. For example, the BCG in the Coma cluster is
not at the centre of X-ray potential and has large peculiar velocity dispersion, implying

that Coma might be a recent merger of two clusters.

Another connection, the alignment observed between BCGs and their host clusters,
also provides strong evidence that the evolution of BCGs is tied to the cluster assem-
bly. In clusters with well-defined orientations in the optical, the elongation of the BCGs
tends to align significantly with the host cluster’s major axis (Carter & Metcalfe 1980;
Binggeli 1982; Rhee & Nico 1989; Plionis et al. 2003). Porter (1988) also found a ten-
dency for alignment of BCGs with cluster X-ray gas isodensity contours, and showed
that BCGs tend to have larger ellipticities and smaller isophote twists than normal el-

liptical galaxies. Recently, with a new sample of local clusters and BCGs, Fasano
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et al. (2010) observed that BCGs tend to be triaxial, with a much higher tendency to-
wards prolateness, while non-BCG elliptical galaxies in clusters generally have a weak
preference for prolateness, suggesting that the prolateness of the BCGs could closely

follow the shape of dark matter haloes of the clusters.

In the core regions of galaxy clusters, a diffuse, low brightness stellar component,
known as intra-cluster light (ICL), is observed in the intra-cluster space. The ICL is
made up of stars which are thought to be gravitationally bound to the cluster potential
well rather than any specific galaxy. In the nearby universe, the ICL in clusters is
often found to be centred around the BCG (e.g., Rudick, Mihos & McBride 2011).
Many studies have simulated the processes of ICL buildup and mergers in cluster cores,
showing that a large fraction of the merging stellar mass (30 — 80%, e.g. Conroy,
Wechsler & Kravtsov 2007; Puchwein et al. 2010; Laporte et al. 2013) will end up as
the extended halo of the BCGs or the ICL. It seems that the assembly of the ICL in

clusters is probably intertwined with the evolution of BCGs, especially the cD galaxies.

How other intrinsic properties of BCGs are affected by the environments of clusters
has also been studied by many works, providing more clues on the relationship of
BCGs and their host clusters. Early work showed a weak relationship between the
BCG luminosity and the richness of clusters (Sandage & Hardy 1973; Sandage 1976).
This was supported by the later study of Postman & Lauer (1995). Hudson & Ebeling
(1997) and Collins & Mann (1998) discovered a strong positive correlation of the BCG
luminosity (or stellar mass) with the cluster X-ray luminosity. Other studies found
that BCG luminosity in different bands always increases with the cluster dark matter
halo mass (or cluster velocity dispersion) at z < 0.8 (Lin & Mohr 2004; Popesso
et al. 2007; Brough et al. 2008; Whiley et al. 2008). Moreover, Brough et al. (2005)
showed that the structures of the BCGs also correlate with the X-ray luminosity of
their host clusters, with BCGs becoming more extended in more luminous clusters.
The recent study of Ascaso ef al. (2011) concluded that more luminous, larger, and
centrally located BCGs are located in more massive galaxy clusters. However, whether
the BCG properties relate with the properties of host clusters is still controversial. Guo
et al. (2009) suggested that the DM halo mass of galaxy clusters is not a dominant

property dictating the shape and size of BCGs. Hogg et al. (2004), Kauffmann et al.
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(2004) and van der Wel et al. (2008) also reached similar conclusions. By using a
well-defined large local BCG sample, with more accurate measurements of the BCG
structures, and considering both local and global environments, we will revisit the
relationship between BCG properties and their host clusters in Chapter 3 to examine

whether nature and/or nurture are the important factors in BCG evolution.

1.4 Theories of BCG Formation and Evolution

The properties of BCGs are distinct from those of the other cluster galaxies, and tightly
relate with their host galaxy clusters. All these properties indicate that BCGs may have
quite an unusual formation history compared to ordinary elliptical galaxies. Any model
for BCG formation and evolution has to acknowledge this. In the following, I review

the main theories trying to explain the origin of BCGs.

1.4.1 Cooling Flows

One of the first theories on BCG origins proposed that they were formed from cooling
flows in galaxy clusters (Cowie & Binney 1977; Fabian 1994). Current theories of
structure formation involve the condensation of objects from a large cloud of gas which
has cooled from an earlier hot state. As the cloud contracts under the influence of
gravity, structures begin to form. In the cases of many large galaxies and clusters of
galaxies, the gas envelope first cooled much more slowly. It then reached a quasi-
hydrostatic equilibrium. From this point, the gas near the centre rapidly lost energy
through the pairwise-interaction of thermal bremsstrahlung and was able to cool much
more efficiently. The radiation observed from this cooling gas appears in the X-ray
band. The cooling of the gas near the centre of the cluster reduces the amount of
thermal support it provides to overlying layers. As a result, the outer regions collapse
onto the cooling inner region. This collapse is called the “cooling flow”. In the cooling
flows scenario for BCGs, when the gas density in the cluster central regions becomes
high enough, the intracluster gas becomes cool, leading to intense star forming out of

the central cooling flow at the bottom of the potential well where BCGs form.
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A few observations supported this idea. By studying the galaxy cluster of Abell 1795,
McNamara et al. (1996) found blue- and ultraviolet-light excesses in its central galaxy.
This indicates active star formation in the cluster core. More recently, molecular gas
was detected directly in some of the central galaxies in clusters (Salomé & Combes
2003). Edwards et al. (2007) also claimed that cooling flow clusters are common in

the local universe and BCGs are most often found at the centres of these systems.

However, many other observations have cast doubt over this theory. According to
the cooling-flow scenario, a very large number of new stars should be created in the
cluster cores, but there is no observational evidence for this population (McNamara
& O’Connell 1989). Moreover, McNamara & O’Connell (1992) showed that the ob-
served star formation can account for only a few percent of the material that is cooling
and accreting on to the central galaxy. The cooling-flow theory also predicts colour
gradients such that the halo around BCGs should become redder with increasing ra-
dius. However, such gradients have not been found (Andreon et al. 1992). Recently,
observations have demonstrated that the X-ray gas does not cool enough (Kaastra et al.
2001; Peterson et al. 2001; Tamura et al. 2001; Jordan et al. 2004). Since central clus-
ter galaxies are more likely to host radio-loud AGN (von der Linden et al. 2007),
feedback from AGN may counteract the radiative cooling in cluster cores, making the

BCG formation from cooling flows unlikely.

1.4.2 Galactic Cannibalism

Another BCG formation and evolution theory is known as “galactic cannibalism”. It
was initially proposed by Ostriker & Tremaine (1975) and developed by Ostriker &
Hausman (1977). It suggests that existing galaxies are captured by the cluster potential
and gradually sink to the centre through dynamical friction and tidal stripping. When
the first galaxy arrives at the cluster centre, it subsequently grows in luminosity and
mass to become a BCG by merging with other galaxies which come to the central

regions later.

BCG growth through galactic cannibalism in galaxy clusters was once identified as a
viable process using early analytical and numerical calculations (White 1976; Haus-

man & Ostriker 1978; Richstone & Malumuth 1983). However, the galactic canni-
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balism scenario fails when worked out in detail. One the one hand, based on the fact
that galaxy clusters have high velocity dispersion, which makes frequent merging of
galaxies unlikely, studies such as Merritt (1985) and Tremaine (1990) argued that the
dominance of BCGs in observations cannot be achieved via cannibalism of other clus-
ter members. On the other hand, since the dynamical friction timescales are generally
too long, the luminosity of BCGs predicted by galactic cannibalism is fainter by an
order of magnitude than the observed luminosity (Merritt 1985; Tremaine 1990). The
failure of this model implies that BCGs must have an earlier origin. A possible alterna-
tive scenario is galaxy merging during cluster collapse in a hierarchical cosmological

model.

1.4.3 Galactic Merger during Cluster Collapse

Merritt (1983) suggested that rapid galactic mergers during cluster collapse could be
the alternative formation mechanism for BCGs, particularly for cD galaxies. In this
scenario, BCGs obtain most of their masses through mergers between several mas-
sive galaxies which take place in groups or low-mass clusters (Merritt 1985; Dubinski
1998) in the early times of the formation of big galaxy clusters, as expected in hierar-
chical cosmological models. BCGs continue to grow by late-time less-frequent accre-
tion of smaller cluster members during the cluster collapse. Merritt (1983) also sup-
posed that all galaxies had large haloes in the early collapse of the cluster. These haloes
were stripped by the cluster tidal field during the initial collapse and then returned to

the centre of the cluster potential well, forming the envelope around cD galaxies.

Although both the galaxy cannibalism and merging scenarios take into account the
merging process for BCG formation, it is possible to differentiate these two theories
by considering the formation period of the BCGs. In the cannibalism model, there are
numerous small galaxies present in the evolved cluster, whereas in the merging model,
galaxies follow the hierarchical cosmological model during the collapse of clusters.
Moreover, as discussed in Section 1.4.2, the orbit decay of cluster galaxies in the galac-

tic cannibalism scenario is not effective enough to account for the growth of BCGs.

Originally, the merging model during cluster collapse was generally accepted since it

was supported by some observational evidence. The observed major-axis alignment
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of BCGs with their host clusters (Carter & Metcalfe 1980; Binggeli 1982; West 1994)
implies that the origin of BCGs coincides with hierarchical merging during cluster col-
lapse (Niederste-Ostholt ef al. 2010). Postman & Lauer (1995) demonstrated that the
multiple nuclei observed in central cluster galaxies also favour the merging theory. By
studying the surface brightness and colour profiles of a few cD galaxies and analysing
their globular cluster systems, Jordan et al. (2004) concluded that cD galaxies appear
to have formed rapidly at early times via hierarchical merging prior to cluster virial-

ization. This is consistent with the scenario of rapid mergers during cluster collapse.

However, this theory still cannot explain some important observational properties of
BCGs. Based on this theory, Dubinski (1998) performed the first N-body simulations
of BCG formation in a massive halo formed within a CDM cosmology. He found
that the extended envelope cannot be developed around the central galaxy, which is
a characteristic of cD galaxies. Moreover, BCGs which formed in this scenarios are
expected to be located near the host cluster centres and are expected to be at rest in the
cluster cores. As reviewed in Section 1.3, observations show that the positions of some
BCGs are away from the geometric cluster centre and there is an offset between the
velocity of some BCGs and the mean velocity of their host clusters. (e.g. Oegerle &
Hill 2001; Coziol et al. 2009). These facts poses problems for the mechanism of rapid

mergers during cluster collapse for BCG formation, at least in some cases.

1.4.4 Two-phase Evolution

The BCG assembly within hierarchical growth of dark matter haloes has been well
established using pure N-body simulations. However, due to the lack of detailed un-
derstanding of various baryonic processes, these hierarchical models ignore complex
gas processes such as cooling, star formation and feedback during the formation and
evolution of BCGs. With the improved knowledge of baryonic processes in galaxy
evolution and with the development of semi-analytical techniques, a more promis-
ing scenario for BCG evolutionary history has been proposed by De Lucia & Blaizot
(2007). They investigated the formation of BCGs by using both the Millennium sim-
ulation (Springel et al. 2005) and semi-analytic models (SAMs), providing the most

complete quantitative prediction of the formation of BCGs in the nowadays standard



Introduction 19

CDM model of structure formation.

By using their SAMs, De Lucia & Blaizot (2007) find that the stars that end up in
the BCG today, started forming at very high redshifts in separate small galaxies. The
star formation was quiescent triggered by rapid cooling rather than starbursts. Almost
all of the star formation in these progenitors had been quenched before z ~ 3 by
AGN activity. After that, BCGs grow through accretion of these small systems (see
Fig. 1.7). De Lucia & Blaizot (2007) found that BCGs assemble rather late: half
of the final stellar mass is built up on BCGs only at z < 0.5 (see the left panel of
Fig. 1.8). Since the star formation in the satellite galaxies happened in a short period
and had all been quenched in early time, the galaxies accreted on to BCGs have very
low gas fractions and quite red colours, with an origin through minor mergers. De
Lucia & Blaizot (2007) also find that there is a very small scatter in the formation
histories of the stellar components of BCGs. Late mergers which is the accumulation
of a large number of these old stellar populations yields the observed homogeneity
of BCG properties. By analysing the formation and assembly histories of 125 BCGs
in haloes more massive than 7 x 10* Mg, at z = 0, they find that these BCGs have
mean absolute magnitude My = —26.58 with a dispersion of 0.2 mag. These values
appear to be in nice agreement with the observational results of Collins & Mann (1998).
This agreement represents a success of the underlying galaxy formation model in their

simulation.

Romeo et al. (2008) drew similar conclusion on the BCG formation by performing N-
body and hydrodynamical simulations of the evolution of galaxy groups and clusters
in a ACDM cosmology. Naab, Johansson & Ostriker (2009) and Laporte et al. (2012)
confirmed this two-phase scenario in later simulations. Since many of these mergers
take place very late, when most galaxies have converted their gas into stars, this the-
ory claims that the merging events at low redshifts are very nearly dissipationless dry
mergers and are not associated with significant star formation. They predicted that the

stellar mass of BCGs grows by a factor of 3 — 4, mainly via mergers, since z = 1.

This two-phase formation scenario avoids the need for cooling flows to provide the
cold gas that would be necessary if BCGs had formed at later times. It also overcomes

the problem caused by the merger rate in clusters being too low due to the high veloc-
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Figure 1.7: The merger tree for one BCG in the simulation of De Lucia & Blaizot (2007). Symbols
are colour-coded as a function of B-V colour and their size scales with the stellar mass. The images
are adapted from De Lucia & Blaizot (2007).
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Figure 1.8: BCG mass growth. The left panel illustrates the assembly (blue) and formation (green)
histories of BCGs at z = 0 from the simulation of De Lucia & Blaizot (2007). Thick lines show
the median of the distributions, while the shaded regions show the 15th to 85th percentile range.
It is clear that the stars that make up BCGs today are formed very early, and BCG assemble very
late such that half of the final stellar mass is built up on BCGs through only at z < 0.5. The
images are adapted from De Lucia & Blaizot (2007). The right panel shows the estimation of BCG
stellar mass growth since z ~ 1 from both observations and simulations. The blue dash line shows
the mass increase of BCG in the simulation of De Lucia & Blaizot (2007). Other lines are the
observational results, in which the dash line with square is from Lidman et al. (2012), the dash line
with triangle is from Lin et al. (2013), and other lines are from Zhang et al. (2016). It is clear that
the measurements in observations show a slower BCG mass growth than in the simulation. The
image is credited to Zhang et al. (2016).
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ity dispersion in dynamically relaxed clusters. This model can also reproduce many
other observational BCG properties. Colour evolution of the simulated BCGs is also
consistent with a passively evolving stellar population which formed at z = 2 — 5.
The predicted large BCG mass growth over z = 0 — 1 had been supported by Aragén-
Salamanca, Baugh & Kauffmann (1998) who found a BCG mass growth by a factor
of 2 — 4 since z = 1 by examining the K-band Hubble diagram of BCGs. More-
over, dry mergers of red galaxies, apparently without significant merger-triggered star

formation, have been observed at low redshift (e.g. van Dokkum 2005).

However, the prediction from this model is inconsistent with a number of recent ob-
servations on the BCG mass growth. Observations have reported a much slower mass
growth since z ~ 1 (e.g., Whiley et al. 2008; Collins et al. 2009; Lin et al. 2013; Zhang
et al. 2016). I will review the more recent observational studies of BCG evolution over

a large redshift range in Section 1.5 in more detail.

1.5 Observations of BCG Evolution

To extend our understanding of BCG evolution and to test and improve the existent
theoretical models, it is important to study how the properties of BCGs vary with
cosmic time through observations. In this section, I will introduce briefly how BCGs at
high redshifts are linked with local BCGs, and review the recent observational results

of mass assembly and structure evolution of the BCGs.

1.5.1 Linking Local BCGs with High-z BCGs

Since BCGs reside only in galaxy clusters and groups, BCG samples are normally
identified by using observations of clusters and groups at low and high redshifts. It
is essential to link high-z and low-z BCGs in a meaningful way to ensure the correct

comparison between their properties to probe the intrinsic BCG evolutions.

For instance, Collins et al. (2009) identified five BCGs in five X-ray clusters at z =
1.2 — 1.5, and a comparison sample of low-z (z < 0.3) BCGs was selected in clusters

with similar dark matter halo masses. In the study of Whiley et al. (2008), the local
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comparison sample was selected by matching the distribution of low-z cluster velocity

dispersion to be the same as that of the high-z (¢ < 1) BCG sample.

In cosmological hierarchical models, the dark matter haloes of galaxy clusters grow
with cosmic time, within which BCGs grow as well. Therefore, comparison between
high-z and low-z BCGs whose host clusters have the same mass or velocity dispersion
range cannot accurately probe the intrinsic evolution of BCGs since the cluster sam-
ples do not have direct evolutionary connections. Ideally, clusters at different redshifts
should be selected in an evolutionary sequence, such that the higher-z clusters are the
progenitors of the lower-z clusters. With such a sample, one could then meaningfully
follow the evolution of the galaxy populations, including the mass growth of BCGs.
Recent studies have developed empirical methods to connect BCG progenitors and
their descendants at z < 1 — 1.5 in a more reasonable way. The basic idea of these
methods is to trace BCG evolution depending on the halo mass growth history of clus-
ters based on simulations. Using the full merger history of clusters, by either deriving
correlation between the BCG stellar mass and cluster halo mass, or selecting BCGs
directly from distant clusters which are in an evolutionary link with local clusters, the
BCG mass assembly over z = 0 ~ 1 has been widely explored (e.g., Lidman et al.

2012; Lin et al. 2013; Shankar et al. 2015; Zhang et al. 2016).

However, these halo-mass-growth-based methods for linking local BCGs and their pro-
genitors at z < 1 are difficult to apply beyond z = 1.5. One reason is that the iden-
tification of clusters/proto-clusters at early times is very difficult. Another reason is
that it is also difficult to define BCG progenitors in high-z clusters because the main
progenitor may not be the most luminous galaxy, as it is the case for low-z BCGs.
Although there is no good way so far to identify BCG progenitors at z > 1.5, a num-
ber of studies have been carried out to explore the build up of massive galaxies up
to z ~ 3. To link galaxies at different redshifts, matching galaxy progenitors and de-
scendants at a constant number density has been demonstrated to be a considerably im-
proved approach for tracking the evolution of massive galaxies. Using SAMs Leja, van
Dokkum & Franx (2013) showed that this technique is robust at directly tracking de-
scendant and progenitor galaxies over cosmic time. Mundy, Conselice & Ownsworth

(2015) further demonstrated that a constant number density selected sample (in the
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range —4.3 < logn [h*Mpc™®] < —3.0) is superior to a constant stellar mass selected
sample, and can trace the true evolution of average stellar mass and average SFR of
the progenitors and descendants of galaxies. However, these massive galaxies are not
necessarily BCGs, and a clear correspondence between massive galaxies and BCGs at
high redshifts (z 2 1.5) is still lacking. In order to obtain a better perspective of BCG
assembly, it is critical to identify the progenitors of BCGs at z = 1.5 through obser-
vations, and to explore their mass and structural evolution. In Chapter 4, taking into
account abundance matching sorted by environment as well as the BCG stellar mass, I
develop a new BCG progenitor selection method at 2 ~ 2 to probe the BCG evolution

in the last 10 billion years.

1.5.2 Mass and Structure Evolution of BCGs

In the last two decades, many studies have been devoted to BCG formation and evo-
lution by investigating several of their properties. Since one part of this thesis aims
at exploring how the stellar mass and structure of BCGs evolve with cosmic time, in
this section I focus on reviewing the main results of BCG mass and structure evolution

from the studies so far.

Stellar mass is one of the fundamental galaxy properties whose assembly history is
critical to understand galaxy evolution. Early studies found that 50 — 75% of local
BCG stellar mass was built up since z ~ 1 (Aragén-Salamanca, Baugh & Kauffmann
1998), consistent with the results from the simulation of De Lucia & Blaizot (2007).
However, other studies demonstrated that this large mass growth is only for BCGs in
low X-ray luminosity clusters. For BCGs in high X-ray luminosity clusters, BCGs
have similar mass to local ones, illustrating a very small mass increase at z < 1 (e.g.,
Burke, Collins & Mann 2000; Nelson et al. 2002; Brough et al. 2002; Whiley et al.
2008). Part of the reason for the discrepency between earlier and later studies is the

difference in cosmological model parameters.

More recently, by applying cluster-tracing techniques which try to link BCG progeni-
tors at high redshifts with their local counterparts more accurately, many studies agree
on a slow BCG mass assembly since z ~ 1 (see the right panel of Fig. 1.8). Lid-

man et al. (2012) demonstrated that BCGs have grown by a factor of 1.8 between
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z = 0.2 —0.9. Lin et al. (2013) found a similar growth such that the stellar mass of
BCGs increases by a factor of 2.3 since z ~ 1.4. Moreover, Shankar et al. (2015)
claimed an increase of a factor 2 — 3 in BCG mean stellar mass at since z < 1. Zhang

et al. (2016) showed a BCGs mass growth by a factor of ~ 2 since z ~ 1.2.

Observationally, the structure evolution of BCGs has also been explored at z < 1.
By detecting progenitor-descendant pairs of BCGs, Shankar ef al. (2015) suggest an
increase in BCG effective radius by a factor of 2.5 — 4 since z ~ 1. Ascaso et al.
(2011), comparing local WINGS BCGs with high-z HST BCGs whose host clusters
span the same range of X-ray luminosity, claim a BCG size growth of a factor of 2
within the last 6 Gyr (since z ~ 0.6). These results indicate that about 60% of the size
of local BCGs has grown at z < 1. Ascaso et al. (2011) also find that the shape of

BCGs has not changed significantly since z ~ 0.6.

Constrained by the techniques of selecting BCG progenitors at high redshifts, current
studies on the BCG evolutionary history only concentrate on the redshift range of 0 <
z < 1. Reliable observational results on BCG evolution beyond z ~ 1.5 are still
lacking. One important aim of this thesis is to develop a method to identify BCG
progenitors at z ~ 2 and study the BCG assembly since that time. Our understanding

of the BCG evolution could be broadened by extending the time baseline beyond 2 ~ 2.

1.6 Aims of the Thesis

This thesis focuses on both BCGs in the local universe and their progenitors at high
redshifts to provide more observational insights on the BCG formation and evolution
over the last 10 billion years. Specifically, this work concentrates on three topics:
the properties of local cD and elliptical BCGs, the effect of the environment on the
properties of present-day BCGs, and the evolution of the structure and stellar mass of

BCGs since z ~ 2.

In Chapter 2 we explore the structural properties of cD and elliptical BCGs. Using the
well-defined local BCG catalogue from von der Linden et al. (2007), we first visually
classify BCGs into cD galaxies and ellipticals from SDSS images. The structure of

cD and elliptical BCGs is then quantified from careful fits to their light profiles using
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both one-component (Sérsic) and two-component (Sérsic+Exponential) models. We
compare the structural parameters of cD and elliptical BCGs to analyse how distinct
the haloes of cD galaxies are, and how different the cD and elliptical BCGs are in their
structures. Based on the distinct structure of cD galaxies, we develop an automatic and

objective technique to separate cD galaxies from the non-cD BCG population.

In Chapter 3 we examine how the environment affect the properties of local BCGs.
Both local density and global halo mass are considered to represent different scales
in the cluster environment. The relationship between the intrinsic properties of local
BCGs (structure and mass) and their host environments (local and global) are studied
carefully in order to probe the nature vs. nurture dilemma. In this chapter, we also
complement our study of cD and elliptical BCGs by examining the difference in their
stellar masses and environments. Linking the structure, stellar mass and environment
of c¢D and elliptical BCGs allows us to have a clearer insight into the BCG assembly

history.

We then move on to BCGs at high redshifts. We explore how BCG evolve since z ~
2 in Chapter 4. By using simulations, we first develop a method to identify BCG
progenitors at z ~ 2 depending on the environmental density and stellar mass of the
galaxies. We apply this method to the CANDELS UDS data to obtain our observational
progenitor sample at z ~ 2. Comparing BCG progenitors with their descendants at
z ~ 0, we analyse BCG evolution since z ~ 2 considering properties such as structure,
morphology, stellar mass and star formation rate. The implications of the results are

extensively discussed in this chapter.

The overall conclusions of this work are presented in Chapter 5, along with prospects

for future work.



Chapter 2

The Link Between Morphology and
Structure of Brightest Cluster
Galaxies: Automatic Identification of

cDs

The work in this chapter is published in Zhao, Aragén-Salamanca & Conselice (2015a).

2.1 Introduction

The brightest cluster galaxies (BCGs) are the most luminous and massive galaxies in
today’s universe. Their stellar masses reach beyond ~ 10'' M, and they reside at
the bottom of the gravitational potential well of galaxy clusters and groups. Their
formation and evolution relate closely to the evolution of the host clusters (Whiley
et al., 2008) and further tie to the history of large-scale structures in universe (Conroy,
Wechsler & Kravtsov 2007). BCGs are typically classified as elliptical galaxies (Lauer
& Postman, 1992), but a fraction of them possess an extended, low surface brightness
envelope around the central region. These are referred to as cD galaxies (e.g. Dressler

1984; Oegerle & Hill 2001).

The surface brightness profile of elliptical galaxies was originally modelled using the
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empirical r1/* de Vaucouleurs law (de Vaucouleurs, 1948). However, Lugger (1984)
and Schombert (1986) showed that the r'/* model cannot properly describe the flux
excess at large radii for most elliptical galaxies, and an additional parameter n was
introduced in the so-called Sérsic (/™) law (Sérsic, 1963). For the most massive early-
type galaxies, however, a single Sérsic profile still does not reproduce their luminosity
distribution accurately. Gonzalez, Zabludoff & Zaritsky (2005) found that a sample
of 30 BCGs were best fitted using a double '/* de Vaucouleurs profile rather than a
single Sérsic law. Furthermore, Donzelli, Muriel & Madrid (2011) suggested that a
two-component model with an inner Sérsic and an outer exponential profile is required
to properly decompose the light distribution of ~ 48% of the BCGs in their 430 galaxy

sample. A similar conclusion was obtained by Seigar, Graham & Jerjen (2007).

The light profiles of BCGs need to be explained by any successful model of galaxy
formation and evolution. In hierarchical models of structure formation, a two-phase
scenario is currently favoured. Hopkins et al. (2009) proposed that a early central
starburst could give rise to the bulge (elliptical) component of these galaxies, while the
outer envelope was subsequently formed by the violent relaxation of stars originating
in galaxies which merged with the central galaxy. Alternatively, Oser et al. (2010)
and Johansson, Naab & Ostriker (2012) suggested that intense dissipational processes
such as cold accretion or gas-rich mergers could rapidly build up an initially compact
progenitor and, after the star formation is quenched, a second phase of slower, more
protracted evolution is dominated by non-dissipational processes such as dry minor

mergers to form the low-surface-brightness outskirts.

To shed light on the mechanism(s) leading to the formation of BCGs, especially of cD
galaxies, we need to answer questions such as: are elliptical and cD BCGs two clearly
distinct and separated classes of galaxies? if so, are elliptical and cD BCGs formed
by different processes or in different environments? Are the extended envelopes of
cD galaxies intrinsically different structures which formed separately from the central
bulge? To help answer these questions, in this chapter we explore statistically how the
visual classification of BCGs into different morphological classes (e.g., elliptical, cD;
here referred to as “morphology”), relates to the quantitative structural properties of

their light profiles (e.g., effective radius 2., Sérsic-index n; generically called “struc-
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ture” in this chapter). Moreover, finding an automatic and objective way to select cD
BCGs is nontrivial for the future databases and study. Recent studies such as Liu et al.
(2008) identified cD BCGs by Petrosian parameter profiles (Petrosian 1976), but their
method does not give an unambiguous criterion to separate cD galaxies from non-cD

BCGs.

In this work, we visually-classify 625 BCGs from the sample of von der Linden et al.
(2007, hereafter LO7) and fit accurate models to their light profiles. We find clear links
between the visual morphologies and the structural parameters of BCGs, and these
allow us to develop a quantitative and objective method to separate cDs galaxies from
ellipticals BCGs. In Chapter 3 we will study how the visual morphology and structural
properties of BCGs correlate with their intrinsic properties (stellar masses) and their
environment (cluster mass and galaxy density), and explore the implications that such

correlations have for the formation mechanisms and histories of cDs/BCGs.

This chapter is organized as follows. In Section 2.2 we introduce the BCG samples
and the visual morphological classification of the BCGs. In Section 2.3 we describe
the light distribution models and the fitting methods we use, and discuss how the results
are affected by sky-subtraction uncertainties. This section also presents a quantitative
evaluation of the quality of the fits. In Section 2.4 we present the structural properties
of the BCGs in the sample. In Section 2.5 we introduce an objective diagnostic to sep-
arate cDs from non-cD BCGs using quantitative information from their light profiles.

‘We summarise our main conclusions in Section 2.6.

2.2 Data

2.2.1 BCG Catalogue and Images

To study the structural properties of BCGs in galaxy groups and clusters, we use the
BCG catalogue published by LO7. The groups and clusters that host these BCGs come
from the C4 cluster catalogue (Miller et al., 2005) extracted from the Sloan Digital Sky
Survey (SDSS; York et al., 2000) third data release spectroscopic sample. The cluster-

finding algorithm used to build the C4 catalogue identifies clusters as over-densities
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in a seven-dimensional parameter space of position, redshift and colour, minimising
projection effects. The C4 catalogue gives a very clean widely-used cluster and group
sample which is well supported by simulations (no constraint on the dynamical state
of clusters or groups). BCGs were identified by C4 catalogue as the brightest galaxy
from the spectroscopic catalogue within 500h~! kpc of the cluster centre (i.e., the
peak of density field of C4 cluster) and without strong Ha emission. However, due to
the problem of 55 arcsec “fiber collision”, the true BCG is not included in the SDSS

spectroscopic data for ~ 30% of the clusters and is missed by the C4 algorithm.

Based on the C4 catalogue, LO7 applied an improved semi-automatic algorithm to
identify BCGs as the brightest galaxy in the central region of the clusters. The cata-
logue finally contains 625 BCGs within 0.02 < z < 0.10. LO7 show that ~ 85% of
them are the brightest galaxy in the cluster. In Section 1.3 we show that BCG may be
displaced from the cluster centre. Therefore, LO7 may misidentify few brightest “cen-
tral” galaxies as BCGs and miss the true brightest galaxy in cluster. However, only
15% (94) of LO7 BCGs may be misidentified. Based on our morphological classifica-
tion (details are presented below), 46 LO7 BCGs have disk morphology and 10 BCGs
are in merging. These BCGs may be misidentified with higher probability. Excluding
them with other 38 randomly-chosen early-type (E or cD) BCGs from our analysis, we

find our conclusions are the same.

L0O7 also developed an iterative algorithm to measure the cluster velocity dispersion
0,900 Within the virial radius Rygo!. The systems hosting BCGs span a wide range of
velocity dispersions, from galaxy groups (0,200 < 200 km/s) to very massive clusters
(0,200 ~ 1000km/s). 75% of the LO7 BCGs are in dark matter haloes with 0,909 >
309 km/s, where the completeness of the haloes identified by the C4 algorithm is ex-

pected to be above 50%. Obviously, for larger halo masses the completeness is higher.

The images we use to classify the BCGs and analyse their structural properties come
from the SDSS Seventh Data Release (DR7) r-band images. We also use SDSS-DR7
g-band images of the BCGs in Section 2.4.1. The BCG catalogue used in this chapter

together with their main properties are presented in Appendix A.

"Rogo is the radius within which the average mass density is 200p., where p.. is the critical density
of the universe.
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Figure 2.1: Examples of the main morphological classes of BCGs in our sample (cD, cD/E, E/cD,
E, cD/S0, E/SO, SO, Spiral) illustrating the gradual transition between classes. The images are
displayed using a logarithmic surface-brightness scale.
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2.2.2 Visual Classification

The 625 BCGs in LO7 sample were visually classified by careful inspection of the
SDSS images by Alfonso Aragon-Salamanca. BCGs were displayed using a logarith-
mic scale between the sky level and the peak of the surface brightness distribution. The
contrast was adjusted manually to ensure that the low-surface-brightness envelopes
were revealed if present. cD galaxies are identified by a visually extended envelope,
while the envelope is not visible in our elliptical BCGs. Finally the BCGs were clas-
sified into three main types: 414 cDs, including pure c¢D (356), cD/E (53) and c¢D/S0O
(5); 155 ellipticals, including pure E (80), E/cD (72), and E/SO (3); 46 disk galaxies,
containing spirals (24) and SOs (22). The main morphological classes of BCGs are
illustrated in Fig. 2.1. There are also 10 BCGs undergoing major mergers, but we will

not discuss them in this chapter in any detail.

Over half of the BCGs in the sample are classified as cDs. Separating cD BCGs and
non-cD elliptical BCGs is a very hard problem since there is no sharp distinction be-
tween these two classes (e.g., Patel er al. 2006; Liu et al. 2008). Detecting the extended
stellar envelope that characterises cD galaxies depends not only on its dominance, but
also on the quality and depth of the images, and on the details of the method(s) em-
ployed. We used intermediate classes such as ¢cD/E (probably a cD, but could be E)
and E/cD (probably E, but could be cD) to account for the uncertainty inherent in the

visual classification.

Our careful inspection of the images clearly reveals that there is a wide range in the
brightness and extent of the envelopes. There seems to be a continuous distribution
in the envelope properties, ranging from undetected (pure E class) to clearly detected
(pure cD class), with the intermediate classes (E/cD and cD/E) showing increasing
degrees of envelope presence. This continuous distribution in envelope detectability
will also be made evident in the structural analysis carried out later in this chapter.
The classification we present here does not intend to be a definitive one since such a
thing is probably unachievable. Our aim is to obtain a homogeneous and systematic
visual classification of the BCGs and then study how such classification correlates with
quantitative and objective structural properties of the BCGs. The visual morphological

types of all the galaxies in the sample are presented in Appendix A.
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We checked the effect that the redshift of BCGs may have on the visual classification.
cDs might be mistakenly identified as elliptical if they are more distant since the ex-
tended low-surface-brightness envelope may be harder to resolve at higher redshifts.
Fig. 2.2 illustrates the redshift distribution of the three main types. cD galaxies gener-
ally share the same redshift distribution with elliptical BCGs, especially at z > 0.05.
At z < 0.05 we identify a slightly higher proportion (by ~ 10%) of cD galaxies. How-
ever, if we compare the structural properties of ¢cD and elliptical BCGs which are at
z > 0.05, the results we obtain do not significantly differ from those using the full-
redshift sample. As an additional check, we artificially redshifted some of the lowest
redshift galaxies (z ~ 0.02-0.03) to z = 0.1, the highest redshift of the sample, tak-
ing into account cosmological effects such as surface-brightness dimming. Because
the redshift range of the BCGs we study is very narrow, the effect on the images is
minimal and does not have any significant impact on the visual classification. We are
therefore confident that our visual classification is robust and that in the relatively nar-
row redshift range explored here any putative redshift-related biases will not affect our

results.

We also test our visual classification by using SDSS Stripe 82 coadd r-band images.
Stripe 82 is the SDSS stripe along the celestial equator in the Southern Galactic Cap,
covering —1.25 < § < 1.25 and —50° < o < +60° with a total area of 275 deg?. It
was imaged multiple times through repeated scanning by the SDSS camera. The Stripe
82 images we use are from the SDSS Stripe 82 database, which are a completed coad-
dition including 123 runs and covering any given piece of the 275 deg? area scanned
between 20 and 40 times (Annis et al. 2014). The Stripe 82 coadd image data thus
reaches ~ 2 mag fainter than the SDSS DR?7 single-pass data, which could help to

examine the validity of our visual classification.

There are 32 BGCs in the LO7 catalogue with Stripe 82 images, including 18 cDs (14
pure cD, 3 cD/E, and 1 cD/S0), 10 Es (5 pure E, and 5 E/cD), 2 SOs, and 2 Spirals.
We compare the r-band images of Stripe 82 with those of SDSS DR7, finding that
most of the galaxy morphologies derived from Stripe 82 images are consistent with
the morphologies from SDSS DR7 image (see the first three rows of Fig. 2.3). We

found only one exception: a BCG was classified as a pure E using the DR7 image, but
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Figure 2.2: Redshift distribution for BCGs with different morphological types. The red solid line
corresponds to cD BCGs, the green dashed line to ellipticals, and the blue dotted line to disk (spiral
and SO) BCGs. A Kolmogorov-Smirnov test indicates that the redshift distributions of cD and
elliptical BCGs are only different at the ~ 2.40 level (p-value = 0.00789). cD galaxies share the
same redshift distribution with elliptical BCGs at z > 0.05, while there are proportionally ~ 10%
more cD galaxies at z < 0.05.



The Link Between Morphology and Structure of BCGs 34

exhibits a E/cD morphology in the Stripe 82 image (see the last row of Fig. 2.3). If
what we find is true for all the LO7 BCGs, the morphologies of only ~ 3% of them
would be affected by the deeper images, with E morphologies probably being most
likely affected. Nevertheless, deeper images would not make a significant change in
morphology. Some pure E galaxies may change to E/cD, but it is unlikely that they
would change as far as becoming pure cDs. Thus, we only expect relatively moderate
changes in the morphological classification for a few cases due to the deeper images
revealing the presence of the extended stellar envelope. Any change would always
be in the same direction (moving galaxies along the E, E/cD, cD/E, cD sequence).
Note that Alfonso and I carried out this comparison independently, reaching the same
conclusions. This indicates that our visual classifications based on SDSS DR7 single-

pass images are reasonably robust.

2.3 Quantitative Characterisation of BCG Structure

The surface brightness profiles of galaxies provide valuable information on their struc-
ture and clues to their formation. It has become customary to fit the radial surface
brightness distribution using theoretical functions which have parameters that include
a measurement of size (e.g., half-light radius or scale length), a characteristic surface
brightness, and other parameter(s) describing the shape and properties of the surface
brightness profiles. In this study we use GALFIT (Peng et al. 2002) to fit the 2-D
luminosity profile of each BCG using two parametric models, and thus determine the
best-fitted parameters of each model. GALFIT can simultaneously fit model profiles
to several galaxies in one image, which is particularly important for BCGs since they
usually inhabit very dense environments. In this way, the light contamination from

nearby galaxies can be accounted for appropriately.

We explore two models to represent the luminosity profile of the BCGs. A model
commonly used to fit a variety of galaxy light profiles is the generalization of the r'/*
de Vaucouleurs (1948) law introduced by Sérsic (1963). The form of Sérsic func-
tion can be found in Section 1.2.3. This function provides a good model for galaxy

bulges and massive elliptical galaxies. Since BCGs are mostly early-type galaxies,
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Figure 2.3: Morphology comparison between images of Stripe 82 and SDSS DR7. Each panel
shows one BCG morphology type, with the left image from DR7 and the right one from Stripe
82. Most of the BCGs keep the same morphology in the deeper Stripe 82 coadd images. Only one
BCG change from pure E to E/cD, illustrated in the last row.
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it is reasonable to fit their structure with single Sérsic models first. Subsequently, in
order to explore the complexity introduced by the extended envelopes of cD galaxies,
we will also fit the light profile of BCGs adding an additional exponential component
to the Sérsic profile. Adding this exponential component is the simplest way to de-
scribe the “extra-light” from the extended envelope. Note that the exponential profile
I(r) = Iyexp(—r/rs) is just a Sérsic model with n = 1. The models assume that
the isophotes have elliptical shapes, and the ellipticity and orientation of each model

component are parameters determined in the fitting process.

In order to run GALFIT, we require a postage stamp image for each BCG with appro-
priate size to measure its structure over the full extent of the object, a mask image with
the same size as the stamp image, an initial guess for the fitting parameters, an estimate
of the background sky level, and a point spread function (PSF). Details on how these

ingredients are produced and the fitting procedures are given below.

2.3.1 Pipeline for One-Component Fits: GALAPAGOS

We run GALFIT using the GALAPAGOS pipeline (Barden et al., 2012). GALAPA-
GOS has been successfully applied to a wide variety of ground- and space-based im-
ages (Haussler et al., 2007a; van der Wel et al., 2012, 2014; Huertas-Company et al.,
2013a; Lani et al., 2013). We applied the version of GALAPAGOS 1.0 to fit the SDSS
r-band images of the BCGs in our sample. The starting point are SDSS images with
a size of 2047 x 1488 pixels. For each BCG, the pipeline carries out four main tasks
before running GALFIT itself: (i) detection of all the sources present in the image;
(i1) cutting out the appropriate postage stamp and preparing the mask image; (iii) es-
timation of the sky background; (iv) preparation of the input file for GALFIT. After
completing these tasks, GALAPAGOS will run GALFIT using the appropriate images

and input parameters. We describe now these tasks in detail.

(i) Source Detection: SExtractor (Bertin & Arnouts 1996) is used to detect galaxies in
the SDSS images. A set of configuration parameters defines how SExtractor detects
sources. The values of the SExtractor input parameters follows Guo ez al. (2009): DE-
TECT_MINAREA = 25, DETECT_THRESH = 3.0, and DEBLEND _MINCONT =

0.003. This set of parameters were tested to perform well on SDSS r-band images so
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that the bright and extended BCGs were isolated from other sources without artificially
deblending them into multiple components. SExtractor also provides estimates of sev-
eral properties for the target BCGs and nearby objects such as their magnitude, size,
axis ratio and position angle. These values are used to calculate the initial guesses of

the model parameters that are needed as inputs by GALFIT.

(ii) Postage Stamp creation: GALAPAGOS cuts out a rectangular postage stamp cen-
tred on the target BCG which will be used by GALFIT as input image. We define
the “Kron ellipse” for a galaxy image as an ellipse whose semi-major axis is the Kron
radius? (Rywon), With the ellipticity and orientation determined by SExtractor. The
postage stamp size is determined in such a way that it will fully contain an ellipse
3.5 times larger than the Kron ellipse, i.e., its semi-major axis is 3.5 Ryyon, and has
the same ellipticity and orientation. The 3.5 factor represents a compromise between
computational speed and ensuring that virtually all the BCG’s light is included in the
postage stamp. At this stage, a mask image is also created, identifying and masking out
all pixels belonging to objects in the postage stamp which will not be simultaneously
fitted by GALFIT. The aim is to reduce the computational time by excluding objects
too far from the BCG or too faint to have any significant effect on the fit. Following
Barden et al. (2012), an “exclusion ellipse” is defined for each galaxy with a semi-
major axis 1.5 R0, +20 pixels, and the same ellipticity and orientation as the Kron
ellipse. GALAPAGOS masks out all objects whose exclusion ellipse does not over-
lap with the exclusion ellipse of the target BCG. These objects are deemed to be too
far away from the BCG to require simultaneous fitting. Furthermore, all objects more
than 2.5 magnitudes fainter than the BCG are also masked out since they are too faint
to affect the BCG fit. The pixels that belong to these objects according to the SExtrac-
tor segmentation maps are masked out and excluded from the fits. All the remaining
objects will be simultaneously fitted by GALFIT at the same time as the BCG. For
a detailed description of this process and a justification of the parameter choice see

Barden et al. (2012).

(iii) Sky Estimation: Accurate estimates of the sky background level is crucial when

’In this study we use the following definition of “Kron radius”: Ryon, = 2.571, where 71 is the
first moment of the light distribution (Kron, 1980; Bertin & Arnouts, 1996). For an elliptical light
distribution, this is, strictly speaking, the semi-major axis.
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fitting galaxy profiles, particularly when interested in the low-surface-brightness outer
regions. Overestimating the sky level will result in the underestimation of the galaxy
flux, size, and Sérsic index n, and vice-versa. GALAPAGOS uses a flux growth curve
method to robustly estimate the local sky background around the target galaxy. SDSS
DR7 also provides a global sky value for the whole 2047 x 1488 image frame and local
sky values for each galaxy. The SDSS PHOTO pipeline estimates the sky background
using the median flux of all the pixels in the image after 2.330-clipping. However, ac-
cording to the SDSS-III website, the version of PHOTO used in DR7 and earlier data
releases tended to overestimate both the global and local sky values. The sky mea-
surement is improved by SDSS-III in later data releases, but since we use the images
from DR7 we cannot use the SDSS sky value with enough confidence. Hiussler et al.
(2007a) demonstrated that the sky measurement that GALAPAGOS produces is highly
reliable for single-band fits because it takes into account the effect of all the objects
in the image. Therefore, in this study we use the local sky background estimated by
GALAPAGOS. The accurate sky measurement provided by GALAPAGOS indicates
that we can reach a surface brightness limit in the 7-band of ~ 27 mag/arcsec®. This
is deep enough to study the faint extended structures of BCGs. For each galaxy, its
local sky background is included in the GALFIT input file and is fixed during the fit-
ting procedure. Given the importance of accurate sky subtraction, in Section 2.3.2 we
will carry out an explicit comparison of our results using SDSS and GALAPAGOS sky

estimates.

(iv) GALFIT Input: GALAPAGOS produces an input file which includes initial guesses
for the fitting parameters based on the SExtractor output. As mentioned above, all
objects which are not masked out are fitted simultaneously using a Sérsic model. The
initial-guess model parameters for these nearby companions are also determined from
SExtractor. In order to obtain reasonable results, we impose some constraints on the
acceptable model parameter range. Our constrains on position, magnitude, axis ratio
and position angle follow Haussler et al. (2007a). Additionally, the half-light radius
R, is constrained within 0.3 < R, < 800 pixels. This prevents the code from yielding
unreasonably small or large sizes. Since the pixel size of the SDSS images is 0.396
arcsec, R, is constrained to be larger than (.12 arcsec, which is much smaller than

the PSF, and smaller than half the size of the original input images, reasonable for
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the range of redshifts explored. In the original GALAPAGOS pipeline, the constraint
on the Sérsic index is 0.2 < n < 8. These are reasonably conservative limits, since
normal galaxies with n > 8 are rarely seen and are often associated with poor model
fits. However, some studies have shown that very luminous elliptical galaxies with
n > 8 do exist (e.g., Graham et al., 2005), therefore for the target BCGs we allow n
to be as large as 14 to keep the fits as free as possible. For the companion galaxies,
which are fitted simultaneously, we still keep the constraint 0.2 < n < 8. The final
ingredient needed by GALFIT is a PSF image appropriate for each BCG. These are
extracted from the SDSS DR7 data products® according to the photometric band used
and the position of the BCG on the SDSS image.

2.3.2 Effect of the Sky Background Subtraction: Comparing SDSS
and GALAPAGOS Sky Estimates

As described in Section 2.3.1, in this study we rely on the sky measurements provided
by GALAPAGOS. However, it is important to test the effect that the choice of sky
background has on our results. We do this by comparing the fitted Sérsic model pa-
rameters n and R, using the GALAPAGOS and SDSS sky estimates. As mentioned
before, SDSS DR7 provides a global sky value for the whole 2047 x 1488 image and
local sky values for each galaxy. Guo et al. (2009) found that the local background
estimates are generally larger than the global ones due to contamination from the out-
skirts of extended and bright sources, making them unreliable. We therefore restrict our
comparison to the global SDSS sky values. We fit the BCG light profiles twice using
exactly the same procedure and input parameters (see Section 2.3.1) but changing only
the sky background estimates. The first set of fits use the GALAPAGOS-determined
sky values, while the second set use the SDSS DR7 global ones.

Fig. 2.4 shows the distribution of the difference between the SDSS DR7 global sky and
the sky measured by GALAPAGOS. It is clear that the SDSS global sky is generally
larger than the local sky from GALAPAGOS. The effect from different sky values on
the best-fitted structural parameters (Sérsic index n and effective radius R.) is shown

in Fig. 2.5. It is clear that the SDSS larger sky values result in the values of n4y and

3http://www.sdss.org/DR7/products/images/read_psf.html
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Figure 2.4: Distribution of the difference between the SDSS DR7 global sky and the
GALAPAGOS-measured sky values. In general, SDSS overestimates the sky background. The
average sky value measured by GALAPAGOS in the SDSS r-band BCG images is 140.8 ADU,

corresponding to a surface brightness of ~ 20.9 mag/arcsec?.
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Figure 2.5: Comparison on the best-fit n and R, from single Sérsic models using the SDSS and
GALAPAGOS-measured sky estimates. Solid and open red circles correspond to pure cD and other
cD galaxies (cD/E and cD/S0) respectively; solid and open green diamonds correspond to pure and
other (E/cD and E/SO) elliptical BCGs respectively; solid blue triangles represent SOs and open
ones are spirals. It shows that the SDSS overestimation of the global sky result in the values of
Nsdss aDd 7 gdss being smaller than the corresponding GALAPAGOS ones. Moreover, the effect is
more serious for the BCGs with large n and R, which are mostly cDs.
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Tesdss Deing smaller than the corresponding GALAPAGOS ones. The effect becomes
more severe for those BCGs with large n and Iz, most of which are cD galaxies. This
means the overestimated sky values would particularly affect the measurements on
the low-surface-brightness envelopes of cD galaxies. Although it is difficult to know a
priori which the true value of the sky background is, based on the fact that the SDSS-III
provides evidence that DR7 sky values are overestimated while Hédussler ez al. (2007a)
showed reasonable proof of the reliability of the GALAPAGOS sky measurements, in

what follows we will therefore trust and use the GALAPAGOS-determined sky values.

2.3.3 Two-Component Fits

Although the light profiles of many early-type galaxies can be reproduces reasonably
well with single Sérsic models, the extended envelopes of cD galaxies may require
an additional component. We therefore fitted all the BCGs by GALFIT using a two-
component model consisting of a Sérsic profile plus an exponential. The input postage
stamp, mask image, PSF, and sky values required by GALFIT remain the same as for
the single-Sérsic fits. To ensure that we are fitting exactly the same light distribution,
the location of the centre of the BCG is fixed to the X and Y coordinates determined
in the single fit, and we also force the initial guesses of the model parameters to be the
single-component fit results. The BCG companions are simultaneously fitted still with
single-Sérsic profiles but with initial-guess parameters determined by the single profile

fits.

Other than using the Sérsic+Exponential model, we also apply a more flexible two-
component model to fit the BCG profiles which is Sérsic+Sérsic model. The input
postage stamp, mask image, PSF, and sky values required by GALFIT remain the
same as for the single-Sérsic fits. The X and Y coordinates determined in the sin-
gle Sérsic fit are fixed for the centres of the two components to ensure the fitting is
for the same galaxy. For the first Sérsic component, the initial guesses of the model
parameters are the single-component fit results. For the second Sérsic component,
the initial guesses of the parameters are set to be slightly different from the single-
component fit results, to ensure GALFIT to distinguish the two Sérsic components.

Same as the Sérsic+Exponential fits, the BCG companions are simultaneously fitted
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with singleSérsic profiles with initial-guess parameters determined by the single pro-

file fits.

2.3.4 Residual Flux Fraction and Reduced >

Although the models we are fitting are generally reasonably good descriptions of the
BCG light profiles, real galaxies can be more complicated, with additional features
and structures such as star-forming regions, spiral arms, and extended haloes. It is
therefore desirable to quantify how good the fits are and what residuals remain after
subtracting the best-fit models. A visual inspection of the residual images can generally
give a good feel for how good a fit is, and sometimes tell us whether an additional
component or components are required. However, more quantitative, repeatable and
objective diagnostics are also needed. The residual flux fraction (RFF; Hoyos et al.,
2011) provides one such diagnostic. It is defined as

del bkg
Dijealliy — 177 — 0.8 X X jeao

RFF = bud o (2.1)

Yijeali;

where A is the particular aperture used to calculate RFF. Within A, I, ; is the original
flux of pixel (i.7), I, f‘j‘)del is the model flux created by GALFIT, and 0'; ljg is the rms of
the background. The aperture A we use to calculate RFF is the “Kron ellipse” defined
in Section 2.3.1 (an ellipse with semi-major axis Rj,., and the ellipticity and orien-
tation determined by SExtractor for the BCG). X; jcal; ;, the denominator of Equa-
tion (2.1), is computed as the total BCG flux contained inside the Kron ellipse, which
is one of the SExtractor outputs, and therefore independent of the model fit. Obviously,

this diagnostic can be applied to both single-Sérsic and two-component profiles, or any

other model.

The 0.8 factor before J; ;¢ AUE ?g is derived from a hypothesis testing procedure. If the
real galaxy had a pure Sérsic profile, GALFIT could find a model providing an exact
fit to the galaxy. However, even in this optimal case, the errors associated with the
readout noise and photon shot noise imply that the residual image will not be blank.
In the case of independent errors, the properties of the residual image would be very

similar to those of Gaussian white noise. For a pure Sérsic galaxy, RFF is expected to
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be 0.0, so that the numerator of the RFF should deduct the effect of the noise in residual
image. By using a residual image from GALFIT fit of a simulated pure Sérsic galaxy
with background of Gaussian white noise, Hoyos et al. (2011) found that it should be
0.8 X X je Aazgg to ensure the expectation value of the numerator of the RFF is 0.0.
Since the denominator is a normalization factor, the expected value of the RFF then is

0.0 for pure Sérsic galaxy. RFF measures the fraction of the signal contained in the

residual image that cannot be explained by background noise.

Since BCGs usually reside in dense environments, sometimes there are some faint
nearby objects contained within the Kron ellipse that have not been fitted by GALFIT
(those more than 2.5 mag fainter than the BCG, see Section 2.3.1). These objects
will be present in the residual image. Moreover, brighter companions that have been
simultaneously fitted may also leave some residuals due to inaccuracies in their fits.
Therefore, even if the BCG light distribution has been accurately fitted, RFF can be
affected by the residuals from the companion galaxies, failing to provide an accurate
measure of the quality of the fit. To minimise the effect from companion galaxies on
RFF, we mask out the pixels belonging to all companions within the Kron ellipse using
SExtractor segmentation maps. The RFF will therefore measure the residuals from the

BCG fit alone, excluding, as far as possible, those belonging to nearby galaxies.

An additional measurement of the fit accuracy is the reduced 2, which is minimised

by GALFIT when finding the best-fit models. It is defined as

1 (I L Impdel)2
2 -] 1,]
Xy = E 3 ; (2.2)
Naot i,jeA Tij

where A is the aperture used to calculate x2, Ngor is the number of degrees of freedom
in the fit, I; ; is the original image flux of pixel (, 7). I"°! represents, for each pixel,
the sum of the flux of the models fitted to all the galaxies in the aperture, and o; ; is
the noise corresponding to pixel (i, 7). This noise is calculated by GALFIT taking
into account the contribution of the Poisson errors and the read-out-noise of the image

(Peng et al., 2002).

Similarly to RFF, x also measures the deviation of the fitted model from the original

light distribution. The value of x? that GALFIT minimises to find the best-fit model
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is calculated over the whole postage stamp, and includes contributions from all the
objects fitted. To make sure that we only take into account the contribution to x? from
the BCG fit, we calculate it within the Kron ellipse of the BCG, masking out the nearby

objects as we did when calculating RFF.

The choice of aperture (Kron ellipse with semi-major axis of Ry,.,) over which we
evaluate RFF and x? represents a good compromise between covering a large fraction
of the galaxy light while minimising the impact of close companions. We carried out
several tests to evaluate the sensitivity of our results to the changes in aperture size.
If we reduce the semimajor axis of the aperture by 20% or more we lose significant
information on the extended halo of BCGs, which we must avoid. If we increase the
semimajor axis of the aperture by 20% or more, we potentially increase the sensitivity
to the galaxy haloes but in the crowded central cluster regions contamination from
companion galaxies becomes a serious problem, generally increasing RFF and 2.
Changes in the aperture semimajor axis within £20% would have no effect on the

conclusions of this chapter.

2.3.5 Evaluating One-Component and Two-Component Fits

Since RFF and x? can quantify the residual images after subtracting the model fits, we
attempt to use them to assess whether a one-component (Sérsic) fit or a two-component
(Sérsic+Exponential) fit is more appropriate to describe the light profile of individual
BCGs. In order to do this, we first evaluate the effectiveness of RFF and 2 at quan-
tifying the goodness-of-fit. We visually examine the fits and residuals obtained from
both one- and two-component models for all the BCGs in our sample. In some cases,

two of which are illustrated in Fig. 2.6, it is obvious which model is clearly favoured.

For those BCGs where such a clear distinction can confidently be made, we classify
them into what we call 1C (one-component) BCGs and 2C (two-component) BCGs.
Explicitly, 1C BCGs (e.g., galaxy 1 in the top panel of Fig. 2.6) are those for which a
one-component Sérsic model represents their light distribution very well, and therefore
the residuals left are small and show no significant visible structure. For these galax-
ies, adding a second component does not visibly improve the residuals. Conversely,

2C BCGs (e.g., galaxy 2 in the bottom panel of Fig. 2.6) are not well fitted by a one-
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Figure 2.6: Example of one-component (Sérsic) fits and two-component (Sérsic+Exponential) fits for 1C and 2C BCGs, respectively. From left to right, the panels show
the original image, the one-component model, the residuals after subtracting the one-component fit, the two-component model, and the residuals after subtracting the
two-component fit. The upper panels show a 1C BCG where a one-component fit does a good job and adding a second component does not visibly improve the residuals.
The lower panels show a 2C BCG, where the one-component residual exhibits clear excess light at large radii, suggesting that a second component is necessary. Indeed,
the two-component residual is much better for this BCG.

9 JOo 3anPNIS pue A30[0ydIoA] UIIMIIY U] YL

99



The Link Between Morphology and Structure of BCGs 47

component model, and the residuals are significant. These residuals often show excess
light at large radii which can be identified as an exponential component or halo. Addi-
tionally, the fit to these galaxies visibly improves when using a two-component model.
With these criteria we confidently identify 53 1C BCGs and 25 2C BCGs. Since we
want to test the sensitivity of RFF and X?j, we concentrate for now on this small but
robust subsample. The rest of the BCGs (537) cannot be confidently classified into
1C or 2C BCGs because it is too hard to tell visually due to the residuals containing

significant structures which cannot be accurately fitted by such simple models.

Fig. 2.7 presents a comparison of the RFF and x? values for the one- and two-component
fits of the 53 1C BCGs and 25 2C BCGs. For 1C BCGs, the RFF and Xi distributions
of one- and two-component fits are virtually indistinguishable. Neither RFF nor x?
improve significantly when the second component is added. However, RFF and x>
are significantly smaller for the two-component fits of 2C BCGs. It is clear therefore
that the quantitative information that RFF and x> provide agrees very well with the
visual assessments of the fits. Both RFF and x? are sensitive to changes in the residu-
als, but RFF appears to be more sensitive. As shown in the bottom panels of Fig. 2.7,
the improvement in the two-component fit for 2C BCGs is around 40%—-60% when
measured by RFF, while it is only ~ 20% when measured by x2. A further useful
piece of information obtained from this test is that the typical values of logRFF and
0.11

log? for fits deemed to be good by visual inspection are logRFF ~ —1.7%5¢, and of

logx? ~ 0.04270:93 (median +/— st and 3rd quartiles of the parameter distributions).

As mentioned before, the majority of the BCGs cannot be visually classified into 1C
or 2C BCGs with high certainty because their light distributions are too complex to be
accurately represented by such simple models. Nevertheless, we can use the quantita-
tive information provided by RFF and Y2 to gauge to what extent the BCGs are better
fit by a two-component model than by a one-component model. This will be discussed

later.

We would like to point out that this is the first time that the residual flux is calculated
considering only the contribution of the target galaxies when estimating both RFF and
X2, explicitly excluding the contribution due to the companion galaxies. For instance,

Hoyos et al. (2011) also used RFF to evaluate the goodness-of-fit, but they measured
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Figure 2.7: The top four panels show the distribution of logRFF (left) and logx? (right) for single
Sérsic (open histograms) and Sérsic+Exponential (solid histogram) fits. The two uppermost panels
correspond to the 53 1C BCGs, while the middle panels correspond to the 25 2C BCGs. The two
bottom panels show the difference in RFF and x2 between one-component and two-component
models for both sets of BCGs. RF F. (X%C) denotes RFF (x2) for one-component models, and
RFFy. (x3.) denotes for two-component models. Clearly, the RFF and x? distributions of one-
and two-component fits are virtually indistinguishable for 1C BCGs. However, RFF and x?2 tend
to be significantly smaller for the two-component fits of 2C BCGs. Typical values for good fits
are logRFF ~ —1.70- 14 and logx? =~ 0.0427 5032 (median +/— the 1st and 3rd quartiles of the
parameters). Both RFF and x? are sensitive to the magnitude of the residuals, but RFF is appears
to be significantly more sensitive.
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the residuals over all pixels within a specific area around the target galaxies, without
excluding nearby companions. Similarly, the y2 values from GALFIT have also been
applied to evaluate which fitting model is better (e.g., Bruce et al. 2012), but the effect
of nearby objects on the x? values was also overlooked. Using the 2C BCG sample,
we assessed the importance of this improvement. If the RFF and x? are calculated
considering the residuals in all the pixels inside the relevant aperture, the RFF and
X2 distributions for the two-component fits of 2C BCGs cannot be distinguished from
the one-component results. The effect of the contribution to the residuals from com-
panion galaxies is so severe that it renders such a comparison useless. Our method
therefore represents a significant step forward. It is extremely important to exclude the
contibution of the companion galaxies when calculating RFF and x? in this kind of

analysis.

2.4 Structural Properties of BCGs

Our morphologically-classified BCGs provide a large sample to statistically study their
structural properties and link them to their morphological properties. In what follows
we consider the three main morphological classes of BCGs: c¢Ds (including all BCGs
classified as pure cD, cD/E and cD/S0); ellipticals (including pure E, E/cD and E/SO)
and disk (spiral and SO) BCGs. The 10 BCGs classified as mergers are excluded (see
Section 2.2.2 for details). We decided to include the galaxies with “uncertain” mor-
phologies (such as cD/E and E/cD) in our analysis to reflect the difficulties involved in
visual classification. However, to ensure the robustness of our analysis, at every stage
we have checked that considering only “pure” c¢D and elliptical BCGs (i.e., excluding

the cD/E, cD/S0, E/cD and E/SO classes) would not change our conclusions.

Since most BCGs are early-type galaxies, we will first consider and discuss single
Sérsic models when fitting their SDSS r-band images. We will subsequently use
Sérsic+Exponential models to see whether the fits are improved. But before embarking
in the analysis of the parameters derived from these model fits, we first evaluate their

uncertainties.
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2.4.1 Structural Parameter Uncertainties

The parameter uncertainties that GALFIT reports are calculated using the covariance
matrix derived from the Hessian matrix computed by the Levenberg-Marquardt algo-
rithm that the program uses (Peng et al., 2010). These formal uncertainties are only
meaningful when the model provides a good fit to the image, in which case the fluc-
tuations in the residual image are only due to Poisson noise. However, for real galaxy
images the residual images contain not only Poissonian noise, but also systematics
from non-stochastic and stochastic factors due to additional components not included
in the fitting function (e.g., spiral arms, star-forming regions), asymmetries, shape mis-
match, flat-fielding errors and so on. These non-random factors usually dominate the
uncertainty of the parameters, and the uncertainties inferred from the covariance ma-
trices are only lower-limit estimates (Peng et al., 2010). Therefore, if we rely on the
errors reported by GALFIT the uncertainties in the structural parameters of the BCGs
could be severely underestimated. Indeed, these formal errors seem unrealistically
small: typical GALFIT uncertainties for R, and n are only ~ 1-2%. A more robust

and realistic way of determining these uncertainties is clearly needed.

We have measured the structural parameters of the BCGs in our sample by one-component
(Sérsic) models using the SDSS r-band images. Independent measurements can also
be obtained using the SDSS g-band images. In principle, the structural parameters
could be wavelength-dependent. However, the g — r colours of massive early-type
galaxies with old stellar populations are quite spatially uniform and do not change
much from galaxy-to-galaxy (e.g., Fukugita, Shimasaku & Ichikawa, 1995). Further-
more, morphological k-corrections are negligible for early-type galaxies between these
two bands (e.g., Taylor-Mager et al. 2007), so it is reasonable to expect that the intrinsic
structural parameters will not change much between ¢ and r band. Therefore, any dif-
ferences in the measured parameters between these two bands should be largely domi-
nated by measurement errors. Moreover, if there are significant wavelength-dependent
differences in the measured parameters that are driven by real physical differences, it
is reasonable to expect that these may correlate with other galaxy properties such as
their colour, morphology, redshift, cluster velocity dispersion, etc. No such correla-

tions were found, so we are confident that the intrinsic differences are not significant
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in these two bands.

We use GALAPAGOS to fit the SDSS g-band images of the BCGs in our sample
by single-Sérsic models in exactly the same way as we did for the r-band images.
Fig. 2.8 shows a comparison of the R, and RFF values obtained in both bands. Similar
comparisons were carried out for the rest of the structural parameters. The scatter
around the 1-to-1 relations is due, in principle, to both intrinsic wavelength-dependent
differences and measurement errors. Since, as we have argued, the intrinsic differences
are not expected to be significant between these two bands, the measurement errors
should dominate the scatter. We can thus use this scatter as an estimate of realistic,
albeit perhaps marginally pessimistic, parameter uncertainties. The average errors are

d(n) ~ 0.9, 6(logre) ~ 0.16, and 6 (log RFF') ~ 0.13.

Since there are 32 BCGs with both Stripe 82 and DR7 images in the r-band, we can
also use the difference in the measured parameters from these two sets of images to
directly explore the measurement uncertainties. In this comparison, both set of images
are taken in the same band, so colour-induced differences are avoided. Once again,
we use GALAPAGOS to fit the Stripe 82 r-band images with single-Sérsic models.
The fitting procedure is entirely similar to the one used with DR7 images, using the
appropriate PSF for Stripe 82. Fig. 2.9 shows a comparison of the R., RFF, and n
values obtained from these two sets of images for these 32 BCGs. The parameter
uncertainties are measured as the scatter around the 1-to-1 relations. The average errors
from this method are 6(n) ~ 0.5, é(logr.) ~ 0.09, and d(log RFF) ~ 0.10. As
expected, these errors are smaller than the ones estimated when comparing the g- and -
band images because colour-related differences are not present. This exercise confirms

that the errors we have derived for the whole sample are pessimistic.

The right-hand panel of Fig. 2.8 shows that the errors in R, and RFF are not correlated.
This is an important point since these two are the main parameters that we will use as

diagnostics in our analysis in Section 2.5.
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Figure 2.10: Distribution of the Sérsic index n (upper left), effective radius R. (upper right),
logRF Fy. (lower left) and logx? (lower right) from single Sérsic fits for the BCGs divided by
morphology. The red solid line corresponds to cD galaxies, the green dashed line to ellipticals, and
the blue dotted line to spirals and SOs. The p-value in each panel indicates the significance of the
observed differences between the cD and elliptical BCG parameter distributions. These are derived
from two-sample Kolmogorov-Smirnov tests.
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2.4.2 Single Sérsic Models

We analyse now the behaviour of four parameters derived from the best-fitting single-
Sérsic models along with the morphological classifications. Two of them, the Sérsic
index n and the effective radius IR, provide information on the intrinsic properties of
the BCGs. The other two, RFF and XZ, show how well the models fit the real light
distribution of the BCGs and also provide information about their detailed structure.
The values of these parameters are listed in Appendix A. Fig. 2.10 shows the distribu-
tion of these parameters for the three main BCG morphologies. The ¢ value in each
panel indicates the significance (confidence level) of the observed differences between
the cD and elliptical BCG parameter distributions. These are derived from two-sample

Kolmogorov-Smirnov tests.

2.4.2.1 Sérsic Index n

The Sérsic index n measures the concentration of the light profile, with larger n cor-
responding to higher concentration. The upper left panel of Fig. 2.10 presents the n
distributions for the three main BCG morphologies. It is clear that disk (spiral and
S0) BCGs tend to have smaller values of n, as expected. However, the n distribution
for disk BCGs is skewed towards larger values (n 2 3) than those of the normal disk
galaxy population (e.g., » = 2.5 in Shen et al., 2003). This is because most disk BCGs
are early-type bulge-dominated spirals and SOs. Elliptical and cD BCGs tend to have
larger n values (n > 4). There are a few elliptical and cD BCGs (less than 5% of our
BCG sample) have very high Sérsic index (n > 12). Their images show either double
cores or very bright centre, causing GALFIT to use a very concentrated model to fit
them. Nevertheless, they do not affect our conclusions. The n distributions of ¢cD and
elliptical BCGs are quite similar. A K-S test indicates that the distributions are not

significantly different: the significance of any possible difference is just 2.040.

2.4.2.2 Effective Radius R,

The effective radius R, is a measurement of the extent (or size) of the light distribution.

The upper right panel of Fig. 2.10 shows the distributions of log R.. Disk BCGs tend



The Link Between Morphology and Structure of BCGs 56

to have relatively small sizes, and the vast majority of them (~ 85%) have R, smaller
than ~ 15h~'kpc. About 75% of the elliptical BCGs also have R, < 15h™'kpc,
while cD galaxies tend to be significantly larger. More than 60% of cDs have R, 2>
15h~*kpc. A K-S test demonstrates that the difference in R, distributions between
cD and elliptical BCGs is very significant. This suggests that 1. could be a good

discriminator to separate cD and elliptical BCGs.

2.4.2.3 Residual Flux Fraction and Reduced >

The lower left panel of Fig. 2.10 presents the RF'F}. distributions in a log,, scale,
where RF'Fi. denotes RFF for one-component models. The RF'Fj. of disk BCGs
has a much broader distribution and reaches significantly larger values than those of
cDs and ellipticals. This reflects the fact that a single-Sérsic model is not a good
representation of the light distribution of galaxies with clear disks, spiral arms and
star-forming regions. Early-type BCGs have smoother light distributions that can be
reasonably well reproduced with a Sérsic profile, and their RF'F7. tend to be smaller.
However, there are statistically significant differences between the R['F}. distributions
of cD and elliptical BCGs. About 60% of elliptical BCGs have RF'F}. values in the
range corresponding to good fits (see Section 2.3.5 and Fig. 2.7), while just ~ 25% of
cD galaxies do. This suggests that most elliptical BCGs can be well represented by
single Sérsic models, while most cD galaxies are harder to model with such a simple
profile. Since an extended envelope is a general property of cD galaxies, their deviation
from a single Sérsic profile may be due, at least partially, to this extended envelope.
This suggests that an additional model component may be required for them. We will
re-visit two-component models in Section 2.4.3. The clear difference in RFF suggests

that RFF could be another good discriminator to separate cD and elliptical BCGs.

Similar conclusions can be reached from the the distributions of x2 shown in the lower
right panel of Fig. 2.10, albeit less clearly. This is not surprising since, as shown in
Section 2.3.5, both RFF and 2 measure the strength of the residuals, but x? is signif-
icantly less sensitive. Therefore, RFF is expected to be more efficient for separating

cD and elliptical BCGs than 2.
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2.4.24 Axis Ratio b/a

The single Sérsic fits also provide information on the galaxies’ axis ratio, represented
by the ratio of semi-minor axis (b) and semi-major axis (a) of the best-fit model. This
ratio provides information on the galaxies’ ellipticity (1 — b/a). Fig. 2.11 presents the
distribution of b/a for different BCG morphologies. The b/a values of disk BCGs span
a wide range, from very small values to b/a > 0.8, with most disk BCGs having rela-
tively small b/a ratios (peaking around b/a ~ 0.5). This distribution is characteristic
of disk galaxies with a broad range of orientations. Elliptical and cD BCGs tend to
have much larger values of b/a: almost all of them have b/a > 0.6. Interestingly, a
K-S test demonstrates that the ellipticity distributions of elliptical and cD BCGs are
different. Fig. 2.11 shows that elliptical BCGs tend to have a rounder profile than cD
galaxies, which may partially due to the lack of the extended envelopes. Fasano et al.
(2010) found that cDs tend to have prolate shapes, while elliptical BCGs do not show
any preference of prolateness. Our results may support their finding, but a more de-

tailed study of the 3D galaxy profiles is needed.

These results show a clear link between the visual morphologies of BCGs and their
structural properties. Although cD galaxies tend to have similar shapes to elliptical
BCGs, they usually have larger sizes and their structures generally deviate more from
single Sérsic profiles. In contrast, elliptical BCGs tend to be smaller, and their light
profiles are statistically more consistent with single Sérsic models. These structural
differences, especially in IR, and RFF, could therefore provide quantitative ways to
separate elliptical and cD BCGs without relying on visual inspection. We will explore

these issues in Section 2.5.

2.4.3 Sérsic+Exponential Models

The RFF distributions shown in Section 2.4.2 indicate that elliptical BCGs are statis-
tically better fitted by a single Sérsic model than cDs. Since a distinctive feature of
cD galaxies is their extended luminous halo, two-component models may be more ap-

propriate to describe accurately the light distributions of cD BCGs. Following Seigar,
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Figure 2.11: Distribution of the axis ratio (b/a) from single Sérsic fits for the BCGs divided by
morphology. The red solid line corresponds to cD galaxies, the green dashed line to ellipticals,
and the blue dotted line to spirals and SOs. The p-value is derived from two-sample Kolmogorov-
Smirnov tests, indicating the significance of the observed differences between the cD and elliptical
BCG parameter distributions. Elliptical BCGs tend to have a more spheroidal shape than cD galax-
ies.
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Figure 2.12: Comparison of the residuals between single Sérsic and Sérsic+Exponential models.
The left panel shows the fractional differences in RFF obtained with two-component and one-
component fits for cD (red solid line), elliptical (green dashed line), and disk (blue dotted line)
BCGs. The right panel shows the corresponding fractional differences for y2.
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Graham & Jerjen (2007) and Donzelli, Muriel & Madrid (2011), we explore here how a
model consisting of an inner Sérsic profile and an outer exponential envelope performs

when fitting BCG images. The fitting process was described in detail in Section 2.3.3.

As shown in Section 2.3.5, both RFF and XZ can provide quantitative information
to assess whether BCGs are better fitted by a two-component model than by a one-
component model, at least in very clear cases. Fig. 2.12 shows a comparison of
these parameters obtained for single Sérsic and Sérsic+Exponential models. In the left
panel we show a histogram of the fractional differences in the RFF values (RF'F}. —
RFFy.)/ RF F,. for all three BCG types, where RF F5. denotes RFF for two-component
(Sérsic+Exponential) models. The right panel shows the corresponding x? fractional
differences (x7 ;. — X5 ¢)/Xp1.- It is clear that for disk BCGs, the Sérsic+Exponential
model does a better job. This is not surprising since spiral and lenticular galaxies con-
tain clearly distinct bulges and disks. For elliptical BCGs the improvement in RFF and
X2 for two-component models is generally quite small, as expected: elliptical galaxies
are known to be reasonably well fitted by Sérsic models, so the extra component does
not improve the residuals significantly. Perhaps surprisingly, the improvement is also
only marginally better for cDs: the typical fractional differences for cD galaxies are
(RFFi.—RFFy)/RFF\. = 0111755 and (X3 10— Xi2e) /X 1e = 0.0350033 (median
+/— 1st and 3rd quartiles of the parameter distributions). We checked that consistent
results are obtained if we use Sérsic+Sérsic model fits instead of Sérsic+Exponential

ones: no clear improvement in RFF or 2 is found for ¢D galaxies in this case either.

Since the distributions shown in Fig. 2.12 for ellipticals and cDs are statistically in-
distinguishable, there is no clear separation that could be used to distinguish elliptical
and cD BCGs by comparing one-component and two-component fits. Moreover, on
average, Sérsic+Exponential model (also Sérsic+Sérsic model) does not fit the profile
of cD BCGs clearly better than single Sérsic model, implying that the light profiles
of cD galaxies might be more complex and one model might not be good enough to
represent all their profiles. Since there is no clear improvement in the two-component
model, the model with the smallest number of parameters (i.e., single Sérsic model)
will be preferred for simplicity. The following discussions are based on the results

from the single Sérsic fits.
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2.4.4 Summary of Section 2.4

In this section we have analysed the differences in the structural properties of BCGs
as a function of morphology. These structural parameters have been derived from one-
component (Sérsic) and two-component (Sérsic+Exponential) model fits. Disk BCGs
(a small minority) have smaller Sérsic indices (n) than elliptical and cD BCGs, as
expected. They also have different, generally broader, distributions of RFF and 2.
Elliptical and cD BCGs have similar n values, but cDs tend to have larger values of
R., RFF and 2. These differences do not depend strongly on whether we use one- or

two-component models.

The observed structural differences could provide quantitative ways to separate ellipti-
cal and cD BCGs without relying on visual inspection. We explore these in section 2.5.
Furthermore, the differences we have found in the structural parameters suggest that
the formation histories of elliptical and cD BCGs may be different. For instance, gas-
rich major mergers and other dissipative processes may be responsible for building the
inner (Sérsic-like) component, while dissipationless minor mergers may contribute to
the build-up of the outer extended envelope and to the growth of galaxy sizes (e.g.,
Oser et al. 2010; Johansson, Naab & Ostriker 2012; Huang et al. 2013). We will ex-
plore in Chapter 3 whether the morphological and structural properties of BCGs are
linked to other intrinsic BCG properties such as their stellar mass, and/or to the proper-
ties of their environment. These links will provide more clues to the formation history

of cDs/BCGs.

2.5 Separating cD BCGs from non-cD BCGs

The results of Section 2.4.2 suggest that we may be able to use the different distribu-
tions of cD and non-cD BCGs on the logR.—log RF'I'}. plane to separate them in an
objective, quantitative and automatic way. Fig. 2.13 shows that cDs are clearly segre-
gated from other BCGs in this two-dimensional parameter space. We attempt to find
a robust, well-defined way to separate, statistically, cD and non-cD BCGs using the
information provided by this diagram. In other words, we suppose to find an “optimal

border” that can separate them.
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2.5.1 Method Description and the Optimal Border

Ideally, any process that selects cD galaxies from a sample of BCGs needs to have
high completeness (i.e., select as many of the cDs present in the sample as possible),
while avoiding contamination from non-cDs (i.e., maximising the purity of the sam-
ple). These two requirements compete with each other, and increasing completeness
often results in a decrease in sample purity, and vice-versa. We need therefore to find
the best compromise between these competing requirements. In general, the optimal
solution will depend on the specific intent for the selected sample, and therefore on
the decision of how much weight to give to completeness and to purity. It is useful
to define a measurement on the quality of the selection method that combines both
requirements in a well-defined way. The optimal solution will then be obtained by

maximising this quality parameter.

Following Hoyos et al. (2012) the sensitivity, which is often known as completeness in

astronomy, is defined as:

#TruePositives 2.3)
r= ) .
#TruePositives + #FalseNegatives
Similarly, we define specificity as:
TrueNegatives
p #lneles (2.4)

- #TrueNegatives + #FalsePositives

A “True Positive” is an object retrieved by the selection process with the required
properties (i.e., a cD galaxy that is correctly selected as such). A “False Negative” is an
item that is not retrieved by the selection process but does present the needed properties
(a cD galaxy that is not selected). A “True Negative” is an item that is rightfully
rejected by the selection process since it does not have the required properties (for
instance, an elliptical galaxy that is not selected as a cD). A “False Positive” is an item
that is incorrectly picked up by the selection process, but does not have the properties

of interest (for example, an elliptical galaxy that is wrongly selected as a cD).

Sensitivity and specificity can be combined into a single number, known as the F-score

(van Rijsbergen 1979), which provides a single measure on the quality of the selection
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process. The general formula of F-score considers both the sensitivity and specificity

of the selection to compute the score as a weighted harmonic average of r and p,

(1+8*) xpxr
p2xptr

Fg = (2.5)
where (3 is a control parameter that regulates the relative importance of completeness
with respect to specificity. Fz measures the effectiveness of retrieval with respect to
a user who attaches  times as much importance to sensitivity r as specificity p.
is a user-supplied value that depends on the particular goals of the study. We will
explore later how the choice of /3 affects our selecting results. At this stage, a value
of § = 1.25 is used, which can be thought of as weighing completeness more than
the lack of contamination. For our BCG samples, the F-score is used to grade the
performance of the diagnostics we use when separating cD galaxies from the parent

population.

The selection process that we will apply to the parent population of BCGs in order to
select cD galaxies will be defined by a “border” in the logR.—log RF'F}. plane (see
Fig. 2.13). This border will be represented by a second-order polynomial in the hor-
izontal coordinate. Higher-order polynomials (or more conplex functions) could be
used, but the additional complexity is not required here. In our specific problem, the
cD galaxies play the role of the “items presenting the required properties” discussed

above, and the parent population is the complete sample of BCGs.

According to the definition of sensitivity and specificity, the BCGs in the parent sam-
ple are classified into four categories by their position relative to the border. In the
log R.—log RE'F}. plane, cD galaxies dominate the region of large R, and REF'F;.. We

therefore define this region as the “cD side”. Thus

e cD galaxies that fall on the cD side of the border are True Positives.

e cD galaxies that do not fall on the cD side of the border are called False Nega-

tives.

e clliptical and disk (spiral and SO) BCGs that fall on the cD side are regarded as

False Positives.
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e clliptical and disk (spiral and SO) BCGs that do not fall on the c¢D side of the

border are True Negatives.

The optimal border is found by maximising the F-score value. Following the method
described in Hoyos et al. (2012), we use the Amoeba algorithm (Press & Spergel,

1988) to carry out this maximization and find the polynomial defining the border.

It is clear from Fig. 2.13 that the selected galaxy sample on the cD side of the optimal
border will not contain only cD galaxies, and a degree of contamination will be present.

We define contamination (Hoyos et al., 2012) as:

O #non-cDs tested as positive

2.6
#all positives (2-6)

The numerator are the non-cD BCGs which are on the cD side of the optimal border.
The denominator of this fraction includes both cD galaxies and non-cD BCGs on the

cD side.

Fig. 2.13 shows the log R.—log RF'Fi. plane for the BCGs in our sample. The Amoeba
algorithm requires a first guess for the border, shown by the black horizontal dotted
line. The optimal border determined by the algorithm does not depend on the exact
initial guess. The blue solid curve is the optimal border determined when we consider
all cD galaxies (cD, cD/E and cD/S0) as cD galaxies. This border, computed using
B = 1.25, has an F-score = 0.69. 75% of all the cD galaxies are above the border (r =
0.75), and thus selected from the parent sample. The remaining 25% are mixed with the
elliptical and disk BCGs in the region below the border. This selection therefore yields
75% completeness. The galaxy sample above the border contains 311 c¢D galaxies and
79 non-cD BCGs resulting in a ~ 20% contamination in the selected cD samples. In
the region below the border there are 103 cD galaxies and 122 and non-cD BCGs.
Thus, the non-cD BGC sample has a contamination of 46% from cD galaxies. This
indicates that this technique is more effective (cleaner) at selecting cD galaxies than at

selecting non-cD BCGs.

Note that if we consider a “cleaner” sample that contains only pure cD and pure ellip-
tical BCGs (excluding all ¢cD/E, c¢D/SO0, E/cD, E/SO, spiral and SO BCGs), the optimal

border (blue dashed curve in Fig. 2.13) does not change significantly, but the quality
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Figure 2.13: log R, vs. log REF'F}. for the BCGs in our sample. We use this diagram to find the
optimal border to separate cD from non-cD BCGs. The symbols are the same as in Fig. 2.5. The
black dotted line is the “first guess” for the border. The blue solid curve is the optimal border
determined when we consider all cD BCGs (cD, ¢cD/E and cD/S0) as cD galaxies. The blue dashed
curve is the optimal border determined when we consider only pure cD and pure elliptical BCGs
(excluding all cD/E, c¢D/S0, E/cD, E/SO, spiral and SO BCGs). The legend shows the maximum
F-score for the optimal borders and the corresponding completeness r and specificity p. The equa-
tions defining the optimal borders are also shown. The error bar shows the mean error of each
parameter. We used S = 1.25 in this case.
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Figure 2.14: Two-step process to select cD BCGs. Symbols and legend are the same as in Fig. 2.13.
Disk (spiral and SO) BCGs are separated from non-disk BCGs (cDs and ellipticals) first using the
optimal border shown as the blue dashed curve. cD galaxies are then selected using the optimal
border shown as the blue solid curve. See text for details.
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of the selection as determined by the F-score value, the completeness  and the speci-
ficity p improves. This is not surprising: the identification of BCGs as pure cDs/Es (as
opposed to the “dubious” ones) depends on more secure morphological characteristics
which should be linked more clearly to the structural parameters. However, consider-
ing only this cleaner sample is not a realistic scenario since in practical cases we would
like to start from a full sample of BCGs and find which ones are cDs. Nevertheless, it
is reassuring that the border we determine does not depend very strongly on the exact

training set used.

On the selected cD side, spiral BCGs are an important source of contamination. How-
ever, since most of them appear in the large RF'F7. region, it would be possible to go a
step further to implement a simple further refinement in our method to separate spirals
from the selected cDs: very few cD galaxies have log RF'F} larger than ~ —1.1. This
would significantly improve the purity of the cD sample at very little cost in terms of

its completeness.

Moreover, it is clear from Fig. 2.13 that all disk BCGs (spirals and SOs) contribute
significantly to the contamination of either the cD or the elliptical samples separated
by the best border. However, we can use the fact that disk BCGs distribute over a
distinct area on the log R.—log RF'F}. plane to apply a two-step process to exclude
them from our cD selection. First, the disk BCGs can be separated from the elliptical
and cD BCGs, and then the cD BCGs can be selected out of the rest BCG sample.
Fig. 2.14 illustrates the results of this two-step selection. The blue dashed curve is
the optimal border determined in the the first step. By excluding disk BCGs using
this border, a very complete (r = 0.93) and pure (p = 0.87) non-disk BCG sample
is built. The cDs can then be separated from the ellipticals using the optimal border
shown by the blue solid curve with a completeness of 77% (305 cDs are selected), and
a contamination of only 14%. Compared to the single-step cD selection (311 cDs were
selected with 20% contamination), the two-step process clearly selects a very similar
number of ¢Ds but with better purity. The decision on whether the increase in purity is
worth the additional complexity is left to the reader. In the reminder of this chapter we

will use the single-step selection process for simplicity.

The automatic techniques we have developed can be applied to any BCG sample, but
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the optimal border needs to be adapted and calibrated using the imaging data from
which the parent sample was derived. The calibration can be performed using a sub-
sample of visually-classified BCGs, and then automatically applied to the complete

sample using the structural parameters determined from standard single-Sérsic fits.

A [ value needs to be chosen depending on whether we are more interested in the
completeness of the cD sample or in its purity, but we suggest that 5 = 1.25 represents
a reasonable compromise (see section 2.5.3). Furthermore, it is important to remember
that this method works better at selecting a sample of cD galaxies rather than a sample

of non-cDs.

2.5.2 Distance to the Optimal Border

It is informative to explore the distribution of the points in the log R.—log RF'F. plane
(Fig. 2.13) in terms of their minimum (perpendicular) distance to the optimal border.

We define the distance from each point to the optimal border as

1 2 1 2
D:\/(A OgRFFl(:) + (A OgRe) : (27)
Olog RFFy. Olog Re

where A log RF'F}. is the difference in log RF' Fi. between the data point and the op-

timal border, and o104 rrF,. 18 the dispersion in log RF'F'. computed for all the points.
Alog R. and 0104 g, have a similar meaning but for log R.. Note that, because the units
of the x and y axes are different, the distance is measured in units of the scatter of
each parameter. For each point, the minimum distance D,,;, can be then determined.
Fig. 2.15 shows the distribution of these minimum distances for the different mor-
phologies. As expected, the vast majority (> 80%) of the cDs show positive distances
(they are above the optimal border line) while most of the ellipticals have negative
ones. Under 20% of the cDs spill over to the negative region, severely contaminating
the non-cD sample, while a few ellipticals weakly contaminate the cD region. The
measurement errors in log R, (~ 0.16) and log RF'F'. (~ 0.13) result in distance er-

EAN1Y

rors on the order of 0.7 in this metric. This contributes to the cDs’ “spillover”, but does
not completely explain it. Reducing the measurement errors would certainly improve

the performance of our method, but it would never make it perfect.
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Figure 2.15: Distribution of the minimum distances to the optimal border shown in Fig. 2.13 for
the cD and elliptical BCGs (top panel) and the spiral and SO BCGs (bottom panel). Positive and

negative distances correspond to points above and below the optimal border line respectively.
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Figure 2.16: Distribution of the minimum distances to the optimal border shown in Fig. 2.13
for the pure cD BCGs and cD/E BCGs (top panel). The bottom panel shows the corresponding
histograms for pure E BCGs and E/cD BCGs.
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Interestingly, the spiral and SO BCGs are quite well separated: the former show mostly
positive distances while the later have mostly negative ones. This is mainly due to
spirals having generally larger RF'F. values because the spiral arms and star-forming
regions are not included in the Sérsic models, while the SOs are smoother. This clear
separation provides a possible way to separate spiral and SO galaxies, but this needs to

be further tested with large disk samples.

Another interesting result is that BCGs classified as pure and uncertain cDs (e.g., cD/E)
have very different minimum distance distributions (Fig. 2.16, top panel). About half
of the cD/E BCGs have negative distances (i.e., are on the wrong side of the border),
but only >~ 20% of the pure cDs do. Most of the spillover of the pure cDs into the
negative region, however, can be explained by the measurement errors. It should be
noticed that the difficulties inherit in the visual morphological classification are directly
reflected in the structural parameters: when the visual classifier is certain that a BCG is
a cD, its structural parameters almost always confirm it, while in uncertain cases (e.g.,
cD/E) the structural parameters reflect this uncertainty. Similar conclusions can also
be obtained from the pure elliptical BCGs and uncertain ones (e.g., E/cD), as shown in

the bottom panel of Fig. 2.16.

This analysis confirms the visual impression in terms of the BCG structure that there
is a continuous distribution in the properties of the BCG extended envelopes, rang-
ing from undetected (pure E class) to clearly detected (pure cD class), with the inter-
mediate classes (E/cD and cD/E) showing increasing degrees of envelope presence.
This continuous distribution in envelope detectability is reflected quantitatively in the
structural parameters of the BCGs, by the minimum distance to the optimal border

providing some indication of the relative importance of the envelope.

Our results from the visual classification and structure analysis confirm that there is a
spectrum in the BCG envelope strength. Although, for convenience, our analysis often
splits the majority of our BCGs into two separate populations (cDs and Es), we still
consider that there are intermediate classes in each population in order to reflect the
spectrum of BCG envelopes. Moreover, since in many ways cDs are the most interest-
ing and special BCGs, the main purpose of our best-border method is to automatically

select cD galaxies out of the parent sample in a way that is as complete and pure as we
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possibly can. Although we cannot select a 100% pure cD sample due to the existence
of a continuous envelope spectrum, the results presented in Section 2.5.1 show that the

contamination in our selected cD sample is relatively low.

2.5.3 Effect of the S Parameter

In the F-score definition, the 3 parameter is used to apportion weight to the com-
pleteness and the specificity. For larger values of § the completeness is given a larger
weight than the lack of contamination. Conversely, smaller values of 3 prioritise lack
of contamination above completeness. To test how changing /3 affects the results of the
selection process, we repeat the exercise carried out in Section 2.5.1 but using 3 = 2.0

and # = 0.5 in the determination of the optimal border.

Fig. 2.17 shows the optimal border for 5 = 2.0 (upper panel) and § = 0.5 (lower
panel). Itis clear that the 5 parameter has a decisive impact on the selection of potential
cD galaxies. As shown in the upper panel, when compared to the 8 = 1.25 results, 11%
more galaxies are correctly identified as cDs, significantly increasing the completeness.
The price paid is that the specificity goes down from 61% to 46% since more non-cD
BCGs are included. Conversely, in the lower panel (5 = 0.5) the selected cD sample
is purer (p = 0.85), but at the expense of completeness, with 20% fewer cD galaxies

selected when compared with the § = 1.25 result.

With 8 = 2.0, the contamination of the c¢cD sample by non-cDs is 23%, while the
contamination of the non-cD sample by cDs is 39%. With § = 0.5, the corresponding
values are 12% and 52% respectively. Therefore, for any value of (3 this selecting
technique is cleaner and more effective at selecting cD galaxies than at selecting non-

cD BCGs.

As before, if we consider a cleaner sample that contains only pure cD and pure ellip-
tical BCGs, the optimal border (blue dashed curve) does not change significantly, but
the F-score value, the completeness 7 and the specificity p improve. However, we have

argued that this does not represent a realistic scenario.

We conclude that 5 = 1.25 represents a good compromise, as its optimal border picks

up a cD galaxy sample reasonably complete, and with relatively small contamination.
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Figure 2.17: Illustration of the effect of 5 on the optimal border. The symbols, lines and legends
have the same meaning as in Fig. 2.13 but we use 8 = 2.0 for the upper panel and 5 = 0.5
for the lower panel. With 5 = 2.0 we give more weight to the completeness than to the lack of
contamination. When using 8 = 0.5, the lack of contamination is given more importance than
achieving higher completeness. The choice on § depends on the aims of the specific research.
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However, no single value of 5 can be considered to be “correct” and needs to be set

according to the scientific goals of the study.

2.6 Conclusions

In this chapter we have analysed a well-defined sample of 625 low-redshift Brightest
Cluster Galaxies published in von der Linden et al. (2007) with the aim of linking their
morphologies to their structural properties. We morphologically classified the BCGs
using SDSS r-band images and found that over half of them (~ 57%) are pure cD
galaxies and pure elliptical BCGs constitute ~ 13% of the sample. The intermediate
classes (mostly cD/E or E/cD) account for ~ 21%. This suggests a continuous dis-
tribution in the properties of the BCG extended envelopes, ranging from undetected
(pure E class) to clearly detected (pure cD class), with the intermediate classes (E/cD
and cD/E) showing increasing degrees of envelope presence. We found this contin-
uous distribution in envelope detectability is reflected quantitatively in the structural
parameters of the BCGs. There is also a minority of BCGs that are neither cD nor
elliptical. About 7% are disk galaxies (spirals and SOs, in similar proportions) and the

rest (~ 2%) are in merging.

In order to link the morphologies of the BCGs to their structural properties, we have
fitted the BCG’s light distributions with the SDSS r-band images using one-component
(Sérsic) and two-component (Sérsic+Exponential) models. We first characterised how
well the models fit the target BCG by using two quantitative diagnostics. One diagnos-
tic is the residual flux fraction (RFF), which measures the fraction of the galaxy flux
present in the residual images after subtracting the models. The other diagnostic is the
reduced y2. We concluded that generally it is very difficult to find a robust diagnostic
to decide, in a statistic way, whether a one-component or a two-component model is
preferred for BCGs, especially for cD galaxies. Since there is no evident improvement
by using two-component model fits, our other conclusions rely on the one-component

Sérsic fits.

From simple one-component Sérsic profile fits, we have found a clear link between the

BCGs morphologies and their structures, and claimed that a combination of the best-fit
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parameters can be used to separate cD galaxies from non-cD BCGs. In particular, cDs
and non-cDs show very different distributions in the R.—RF'F}. plane, where R, is the
effective radius and RF'F, is the residual flux fraction, both determined from Sérsic
fits. cDs have, generally, larger R, and RF'Fi. values than ellipticals. Therefore we
found, in a statistically robust way, a boundary to separate cD and non-cD BCGs in
this parameter space. BCGs with cD morphology can be selected with reasonably high

completeness (~ 75%) and low contamination (~ 20%).

This automatic and objective technique can be applied to any current or future BCG
samples which have good quality images. The method needs to be adapted and cali-
brated using the imaging data from which the parent sample was derived. Once cal-
ibrated with a representative sub-sample of visually-classified BCGs, this technique
can be applied to the complete sample using the structural parameters determined from

standard single-Sérsic fits.

In Chapter 3 we will explore how the morphological and structural properties of BCGs
are linked to other intrinsic BCG properties such as their stellar mass, and/or to the
properties of their environments. These links will provide more clues to the formation

history of cDs/BCGs.



Chapter 3

Evolution of the Brightest Cluster
Galaxies: the influence of morphology,

stellar mass and environment

The entirety of this chapter is published in Zhao, Aragén-Salamanca & Conselice

(2015Db).

3.1 Introduction

The brightest cluster galaxies (BCGs) are the most luminous and massive galaxies in
the universe. They are found at the centres of galaxy clusters and groups, and exhibit
many unique properties (see, e.g., Tonry 1987; Kormendy & Djorgovski 1989; Jordan
et al. 2004; LO7). Their origin and evolution is intimately linked with the evolution of
their host clusters, and therefore can provide direct information on the formation and

history of large-scale structures in universe (Conroy, Wechsler & Kravtsov 2007).

Many scenarios have been proposed to explain the formation and evolution of BCGs.
One of them is galactic cannibalism (White, 1976; Ostriker & Hausman, 1977; Garijo,
Athanassoula & Garcia-Gomez, 1997), where BCGs were formed as a result of hierar-
chical mergers of smaller galaxies. Other hypotheses include tidal stripping from clus-

ter galaxies (Richstone, 1976; Merritt, 1985), and star formation in the cluster core,
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where BCGs are formed through cooling flows (Fabian, 1994). Recently, numerical
simulations and semi-analytic models suggest a two-phase process for BCGs forma-
tion. In these models, the stellar component of BCGs was initially formed through the
collapse of cooling gas or gas-rich mergers at high redshifts; subsequently, BCGs con-
tinued to grow substantially by dissipationless processes such as dry mergers (De Lucia
& Blaizot, 2007; Naab, Johansson & Ostriker, 2009; Laporte et al., 2012). This inside-
out formation scenario is broadly consistent with observations, avoiding the need for
cooling flows to provide the cold gas that would be necessary if BCGs had formed at
later times. It also overcomes the problem caused by the merger rate in clusters being
too low due to the high velocity dispersion in dynamically relaxed clusters. However,
some studies such as Ascaso et al. (2011) claimed that feedback rather than merging
processes are the main mechanism affecting the evolution of the BCGs to the present
epoch, ending the star formation within these systems. Therefore, many important
details in the processes governing BCG formation and evolution are still unclear and

deserve further investigation.

Since BCGs poses unique properties (e.g., distinct structures and morphologies, and
very high stellar masses) and reside in special environments (the core of groups and
clusters), studying the relationship between their properties and their environments will
help to constrain the theories of BCG formation and evolution and tell us whether the
intrinsic properties of BCGs or the environment play a dominant role in their history.
In this context, it is important to bear in mind that, while both the location of BCGs
at the bottom of the potential wells of clusters and their dominance at the massive end
of the galaxy luminosity function may influence their properties, it is nonetheless very
difficult to disentangle these two influences since it is hard to find equally massive non-
BCGs for comparison. Therefore, when comparing BCGs and non-BCGs, differences

in the mass range spanned by the samples may bias the results.

One key observational property of BCGs is that many of them show unique morpholo-
gies. The vast majority (but not all, see Chapter 2) BCGs are early-type galaxies. Most
BCGs are classified as either elliptical or cD galaxies (Lauer & Postman, 1992; Fasano
et al., 2010; Zhao, Aragon-Salamanca & Conselice, 2015a). The defining character-

istic separating these two morphological types is the presence of an extended, low-
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surface-brightness stellar envelope in cDs that is absent in ellipticals (e.g. Dressler
1984; Oegerle & Hill 2001). Since cDs are not found outside the BCG galaxy popula-
tion, it is very important to consider this unique galaxy class when studying BCGs. We
will therefore use morphology as one of the main observables in this chapter, focusing

on the different properties of elliptical and cD BCGs.

Many previous observational works usually study the BCG population as a whole, and
compare it with the population of elliptical galaxies that are not BCGs (Bernardi et al.
2007; Lauer et al. 2007; LO7; Liu et al. 2008). However, there has been some recent
work exploring the structural differences between cluster ellipticals and BCGs with
different morphologies. Fasano et al. (2010) found that, while non-BCG cluster el-
lipticals generally have triaxial shape with a weak preference for prolateness, BCGs
are also triaxial but with a much higher tendency towards prolateness. Such a strong
prolateness appears entirely due to the fact that cDs dominate the BCG population.
In fact, while the shape of elliptical BCGs does not differ from other cluster ellipti-
cals, cDs tend to have prolate shapes. Furthermore, they suggest that the prolateness
of the cDs could reflect the shape of the associated dark matter haloes. In Chapter 2,
we have studied in detail the morphology and structure of BCGs, demonstrating that
the morphological distinction between ellipticals and cDs is accompanied by quantita-
tive structural differences. cD BCGs generally have much larger sizes and their light
profiles cannot be modelled accurately using single Sérsic functions. Conversely, el-
liptical BCGs are smaller and single Sérsic profiles provide better fits to their surface
brightness distributions. These differences in morphology and structure suggest that
cD and elliptical BCGs have followed different evolutionary paths. We investigate

these possible scenarios in this chapter.

There has been a significant amount of work addressing the formation and evolution
of BCGs. For example, Guo et al. (2009) studied how the structural parameters of
central cluster galaxies correlate with their stellar masses and their host dark matter
(DM) halo mass. They found that stellar mass is the dominant property dictating the
shape and size of these galaxies, and suggest that the DM halo mass does not play a
very significant role. Hogg et al. (2004), Kauffmann et al. (2004) and van der Wel

et al. (2008) also reached similar conclusions. In contrast, other studies (e.g., Ascaso
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et al. 2011) claimed that there is a significant correlation between the cluster mass
and the properties of BCGs. Furthermore, Tovmassian & Andernach (2012) added
the cluster richness to the halo/cluster mass as another environmental indicator. They
found that the absolute K -band luminosity of cD galaxies (a good proxy for stellar
mass) strongly depends on the cluster richness, but less strongly on the cluster velocity
dispersion (a proxy for DM halo mass). Therefore, since the effects of the halo mass
and the cluster richness could be different, it is necessary to take them into account as

separate environmental parameters when studying BCG evolution.

Many other recent papers have studied the properties of BCGs in relation to other early-
type galaxies, providing important clues to how they form and evolve. Some exam-
ples include Shankar et al. (2013, 2014a,b, 2015); Huertas-Company et al. (2013b,c);
Bernardi (2009). For the sake of brevity, we will not describe their findings here but

we will mention them in the following discussion when relevant.

In this chapter we use the well-defined local sample of 625 BCGs from LO7 and carry
out a comprehensive and systematic statistical study on the correlation between BCGs
intrinsic properties (structure, morphology and stellar mass) and their environment.
We consider two environmental measures, a global one (the DM cluster halo mass,
characterised by its velocity dispersion) and a local one (the galaxy density). In doing

so we will obtain very valuable additional information on how BCGs form and evolve.

The galaxy groups and clusters these BCGs inhabit span a very broad range of total
masses, from ~ 1013 M, to ~ 10'® M. Since there is no clear boundary separating
“clusters” from “groups” (although 10** M, could be taken as the transition mass), we
will study group and cluster BCGs together. We will explore how the masses of the

parent groups/clusters affect the properties and evolution of the BCGs.

This chapter is organized as follows. In Section 3.2 we introduce the BCG sample,
and describe the observables we will use (morphologies, structural parameters, stel-
lar masses, environmental densities, and DM halo virial masses). In Section 3.3 we
show how the structural parameters of the BCGs relate to their stellar masses, and
their global and local environment, and discuss the implications of the correlations we
find on the formation of the BCG population. In Section 3.4 we go one step further

and bring the galaxy morphologies into the general picture to learn about the distinct
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evolutionary history of cD and elliptical BCGs. We summarise our main conclusions
in Section 3.5. Throughout this chapter we have adopted the ACDM cosmology with
0, =0.3,Q4 =0.7,and Hy = 70 km s~! Mpc™.

3.2 BCG Sample and Properties

The parent BCG sample we use in this chapter comes from the catalogue published by
L0O7 which contains 625 BCGs residing in galaxy groups and clusters at 0.02 < z <

0.10. See Chapter 2 for more description on this catalogue.

In Chapter 2 we also presented visual morphologies for these 625 BCGs. The BCGs
were classified into three main types: 414 cD BCGs, 155 elliptical BCGs, and 46 disk
BCGs. There are also 10 BCGs undergoing major mergers. The detailed description of
our morphology classification can be found in Section 2.2.1. In this chapter we carry
out our study on the three main types of BCGs, but not the 10 mergers. The sample

therefore contains 615 BCGs.

The structural properties (Sérsic index n and effective radius R.') that we use in this
chapter were also obtained in Chapter 2. These were derived from SDSS DR7 r-band
images using two-dimensional single Sérsic (1963) model fits to the galaxies’ light
profiles. The detailed description of the fitting procedure and structural parameter
estimation can be found in Chapter 2. The values of R, and n that we obtained are
broadly compatible with the ones published by Guo et al. (2009). However, there
are some relatively minor systematic differences due to the improvements in the sky
subtraction procedure implemented in Chapter 2. A direct comparison is presented in

Appendix B.1.

The stellar masses we use come from “The MPA-JHU DR7 release of spectrum mea-
surements” (see http://mpa-garching.mpg.de/SDSS/DR7/)>. Hereafter we call these
“MPA-JHU masses”. These stellar masses are obtained via spectral energy distribu-
tion (SED) fits to the DR7 photometric data using a Kroupa (2001) Initial Mass Func-

tion (IMF). More details on the stellar mass measurement can be found in Chapter 4.

IStrictly speaking, R, is the effective semi-major axis of the single Sérsic model fit.
%In this work we use their updated stellar masses from http://home.strw.leidenuniv.nl/~jarle/SDSS/.
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The number of BCGs in our sample which have MPA—-JHU stellar mass information is
591, 1.e., 96%. The very small minority of galaxies without stellar masses include 20
galaxies for which no spectroscopic redshift is available (essential to determine accu-
rate distances) and 4 for which the MPA-JHU catalogue fails to provide a value for the
mass, presumable because the SED fitting method does not yield a reliable solution.
Since only 4% of the galaxies in the parent sample do not have stellar masses, we do
not expect them to have any significant influence in our results. At this stage, and in
order to ensure we have a stellar-mass-selected sample, we impose a minimum mass
of 3 x 10'° M, which reduces the sample to 535 BCGs. This limit also eliminates a
few galaxies whose stellar masses, structural parameters and morphologies have larger

uncertainties due to their faint magnitudes.

These MPA-JHU stellar masses are derived from SDSS Petrosian magnitudes. Pet-
rosian magnitudes are measured by SDSS as the galaxy fluxes within a circular aper-
ture whose radius is twice the Petrosian radius. In order to determine the Petrosian
radius, SDSS first define the Petrosian ratio Rp(r) at a radius r from the centre of an
object to be the ratio of the local surface brightness in an annulus at r to the mean
surface brightness within . The Petrosian radius is then defined as the radius at
which Rp = 0.2. The Petrosian flux is then defined as the flux within twice the
Petrosian radius. The galaxy light profile used in the calculation of this flux is the
galaxy’s azimuthally averaged surface brightness profile. By definition, Petrosian mag-
nitudes/fluxes are therefore not dependent on the fitting parameters that obtained from
the single-Sérsic fits. This is important since it allows us to look for independent cor-
relations between stellar mass and the fit parameters. Alternatively, Guo et al. (2009)
estimated stellar masses using photometric fluxes derived from their single Sérsic fits
of galaxy light profiles. Such a method results in model-dependent stellar masses,
which may produce spurious correlations between the masses and the model parame-
ters. We will discuss this in more detail in Section 3.3, and we will argue that for our

study the MPA—JHU Petrosian-based stellar masses should be preferred.

The final key ingredients in our study are quantitative measurements of the environ-
ments where the BCGs reside. We will use two distinct descriptions of the environ-

ment, global and local. The “global environment” is governed by the properties of
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the cluster/group that contains the BCG, and in particular its total mass (including the
dark-matter halo). We use the velocity dispersion of the cluster (o299) published by
LO7 to estimate the halo virial mass M, using the Equation 10 of Finn et al. (2005),
which is
3
M200 =12x 1015 <&>

1000 km s~
] 3.1)
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The group and cluster sample studied here covers a broad range of masses, from

Mooy ~ 103 M to Magy ~ 10 M, peaking at Mooy ~ 104 M, (see Fig. 3.6).

To characterise the “local environment” we use the environmental luminosity den-
sity introduced by Tempel, Tago & Liivamégi (2012). The environmental luminosity
density is derived from the luminosity density field defined from a sample of galaxy
groups. Tempel, Tago & Liivamaégi (2012) first search for galaxy groups with a friends-
of-friends method that uses a certain linking length (or neighbourhood radius) to find
as many groups as possible and to ensure the group properties do not change with
distance. To calculate the luminosity density field, the expected total luminosity of
groups and isolated galaxies needs to be known. For each galaxy, they assume that
it represents a related group of galaxies which lie outside the observational window
of the survey. Therefore, the total luminosity is calculated for each galaxy but taking
into account the luminosity of the unobserved galaxies. The luminosity density field
is then calculated on a regular cartesian grid generated by using the SDSS angular co-
ordinates. For each vertex, the luminosity density is calculated by a kernel sum which
is a summation of the total luminosities of the galaxies within a kernel scale. Tempel,
Tago & Liivamégi (2012) find the environmental density for all galaxies and groups by
linearly interpolating the density field values in neighbouring vertices for the location
of the galaxy or the group. The details of the calculation of the luminosity density field

can be found in Tempel, Tago & Liivamagi (2012).

This is a good proxy for the environmental stellar mass density, which, as argued by
Wolf et al. (2009), is a better and more robust measurement of the environment than
galaxy number density. The main advantages of using stellar mass (or luminosity) den-

sity over galaxy number density are twofold. First, the environmental luminosity/mass
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density does not depend strongly on the exact details of the galaxy sample used to de-
fine it, such as the magnitude limit, provided that it reaches significantly fainter than
the “knee” of the luminosity function. And second, it represents better the strength of
the interactions that a galaxy may experience from its neighbours: it is not the same to
be surrounded by N faint low-mass galaxies than by /V bright high-mass ones. Tem-
pel, Tago & Liivamigi (2012) determined these environmental densities using SDSS
r-band luminosities with a smoothing scale of 1h~*Mpc. The total number of BCGs
in our mass-limited sample for which we have both stellar masses and environmen-
tal densities is 425. The galaxies for which environmental densities are not available
are outside the footprint of the contiguous sky region covered by the work of Tempel,
Tago & Liivamigi (2012), and therefore there is no reason to believe that their exclu-
sion from our analysis will bias our conclusions. The BCG sample covers one order of

magnitude in environmental density (see Fig. 3.6).

In what follows, we will consider the sample comprising the 425 M, > 3 x 10 M,
BCGs with cD (275), elliptical (116), SO (15) and spiral (19) morphologies for which

we have obtained stellar masses, cluster masses and environmental densities.

3.3 Correlations between BCG Properties

In this section we analyse the correlations (or lack thereof) between the structural pa-
rameters, masses and environments (global and local) of the BCG population as a
whole and discuss their implications. In Section 3.4 we will include morphology as an

additional key property.

3.3.1 Stellar Masses and Structural Parameters

First we explore the relation between the BCGs structural parameters (Sérsic index
n and effective radius R,) and their stellar mass M,. In the top panel of Fig. 3.1 we
investigate whether there is a statistical correlation between the galaxies’ profile shape,
characterised by n, and their stellar mass. To guide the eye, we have binned the data in

stellar mass bins 0.15 dex wide. The black squares with error bars show the median and
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Figure 3.1: Comparison between the stellar masses and the structural parameters of the BCGs in
our sample. Upper panel: Sérsic-index n vs. MPA-JHU stellar mass M,. Lower panel: effective
radius R, vs. M,. Red plus signs, green crosses, magenta open squares and blue open triangles
correspond to cD, elliptical, SO and spiral BCGs, respectively. Black solid squares with error
bars in upper panel show the median and the 84 and 16 percentiles (~ 1o) of each parameter in
0.15 dex log M., bins for the combined cD and elliptical BCGs. Red dots and green diamonds with
error bars in lower panel are for cD and elliptical BCGs, respectively. Bins with fewer than 20
galaxies are excluded due to their large statistical uncertainties. The black solid line in the lower
panel corresponds to the best-fit relation for the normal (non-BCG) early-type galaxy population,
defined to have n > 2.5, from Shen et al. (2003). The dashed lines correspond to the 1o scatter in

this relation.
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the 84 and 16 percentiles (~ 1o) of the n distributions for each mass bin, considering
only the BCGs with cD and elliptical morphologies. In order to avoid large statistical

uncertainties, we exclude bins with fewer than 20 galaxies.

We find no correlation between n and M, for these galaxies. The median n for the
elliptical and cD BCGs is 6.02, which indicates that, on average, these galaxies have
both centrally-concentrated light profiles and extended envelopes, as expected for a
population dominated by cDs (see Chapter 2 and references therein). Interestingly, as
Chapter 2 pointed out, there is little separation between the n distributions of ¢D and
elliptical galaxies. A Kolmogorov-Smirnov test indicates that the difference is only
significant at the 20 level. The median Sérsic index n is 6.12+7:%5 for cDs and 5.867%%)
for ellipticals®. The slightly larger median n value of the cD galaxies is driven by their

extended envelope. As expected, disk BCGs (spirals and SOs) have significantly lower

n values (2.91 and 3.88 respectively).

The lack of correlation between n and M, for the BCGs in our sample contrasts
with the findings of Guo et al. (2009), who claimed a clear positive correlation in
the sense that more massive BCGs seem to have higher values of n. As we show
in Appendix B.2, we believe this may be due to the fact that Guo et al. (2009) es-
timated stellar masses from total luminosities derived from single Sérsic model fits.
These luminosities (and the derived stellar masses) depend on the value of n, and this

dependency could drive an artificial correlation.

As an aside, we note that in the upper panel of Fig. 3.1 there is a small number of cD
and elliptical BCGs whose n is quite large (n > 12). It is important to realise that for
large n (n > 6 or so) very small changes in the light profile result in large changes
in n, and thus all values of n above ~ 6 correspond essentially to the same profile.
Furthermore, a visual inspection of the fits and the residuals indicate that these large n
objects are usually surrounded by multiple close bright companions (or, in a few cases,
a bright nearby star). This makes the fits less reliable. Furthermore, some of these
objects have double cores, and therefore a single Sérsic profile is not a good model
of their surface brightness distribution. In these cases, the derived model parameters

should be taken with caution. Since the fraction of affected objects is quite small,

3The errors quoted for median values correspond to the 84 and 16 percentiles of the distributions
(~ 1o scatter).
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they do not affect the statistical conclusions of this study. Removing them would
have no significant statistical effect, and they are therefore kept in our analysis for
completeness. Another reason for this that the high n systems are distributed over all

stellar masses, and not just found within the high or low stellar mass systems.

We examine now the relationship between the effective radius R, and the stellar mass
of the BCGs shown in the lower panel of Fig. 3.1. For comparison, we show the
relation found for normal non-BCG early-type galaxies by Shen et al. (2003) selected
from the SDSS survey as system with n > 2.5. The sizes and stellar masses published
by Shen et al. (2003) are directly comparable to the ones we use. Their effective radii
are computed from single Sérsic fits to SDSS images, like ours, and their stellar masses
are also derived using the method of Kauffmann ez al. (2003). Note that the Shen ez al.
(2003) sample is dominated by field galaxies, although we will see below that similar

conclusions are obtained for cluster early-types.

The effective radii of early-type BCGs is strongly correlated with their stellar masses:
on average, IR, increases when M, increases, but the scatter is large (about ~ 0.3 dex,
or a factor of ~ 2 in R, at a given mass). In agreement with Bernardi (2009), we
find that almost all the BCGs are above the average relation for non-BCG early types,
and the slope is similar (within a large uncertainty). The scatter is also larger for the
BCGs than for the other early-type galaxies. Notwithstanding this large scatter, the
median radius of BCGs is about twice as large as that of non-BCG early types of
similar masses. This difference is largely due to the cD galaxies, which dominate the
sample. As shown in the lower panel of Fig. 3.1, when we analyse the properties of
BCGs separated by morphology, elliptical BCGs are, on average, significantly smaller
than cDs. The minority of BCGs that have disk (spiral and SO) morphologies tend to

populate the low end of the size distribution.

Fig. 3.1 also shows that the BCGs in our sample span a very broad range of stellar
masses (10'%5-10'2 M). This is mainly due to the fact that these BCGs are hosted
by galaxy groups and clusters with very different masses (Fig. 3.6), combined with
the weak correlation between the galaxies’ stellar masses and M, (Fig. 3.4). Nev-
ertheless, it is clear that at all stellar masses BCGs have larger radii than non-BCG

early-type galaxies. This agrees with the findings of Valentinuzzi et al. (2010) and
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Vulcani et al. (2014) for low-redshift BCG and non-BCG galaxies in the clusters of
Wilde-field Nearby Galaxy-cluster Survey (WINGS; see their Fig. 11). Although a de-
tailed quantitative comparison is very difficult given the differences in methodology
combined with the fact the the WINGS sample does not include groups, it is reassur-
ing to see that compatible results are obtained independently. Note also that the stellar
masses of the WINGS BCGs are all in the range 10*-10'? M, where most of our
BCGs lie, but we also have BCGs with lower stellar masses since our sample includes

both clusters and groups.

3.3.2 Local Environment: the Effect of Galaxy Density

We explore now the relationship between the local environment that BCGs inhabit
and their intrinsic properties (structural parameters and stellar masses). As discussed
in Section 3.2, we use the environmental luminosity density of Tempel, Tago & Li-
ivamigi (2012) to characterise the local environment. In the three panels of Fig. 3.2
we plot the Sérsic index n, the effective radius R., and the MPA-JHU stellar mass
M, vs. this density. The left panel shows that there is no correlation between n and
density (Pearson correlation coefficient 0.03). However, both R, and M, clearly cor-
relate, on average, with density (correlation coefficients 0.32 and 0.49 respectively).
Although there is significant scatter, larger and more massive BCGs tend to inhabit

denser environments.

It appears that local density correlates with both the size and the stellar mass of the
early-type BCGs. However, Fig. 3.1 shows that R, correlates with M,. It is therefore
important to ascertain which of these two parameters is the intrinsic driver of the corre-
lations with density. To do this, in the left panel of Fig. 3.3 we plot R, vs. M, binning
the galaxies by density. We only include c¢D and elliptical BCGs. For a given stellar
mass, the median R, is the same for all densities. This suggests that density does not
affect BCG size directly, but only through its dependence with stellar mass. In the
right panel of this figure we show the M,—density relation again, but now binning the
galaxies by radius. For galaxies of all sizes, there is a clear correlation between stellar
mass and environment: more massive BCGs tend to inhabit denser regions, regardless

of their radius. This implies that the stellar mass—density correlation is the more funda-
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mental one, and that the environment affects the BCG stellar mass more directly than

their sizes.

The fact that the mass-size relation for the general galaxy population does not depend
significantly on environment (at least at low redshift) has been found in several recent
studies (e.g., Shen et al., 2003; Maltby et al., 2010; Rettura et al., 2010; Huertas-
Company et al., 2013b,c; Poggianti et al., 2013). Our results reveal that this is also
true for BCGs.

3.3.3 Global Environment: the Effect of the Cluster Mass

We now consider the effect of the global environment (characterised by the total mass
of the host cluster My; see Section 3.2) on the properties of the BCGs. Fig. 3.4 shows
the relation of My with the Sérsic index n, effective radius R., stellar mass M, and

environmental density (from left to right).

The Sérsic index does not show any dependence on the halo virial mass (Pearson cor-
relation coefficient —(0.04). Both effective radius and stellar mass show a small degree
of correlation with My, albeit with large scatter (correlation coefficients 0.26 and
0.17 respectively)*. As before, we need to explore which of these two parameters is
the driver of the observed correlations. The first panel of Fig. 3.5 shows that the stellar
mass—size relation does not depend on the My, (global environment), in agreement
with the findings of Shankar et al. (2014b). Since we also found in Section 3.3.2 that
the size of BCGs is not directly affected by the local environment (or galaxy density)
we conclude that any apparent environmental effect on R, is driven by the stellar mass—
size relation combined with the environmental dependence (or dependencies) of stellar

mass.

We now consider the effect of environment on the BCGs’ stellar masses. Previous
studies have found that the stellar masses of the BCGs correlate with the total mass (or
velocity dispersion) of the host cluster (e.g., Whiley et al., 2008; Ascaso et al., 2011).
One complication that plagues all environmental studies is the fact that the two char-

acterisations of the environment that we use (local and global) are, not surprisingly,

4Note that R, and M, correlate more weakly with Msg than with the environmental density (com-
pare Figs. 3.2 and 3.4).
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correlated (see rightmost panel of Fig. 3.4), although not very tightly (correlation coef-
ficient 0.33). However, these two measures of environment are clearly not representing
the same physical scales or the same range of physical processes, and their evolution is
largely decoupled (Poggianti et al., 2010). There is also clear evidence that local and
global environment do not have the same effect on galaxy evolution. For instance, Vul-
cani et al. (2012) found that the local environment has a strong effect on the galaxies’
stellar mass function, while the same team showed that the global environment has no

(or much weaker) effect (Vulcani et al., 2013).

We find that the correlation between M, and environmental density (Fig. 3.2 right
panel; Pearson correlation coefficient 0.49) is much stronger than the M,—Msy, one
(Fig 3.4 third panel; correlation coefficient 0.17), suggesting that the main driver of
these correlations is the local density. This is confirmed by Fig. 3.5. The second panel
shows that at fixed density the correlation between M, and My, largely disappears,
except, perhaps, for the two highest density bins, although the statistical uncertainties
are large. However, the third panel indicates that at fixed Mso, the M,—density relation
is still present. The fourth panel shows that at fixed M, most of the M,y—density cor-
relation vanishes. We conclude that the M, —environment correlations are really driven
by the M,—density correlation, while the weaker M,—Myq, correlation is secondary,

and it originates on the Msyy-density and M,—density correlations.

It could be argued that the detected trend (more massive BGGs live in denser, more
massive haloes) may be due, at least partially, to a pure statistical effect. If stellar
masses are randomly drawn from the mass function of galaxies, massive haloes, which
host a larger number of galaxies, have a higher probability to host more massive galax-
ies (see, e.g., Tremaine & Richstone 1977; Bhavsar & Barrow 1985; Lin, Ostriker &
Miller 2010; Dobos & Csabai 2011; Paranjape & Sheth 2012; More 2012). However,
we argue that this statistical effect cannot be the main driver of the correlation we
find. There is quite a lot of evidence indicating that the luminosity of cluster BCGs
is inconsistent with just statistical sampling of the cluster galaxy luminosity function:
BCGs are generally too bright, and there is too large a gap between the luminosity of
the first and second brightest galaxies (Sandage, 1976; Tremaine & Richstone, 1977;
Bhavsar & Barrow, 1985; Dobos & Csabai, 2011; More, 2012; Hearin et al., 2013,
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among others)’.

If BCGs are not governed by the luminosity/mass function of the rest of the cluster
galaxies, the above statistical arguments do not apply. Things may be not so clear for
the poorest groups, where the brightest galaxies seem to be compatible with being sta-
tistically drawn from the bright end of the galaxy luminosity function, as argued by
some of these authors. However, the correlation between BCG mass and environment
appears stronger for more massive and denser clusters (see, e.g., rightmost panel of
Fig.3.2), where we argue this statistical effect should not apply, and weaker for poorer
groups, where the statistical bias should be strongest. If the main driver of the corre-
lation were just the statistical sampling of the luminosity function, we would expect
the correlation to be strongest where this effect is most important (low mass and less
dense clusters and groups). Since the effect we find is strongest for high-mass and
denser clusters, we conclude that the correlation cannot be primarily driven by sam-

pling statistics.

In summary, in this section we have found that BCGs follow a stellar mass—size relation
that is independent of the environment, and that stellar mass is intrinsically correlated
with the local environment (or environmental density). In Section 3.4 we will see how

these correlations depend on the morphologies of the BCGs.

3.4 Evolutionary History of cD and Elliptical BCGs

3.4.1 Differences between cD and Elliptical BCGs

In Chapter 2 we found that the vast majority of BCGs (over 90%) have cD or ellipti-
cal morphologies, while only a small minority (~ 7%) are disk galaxies (spirals and
SO0s), and the remaining few are major mergers. The morphology of these galaxies is
clearly linked to their quantitative structural parameters. cDs are generally larger than

ellipticals, and their light distributions deviate significantly more from Sérsic profiles

>Note, however, that Paranjape & Sheth (2012) disagree, but More (2012) and Hearin et al. (2013)
have argued against their results.
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than those of ellipticals. With the additional information presented in this chapter we
will now explore how morphology and structure are linked to the stellar masses and

environments of the BCGs.

In Fig. 3.6 we present the distributions of the stellar masses, environmental densities
and parent cluster total masses (Msgg) for cD and elliptical BCGs. The left panel
clearly shows that cDs have, statistically, larger stellar masses than elliptical BCGs.
The median stellar mass of the cDs is 2.1717 x 10" Mg, ~ 50% larger than that of
ellipticals (1.4707 x 101"Mg). A two-sample Kolmogorov-Smirnov test shows that
this difference is significant at the ~ 4.60 level. The disk galaxies (not shown in the
figure for clarity) are even less massive: the median stellar mass for spirals and SOs is

1.015% x 101 M.

With respect to environmental density (middle panel of Fig. 3.6), cDs seem to prefer
marginally denser regions (by ~ 20% on average) than elliptical BCGs, although, sta-
tistically, this difference is only significant at the ~ 2.40 level. Disk galaxies tend to
live in the regions with the smallest densities (a factor of ~ 2 smaller than cDs). Simi-
larly (right panel of Fig. 3.6), cDs appear to be hosted by more massive clusters/groups
than ellipticals, but once again the difference (a factor of ~ 1.7 in median My) 1s only

barely significant (~ 20).

These differences in the stellar masses and environments of BCGs with different mor-
phologies suggest that their formation histories may be different. In Section 3.3 we
found that there are intrinsic correlations between R, and M,, and between M, and
the environmental density. By exploring the relationship between these properties and
the galaxies’ morphologies we may be able to shed additional light on the issue of
the formation and growth of BCGs. In Fig. 3.7 we show the R.—density relation (left
panel) and the M,—density relation (right panel) for cD, elliptical, and disk BCGs. cD
and elliptical BCGs show parallel correlations, in the sense that larger and more mas-
sive galaxies tend to prefer denser environments. However, at a fixed environmental
density, cDs are, on average, a factor of ~ 2 larger and ~ 40% more massive than el-
liptical BCGs. Disk galaxies tend to be smaller and less massive, but clear correlations
are not seen, perhaps due to the small number statistics. This correlation is also seen

when investigating the relation with the the total mass of the cluster. These correla-
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tions are futhermore certainly due to the fact that there is a different relation between
the stellar mass and radius for ellipticals and cD. This effect is driven by the stellar

mass being higher, which then increases the radius.

Note that the observational results presented in this chapter, including the differences
found between cDs and elliptical BCGs, do not depend on whether the morphological
classification is done visually (as shown here) or automatically (based on the structural
parameter method described in Chapter 2). Fig. 3.8 and Fig. 3.9 show the results ob-
tained using the cD and elliptical BCGs classification defined by the optimal border
of Fig. 2.13 (the blue solid curve). Fig. 3.10 and Fig. 3.11 show the results by using
the cD and elliptical BCGs selected by the two-step process (i.e., the best border pre-
sented as blue solid curve in Fig. 2.14). These figures show that using the automatic
cD/elliptical classification yields very consistent results. We are therefore confident
that our results are robust, and do not depend significantly on the details of the mor-

phological classification.

3.4.2 Implications

Our empirical results, together with the findings of previous works, suggest a possible
scenario linking the evolution of elliptical and cD BCGs. Whiley et al. (2008), Burke &
Collins (2013), Burke, Hilton & Collins (2015) and Zhang et al. (2016), among others,
suggest that the stellar mass of BCGs has experienced some (but relatively moderate)
growth in the last ~ 6-8 Gyrs. Although measuring BCG growth is notoriously diffi-
cult due to progenitor bias (see Shankar et al. 2015 for a recent discussion), it seems
to be due, mostly, to the effect of minor and major mergers (Burke & Collins, 2013),
with minor mergers dominating at later times (Shankar et al., 2013; Burke, Hilton &
Collins, 2015). At most, BCGs may have grown by a factor ~ 1.8 in stellar mass since
z ~ 1, although this factor could have been as small as ~ 1.2 if about half of the
accreted stellar mass from the merging companions became part of the intra-cluster
light (Burke, Hilton & Collins, 2015). This mass growth seems to have been faster in
the past, when both minor and major mergers were more common (Burke & Collins,
2013), but these authors also found that BCGs in similar mass clusters can have very

different merging histories. Furthermore, Ascaso et al. (2011) reported that BCGs have
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grown in size by a factor of ~ 2 over a similar period. Interestingly, the difference in
mass between cDs and elliptical BCGs in similar environments is of the order of 40%
(i.e., comparable with the measured mass growth), and we find that the difference in
size is a factor of ~ 2 (again, compatible with the measured size growth), but with
a very large scatter in both cases. Additionally, in Chapter 2 we found that, when it
could be reliably measured, the fraction of the light (stellar mass) contained in the cD
envelopes is of the order of ~ 40-60%, with significant galaxy-to-galaxy variations.®
It is therefore plausible that most present-day BCGs started their life as ellipticals, and
they subsequently grew, in stellar mass and size, due to mergers to become cDs. In
this process, the characteristic cD envelope developed. The large scatter in the stellar
masses and sizes of the cDs is explained by their different merger histories. Further-
more, the growth of the BCGs in mass and size seems to be linked to the hierarchical
growth of the structures they inhabit: as the groups and clusters become denser and

more massive, the BCGs at their centres also grew.

By the present time, most BCGs seem to be well advanced in this process. In Chap-
ter 2 we found that the majority (~ 57%) of the BCGs are cDs, ~ 21% have inter-
mediate cD/E or E/cD morphologies, while ellipticals are a minority (~ 13%). The
presence of intermediate morphological classes suggests that this process is still ongo-
ing. Present-day elliptical BCGs may (or may not) develop cD-type envelopes in the
future, depending on whether the current merger rate is sufficient. With the limited
statistical evidence that we have, we can only speculate about the origin of the few
(~ 7%) BCGs with spiral and SO morphologies, but perhaps these are the ones which

avoided major mergers in their past history and retained their disks.

If the evolutionary framework we propose is correct, one would expect the morpho-
logical mix of BCGs to change with redshift: at earlier times, the fraction of elliptical
BCGs should be higher than today, with cDs showing the opposite trend. We have
visually examined the images of the 13 BCGs in the ESO Distant Survey (White e? al.,
2005) clusters and groups for which deep HST images are available (Desai et al.,

2007), and morphologically classified them following the same criteria used for the

®Note that the galaxies for which this fraction could be reliable measured are the ones whose profiles
are better modelled using two-component Sérsic+Exponential profiles. Since these tend to be the ones
with more prominent envelopes, the average fraction of light in cD envelopes is probably closer to
~ 40%, the bottom end of the measured range.
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low-redshift sample. The average redshift of these galaxies is z ~ 0.6. Although
cosmological surface-brightness and resolution effects would have to be properly ac-
counted for in a more systematic study, we feel that these HST images have enough
resolution and depth (4 orbit exposure) for this purpose. They compare favourably
with the SDSS images of the lower-redshift galaxies. Notwithstanding these possible
caveats, we find that 4 of the BCGs are ellipticals, 3 cDs, 4 E/cD or cD/E, one is a
spiral, and one is a merger. Although the sample is pitifully small, the trend seems to
go in the right direction: the fraction of ellipticals more than doubles when compared
with the local sample, while the fraction of cDs halves. There is also a significant
fraction of galaxies with intermediate morphologies, suggesting that the transforma-
tion process is also happening at these redshifts. Of course, with a such small sample,
no firm conclusions can be obtained, but at least these findings are compatible with
our hypothesis. A systematic study of a large, well-defined sample of BCGs with deep

HST images, reaching z ~ 1, would be required to obtain a definitive answer.

Numerical simulations and semi-analytic models (see, e.g., De Lucia & Blaizot 2007
and references therein) provide a plausible inside-out scenario for the growth of BCGs
which is broadly compatible with our findings. At early times (¢ ~ 1-3), dissipa-
tive processes similar to the ones proposed for the formation of normal giant elliptical
galaxies were responsible for the building of the BCGs’ inner (elliptical-like) stellar
component, whose light profile can be well represented by a Sérsic model. Subse-
quently, as the structures around BCGs grew hierarchically, the mass and size of these
galaxies continued to increase, mainly due to dissipationless (dry) mergers, and the cD
envelopes were formed as a result. This picture is also largely consistent with other
observations. For example, dry mergers have been directly observed in cluster envi-
ronments (e.g., van Dokkum 2005), and it has been suggested that the accreted stars
could have built up the extended stellar haloes observed in BCGs (Abadi, Navarro &
Steinmetz, 2006; Murante et al., 2007).
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3.5 Conclusions

Using a large well-defined sample of 425 nearby Brightest Cluster Galaxies from the
catalogue of LO7, we have carried out a study of the relationships between their inter-
nal properties (stellar masses, structural parameters, sizes and morphologies) and their
environment. The stellar masses M, are based on the MPA-JHU SDSS DR7 mea-
surements. The structural parameters (effective radius R, and Sérsic-index n) were
derived in Chapter 2 using single Sérsic profile fits. The visual morphologies were
also obtained in Chapter 2. The majority (~ 57%) of the BCGs are cDs, ~ 13%
are ellipticals, ~ 21% belong to intermediate cD/E or E/cD classes, and ~ 7% have
disk morphologies, with spirals and SOs in similar proportions. We use two separate
measurements of the environment, the local environmental density (Tempel, Tago &
Liivamégi, 2012), and the global dark-matter halo virial mass My derived from the

cluster velocity dispersions of LO7. The main conclusions of this chapter are:

e The Sérsic-index n does not correlate with the stellar mass M, or the environ-

ment of the galaxies.

e The effective radius ., of the BCGs correlates with their stellar mass M., but the
scatter is large (~ 0.3 dex in effective radius at a given mass). This correlation

does not depend significantly on the environment.

e Almost all BCGs have larger R, than non-BCG early-type galaxies of similar
M.,. The median radius of the BCGs is about twice as large as that of non-BCG
early types of similar masses. This difference is largely due to the cD galaxies,
which dominate the sample. Moreover, the scatter in the M,—R, relation is sig-
nificantly larger for the BCGs than for the other early-type galaxies, suggesting

a more complex formation history.

e More massive BCGs tend to inhabit denser regions and more massive clusters,
but M, correlates significantly more strongly with environmental density than
with the cluster dark-matter halo mass Myg. Indeed, the apparent correlation
between M, and My, can be explained by the correlations between My and

M, with environmental density.
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e The median stellar mass of ¢cD BCGs is 2.1 x 10''Mg, ~ 50% larger than that
of ellipticals (1.4 x 10'*M). BCGs with disk morphologies have even smaller

stellar masses (median 1.0 x 10 M,).

e cDs seem to prefer marginally denser regions (by ~ 20% on average) than ellip-
tical BCGs. Disk galaxies tend to live in the regions with the smallest densities.
Similarly, cDs appear to be hosted by more massive clusters/groups than ellip-
ticals (by factor of ~ 1.7 in median Myy). However, these differences are only

significant at the 2-2.40 level.

e cD and elliptical BCGs show parallel correlations between their stellar masses
and environmental densities: larger and more massive galaxies tend to prefer
denser environments. However, at a fixed environmental density, cDs are, on
average, ~ 40% more massive than elliptical BCGs. Due to the correlation
between R, and M., cDs and ellipticals also exhibit positive and parallel cor-
relations between their effective radii and the environmental density. cDs are,
statistically, twice as large as elliptical BCGs at a given density. Disk BCGs tend

to be smaller and less massive.

Our results, together with the findings of previous observational and theoretical studies,
suggest an evolutionary link between elliptical and cD BCGs. We suggest that most
present-day BCGs started their life as ellipticals, and they subsequently grew in stellar
mass and size, due to mergers, to become cDs. In this process, the characteristic cD
envelope developed. The large scatter in the stellar masses and sizes of the cDs is
explained by their different merger histories occurring at z < 1. Furthermore, the
growth of the BCGs in mass and size seems to be linked to the hierarchical growth of
the structures they inhabit: as the groups and clusters became denser and more massive,

the BCGs at their centres also grew.

This process is nearing completion by the present time, since the majority of the BCGs
in the local universe have cD morphology. However, the presence of intermediate
morphological classes (cD/E and E/cD) suggests that the growth and morphological
transformation of some BCGs is still ongoing. It is also possible that today’s elliptical

BCGs may develop cD-type envelopes in the future, depending on the merger activity
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they may experience.

This scenario is broadly compatible with hierarchical inside-out models for the forma-
tion and growth of BCGs. Early dissipative processes were responsible for the building
of the BCGs’ inner elliptical-like stellar component. As the structures around BCGs
grew hierarchically, the mass and size of these galaxies continued to increase, mainly

due to dissipationless mergers, and the cD envelopes were thus formed.

The evolutionary framework we propose seems to be able to explain the observed
properties of BCGs, including the differences between the morphological classes. The
obvious next step to test this scenario is to carry out a study of the morphology, mass,
structure and environment for a large and statistically robust sample of BCGs as a
function of redshift, reaching z ~ 1. A key piece of evidence would be the evolution
of the fraction of cD BCGs with time, and its links with the growth of their masses,

sizes and environments.



Chapter 4

Exploring the progenitors of brightest

cluster galaxies at z ~ 2

This chapter is published in Zhao et al. (2016, submitted).

4.1 Introduction

Brightest cluster galaxies (BCGs) are the most luminous and massive galaxies in lo-
cal universe. They reside at the bottom of the gravitational potential well of galaxy
clusters, and are surrounded by a population of satellite galaxies. The special regions
they reside in, and the unique properties they exhibit (e.g., distinct structures and mor-
phologies, very high stellar masses) set them apart from the general galaxy population.
Their origin and evolution also tightly link with the evolution of their host clusters
and provide direct information on the history of large-scale structures in universe (e.g.,
Conroy, Wechsler & Kravtsov 2007). Even though much attention has been dedicated
to the study of BCG formation and evolution, understanding when these most massive

galaxies formed and how they evolve with time are still controversial issues.

Early N-body simulations studying BCG formation through merging in a cold mat-
ter (CDM) cosmology, find that BCG growth through early merging of few massive
galaxies dominates over late-time accretion of many smaller systerms (e.g., Dubin-

ski 1998). The modern context of BCG assembly through hierarchical growth within
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networks of dark matter haloes is now well established. For example, by using nine
high-resolution dark matter-only simulations of galaxy clusters in a ACDM universe,
Laporte et al. (2013) claim that BCGs can grow mainly through dissipationless dry
mergers of quiescent galaxies from z = 2 to the present day, producing BCG light
profiles and stellar mass growth in good agreement with observations. However, pure
N-body models ignore mechanisms such as gas cooling and star formation in BCG

evolution which are also likely important processes.

Taking into account hydrodynamical processes such as infalling gas and AGN feed-
back, recent semi-analytic models (SAMs) suggest that the stellar component of to-
day’s BCGs was initially formed through the collapse of cooling gas or gas-rich merg-
ers at high redshift, and consequently BCGs continued to grow, but assemble substan-
tially very late (50% of the final mass is assembled at z < 0.5) through dissipationless
processes such as dry mergers of satellite galaxies (De Lucia & Blaizot 2007; Naab,
Johansson & Ostriker 2009; Laporte et al. 2012). This two-phase evolution for BCG
growth successfully reproduces many observations, however, it has been questioned by
a number of studies which find a much slower stellar mass growth in BCGs at z < 1 in
observations (e.g., Whiley et al. 2008; Collins et al. 2009; Lin et al. 2013; Zhang et al.
2016). More observational studies of BCGs at higher redshifts will help to constrain

these models and give us a better idea of their evolution.

To understand how BCGs evolved and assembled their stellar masses, and which mech-
anisms drive these changes, it is important to properly connect today’s BCGs to their
progenitors at earlier times observationally. This requires the non-trivial task of linking
BCG descendants with their progenitors through cosmic time, which in turn requires

assumptions for how BCGs evolve.

At lower redshift (z < 1 — 1.5), BCG progenitor-descendant pairs are selected by an
empirical approach through constructing a sample based on finding distant clusters,
and using the correlation between BCG stellar mass and cluster mass. Employing this
method, many studies have characterized the assembly of BCGs at z < 1. Lidman et al.
(2012) demonstrated that BCGs have grown by a factor of 1.8 between z = 0.2 — 0.9.
While Lin et al. (2013) found a similar growth such that the stellar mass of BCGs

increases by a factor of ~ 2.3 since z ~ 1.4. Shankar et al. (2015) claimed an increase
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of a factor ~ 2 — 3 in BCG mean stellar mass, and ~ 2.5 — 4 factor increase in BCG
mean effective radius, since z ~ 1. Zhang et al. (2016) showed a BCGs mass growth

by a factor of ~ 2 since z ~ 1.2 using a similar approach.

However, the techniques for linking local BCGs and their progenitors at z < 1 are

2> 1.5). On the one hand, it is difficult to

Y

difficult to apply at higher redshifts (z
identify clusters/proto-clusters at early times. On the other hand, it is also difficult to
define BCG progenitors in high-z clusters since the main progenitor may not be the
most luminous/massive galaxy as the low-z BCGs. Nonetheless, a number of studies

have been carried out to explore the build-up of massive galaxies up to z ~ 3.

Among the solutions for linking galaxies at different redshifts, matching galaxy pro-
genitors and descendants at a constant number density has been demonstrated to be a
considerably improved approach for tracking the evolution of galaxies (e.g., Leja, van
Dokkum & Franx 2013; Mundy, Conselice & Ownsworth 2015). By applying this
method, van Dokkum et al. (2010) claim a mass growth of a factor of ~ 2, and a size
growth of a factor of ~ 4 for massive galaxies since z = 2. Ownsworth et al. (2014),
using a variety of number density selections withn < 1 x 10™*Mpc—2 at 0.3 < z < 3,
find that about 75% of the total stellar mass in massive galaxies at = = 0.3 is created at
z < 3, and the sizes of massive galaxy progenitors is a factor of 1.8 smaller than local
early-type galaxies of similar mass. Marchesini et al. (2014) investigate ultra-massive
galaxy evolution by using progenitors from z = 3 which are selected with both a fixed
cumulative number density and an evolving number density. They find that the stellar
content of ultra-massive galaxies have grown by a factor of 2 — 3.6 since z = 3. How-
ever, these systems are not necessarily BCGs, and a clear correspondence between
massive galaxies and BCGs at high redshifts (z 2> 1.5) is still lacking. In order to
obtain better perspective of BCG assembly, it is critical to identify the progenitors of

BCGs at z 2 1.5, and to explore their mass and structural evolution.

In this chapter we investigate the issue of how to find and trace the evolution of BCGs
at z < 3. Using our method, we also investigate the formation processes for BCGs.
Mergers are potentially a significant process in BCG formation, as they are predicted
to be a major mechanism in the hierarchical picture of galaxy formation. Apart from

the dominant role of minor mergers in BCG mass assembly at low redshift (e.g., Burke,
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Hilton & Collins 2015), observations suggest that at high redshifts BCG evolution is

also largely driven by mergers through both major and minor events (e.g., Lidman et al.

2013; Burke & Collins 2013).

Since mergers closely relate to the environmental density around galaxies, in this work,
we use a method to identify BCG progenitors at z ~ 2, which depends on galaxy local
densities as well as galaxy stellar masses. We will first examine what fraction of true
BCG progenitors are selected by our method using simulation data, and then apply
this method on observational data using the CANDELS UDS survey. Our method to
probe BCG progenitors at z 2 1.5 is easier, since it avoids the difficulty of identifying
clusters at high redshifts. Comparing high-z BCG progenitors with their local SDSS
descendants, we also discuss the evolution of BCG structure, morphology, stellar mass

and star formation since z ~ 2.

The rest of this chapter is organized as follows. In Section 4.2, we present the ob-
servational data employed in this work. We also introduce necessary quantities which
will be used in selecting our BCG progenitors and for comparing BCG properties in
this section. The description and simulation tests of our selection of BCG progenitors
are presented in Section 4.3. Although the BCG progenitors selected by our method
are contaminated by non-BCG progenitors, in Section 4.3.3, we demonstrate that our
selected progenitors sample, and their local descendants, can be used to trace BCG
evolution since z ~ 2. We then describe our results of BCG assembly in Section 4.4.
In Section 4.5 we first discuss the possible mechanisms for BCG evolution implied
by our results, and then we compare our results with other studies of BCG evolution
at z < 1 as well as massive galaxy growth since z ~ 2. Finally, we summarise our
results in Section 4.6. Throughout this study we have adopted the ACDM cosmology
with Q,, = 0.3, Qs = 0.7, and Hy = 70 km s~! Mpc~*.

4.2 Observational Data and Quantities

In this section, we first describe the galaxy catalogues for our local samples and high-z
galaxies. We also provide information on their properties, such as stellar masses, star

formation rates (SFRs) and specific star formation rates (sSFRs). The environmental
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density measured at high redshifts in observations is introduced in a following separate
subsection. We then explain how we use the constant number density to trace galaxy
evolution. The structural properties of galaxies from profile fitting are described in the

final subsection.

4.2.1 Local Sample

The local BCG sample in this chapter, which we compare with the high-z progenitors
to study BCG evolution, comes from the LO7 BCG catalogue. A detailed description

on this catalogue can be found in Section 2.

The stellar masses we use for the LO7 BCGs are the MPA-JHU stellar masses. These
masses are computed by multiplying the dust-corrected luminosity of the galaxy by
the stellar mass-to-light ratio (M, /L). The M, /L for SDSS galaxies was initially de-
rived by fitting the observed values of the D,,(4000) and H¢ 4 indices with a library of
models from Bruzual & Charlot (2003) (Kauffmann ez al. 2003). A Kroupa IMF is as-
sumed. MPA-JHU group then used broad-band u, g, 7, 7, 2 photometry of SDSS DR7
for the fits instead of the spectral features. Although the method is not identical to that
of Kauffmann et al. (2003), the results agree very well. A detailed discussion and com-
parison of the methods can be found in http://mpa-garching.mpg.de/SDSS/DR7/mass_comp.html.
Each model is then weighted by its likelihood, and a probability distribution for M, /L
is computed. The MPA-JHU mass is the median of this distribution. Compared with
the stellar mass obtained from the M, /L of the best X2 model, median stellar mass
is ~ 0.1 dex smaller (Brinchmann et al. 2004; Cid Fernandes er al. 2005). When
we compare the stellar mass between local sample and their high-z progenitors, we

convert the MPA-JHU stellar masses to those with a Chabrier IMF.

As we discuss in detail later in this chapter, the high-z progenitor sample selected by
our method will contain both true BCG progenitors and non-BCG progenitors (see
Section 4.3.2.3). This is due to there being no perfect way to only select true BCG
progenitors at high redshift. Thus, at z ~ 0, we construct a counterpart sample which
is a mixture of local BCGs and local non-BCGs as the descendants of our high-z pro-
genitors (see Section 4.3.3.2). Therefore, in addition to the LO7 BCG catalogue, we

also employ SDSS DR7 data as our parent galaxy catalogue to select local non-BCGs
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to match the high-z inevitable contamination. Since the non-BCGs are selected based
on their stellar mass (see Section 4.3.3.2), the parent galaxy catalogue is the MPA—
JHU DR7 stellar mass catalogues. We select our “contamination” galaxies within the

redshift range of 0.02 < z < 0.10, the same as our BCG sample.

The SFR and sSFR for both the pure BCGs and the contaminant non-BCGs are taken
from the MPA-JHU SFR catalogue (http://mpa-garching.mpg.de/SDSS/DR7/sfrs.html).
The total SFRs (dust-corrected) for star-forming galaxies are derived by Brinchmann
et al. (2004) based on a Ha emission line modelling technique. Salim et al. (2007)
demonstrated that these “Ha’”” SFRs are very consistent with the dust-corrected SFRs
constrained by the UV luminosity of local star-forming galaxies. For local galaxies
without Ha detections which belong almost exclusively in the red sequence, the dust-
corrected SFRs are obtained from SED fitting of SDSS photometry (details could be
found in Salim et al. 2007). The SFRs for SDSS galaxies are measured by assuming a
Kroupa IMF. They are divided by 1.06 when compared with the SFRs of high-z galax-
ies which are derived by assuming a Chabrier IMF. 1.06 is the conversion factor to
convert SFRs which are calculated for Kroupa IMF to Chabrier IMFE. sSFRs of SDSS
galaxies are calculated by using the SFRs described here and the MPA-JHU masses.
When compared with high-z sSFR, they are also converted to the values for Chabrier

IME.

4.2.2 High-z Sample

The Cosmic Assembly Near-infrared Deep Extragalactic Legacy Survey (CANDELS;
PIs: Faber and Ferguson; Grogin et al. 2011; Koekemoer et al. 2011) provides excel-
lent data to study galaxy properties at high redshift. CANDELS is a 902-orbit Multi-
Cycle Treasury program on the Hubble Space Telescope (HST) with imaging by the
Wide Field Camera 3 (WFC3) and the Advanced Camera for Surveys (ACS) on five
different fields: GOODS-N, GOODS-S, COSMOS and UDS. The galaxy catalogue
on which we apply our selection of BCG progenitors is from the CANDELS UDS
(Mortlock et al. 2015).

CANDELS UDS covers a part of the field of UKIRT Infrared Deep Sky Survey (UKIDSS,
Lawrence et al. 2007) Ultra Deep Survey (UDS). Its image has a pixel scale of 0.06
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arcsec/pixel and a 50 depth of H = 26.3 in a 1 arcsec aperture. The photometry of
the CANDELS UDS includes U-band data from the CFHT (Foucaud et al. in prep),
B, V, R, i’, 7’-band data from the Subaru/XMM-Newton Deep Survey (SXDS; Furu-
sawa et al. 2008), J, H and K-band data from UKIDSS UDS, F606W and F814W data
from the ACS, Hi6p and Jy25-band WFC3 data, Y and Ks bands taken as part of the
Hawk-I UDS and GOODS Survey (HUGS; VLT large programme ID 186.A-0898, PI:

Fontana; Fontana et al. 2014).

The photometric redshifts for the high-z galaxies of CANDELS UDS are calculated by
Mortlock et al. (2015) with the method described in Hartley et al. (2013). In brief, the
SED templates are fit to the photometry described above, and the best-fitting redshift
is used. We constrain our high-z galaxy sample within the redshift range of 1 < 2z < 3,

to ensure a statistically large number of high-z progenitors selected by our method.

The stellar masses of our high-z galaxies are calculated by Mortlock et al. (2015) for
the CANDELS UDS. The method used to compute the stellar masses is described in
detail in Mortlock et al. (2013, 2015), Hartley et al. (2013) and Lani et al. (2013).
Briefly, the stellar masses are measured through a multi-colour stellar population fit-
ting technique. With a Chabrier IMF, a large grid of synthetic SEDs from the stellar
population models of Bruzual & Charlot (2003) are used to fit the multi-band pho-
tometry of the CANDELS UDS. They obtained two kinds of stellar mass. One is the
best-fit stellar mass whose template has the smallest y? value. Another one is the mode
stellar mass. By binning the stellar masses of the 10% of templates with the lowest >
in bins of 0.05 dex, they determine the mode stellar mass which corresponds to the
stellar mass bin with the largest number of templates. In this work we use the mode
stellar masses in the catalogue as these masses are less likely to be affected by the bad

fitting through templates (Mortlock et al. 2013).

We find that for all the CANDELS UDS galaxies, the mode stellar mass is statistically
consistent with the best-fit stellar mass. Mode mass is only ~ 0.01 dex smaller than
the best-fit one. For our selected 38 progenitors (selection is described in Section 4.3)
which are more massive, we find that the difference between mode and best-fit mass
becomes larger, such that the best-fit stellar mass is ~ 0.1 dex larger than the mode

mass. Note that in local universe the best-fit mass for SDSS galaxies is ~ 0.1 dex larger
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than the MPA-JHU mass. Although the methods used to determine stellar masses at
low and high redshift are not exactly the same, given the differences in the datasets,
the principles applied—SED fitting of rest-frame optical data—are very similar. We ac-
knowledge that a detailed comparison of the stellar masses of the low- and high-z
galaxy samples carries considerable uncertainty, but given the large size of the evolu-
tion we measure (a factor of ~ 2.5 in stellar mass; see below), it is not unreasonable
to assume that such a large effect cannot be solely explained by systematic differences
in the stellar mass determination. Nevertheless, these difficulties need to be taken into

account when interpreting our results.

Since CANDELS UDS is a subset of the UDS field, it benefits from the same wealth
of the UDS data set, such as the SFR. The SFRs we use for our high-z galaxies are
calculated by Ownsworth et al. (2014) for the full UDS field. They are obtained from
the rest-frame near UV luminosities which trace the presence of young and short-
lived stellar populations produced by recent star formation. First, Ownsworth et al.
(2014) determine dust-uncorrected SFRs with a Chabrier IMF. Since the UV light is
very susceptible to dust extinction, they then apply a careful dust correction to obtain
the final dust-corrected SFRs. For the full description of the dust correction and SFR
calculation see Ownsworth et al. (2014). The sSFRs are calculated by taking these

SFRs and the stellar masses described above.

In Section 4.4, we find that BCG progenitors at z ~ 2 have much higher SFRs (by
almost two orders of magnitude) than their local quiescent descendants. Although
the techniques for measuring SFRs of high-z and local galaxies are not exactly the
same, since the Ha and UV SFRs are very similar (e.g., Salim et al. 2007; Twite et al.
2012) and all SFRs are carefully dust-corrected, we think our statistical results are still
reliable and reasonably robust. Explicitly, we do not think the uncertainty introduced
by the different SFR measurements used at high- and low-z is responsible for the clear

SFR evolution that we detect.

4.2.3 Density Measurement in Observations

One important property we use in this work to select the BCG progenitors is the local

environmental density around the high-z galaxies. Lani ef al. (2013) compute the
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environmental density for UDS galaxies which can be also used for the CANDELS
UDS sample. The detailed discussion of the density measurement can be found in
their paper. In brief, the densities we use in this work are measured by galaxy counts

in a fixed physical aperture.

Lani et al. (2013) construct a cylinder with a projected radius of 400 kpc and depth of
1 Gyr around each galaxy within which they count the number of neighbouring galax-
ies. The radius of 400 kpc represents the typical “radius” of galaxy clusters at high
redshifts. The depth of 1 Gyr is several times greater than the 10 measured uncertainty
on the photometric redshifts. This depth avoids diluting the number of galaxies in the
cylinder by minimising the exclusion of sources due to the large photometric redshift
errors. Moreover, with accounting for holes and edges in the field, the number of real
galaxies in an aperture (NzP*) is normalised. The equation to calculate the density for

every galaxy in the UDS catalogue is

N@per - tot
X —as 4.1
N, (4.1)

_ g
Paper = Naper

mask

where NP° is the number of good pixels which are not masked within the chosen

mask

aperture, N is the total number of non-masked pixels in the UDS, and N, is the
total number of galaxies over the entire field which lie within the 1 Gyr redshift interval

we consider.

The galaxies employed in Lani et al. (2013) to calculate the environmental density
are taken from the UDS K-band selected catalogue. A magnitude completeness cut of
Kap = 24.4 was also applied, producing a completeness of ~99%. This magnitude cut
corresponds to a stellar mass cut of M = 10976 M, at z ~ 2, assuming a Chabrier
IME. For more details we refer the reader to Hartley ef al. (2013) and Mortlock et al.
(2015).

4.2.4 Constant Number Density Selection

In this section we discuss how to connect our low redshift sample of BCGs to the

galaxies at high redshifts.
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The main method we use to identify BCG progenitors and study BCG evolution is to
match the abundance of BCG environments at low and high redshift. In other words,
we will assume a constant number density of “BCG environments” (i.e., a constant
number density of clusters or highest-density regions). Since BCGs reside in some of
the densest environments and most massive halos in the local universe, it is reason-
able to assume that at high-~ each BCG progenitor will also reside in one of the most
overdense regions. Each high-z overdensity hosting the BCG progenitor may accrete
galaxies from other less dense regions, and finally evolve into one galaxy cluster host-
ing a BCG in the local universe. Thus we assume that the comoving number density
of local galaxy clusters and that of high-z most overdense regions that host the BCG
progenitors are approximately the same. Note that because we are dealing with a spe-
cial class of galaxies, of which there is only one per cluster, it is reasonable to assume
that the number density of present-day and high-z structures that harbour them remains
roughly the same: we expect mergers among massive clusters (the most massive halos)
to be much rarer than among normal galaxies (or much less massive halos). Therefore,
for BCGs, assuming an unevolving number density is reasonable, while it may not be

so for other galaxy populations (cf. Marchesini et al. 2014).

The BCG progenitor is identified as the most massive galaxy in each high-z overden-
sity. The cluster number density used in our study corresponds to that of the clusters
in LO7. We consider the clusters whose velocity dispersions are o9g9 > 309 km/s, and
DM halo masses are Mygo > 1013-°5h =1 M, corresponding to a cumulative comoving
number density of 10~*%43Mpc—3. Applying this number density to the observational
data, we need to select 38 high-z progenitors at 1 < z < 3 from the CANDELS UDS
data, and 469 local galaxies at 0.02 < z < 0.10 from SDSS DR?7. Detailed descriptions
on how we choose our 38 high-z and 469 local sample are presented in Section 4.3.1
and Section 4.3.3.2. Note that by using this method, not all of the selected massive
galaxies are true BCG progenitors. In Section 4.3 we will look at the fraction of true
BCG progenitors in the selected progenitor sample obtained using different selection
methods, including using a fixed galaxy number density. We conclude that that envi-
ronment matching is a better way to identify true BCG progenitors at high redshifts.

Our main results are therefore obtained using this method.
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We consider also the effect of using an evolving number density of BCG environments
in our selection of BCG progenitors. In the simulation, we find that there are on av-
erage 1.4 overdensities at z ~ 2 whose most massive galaxies will end up in one
single BCG at z ~ 0. Therefore, applying an evolving environment number density
of 1.4 x 10~4% 13 Mpc? at the 2 = 2.07 snapshot in the simulation (i.e., 1.4 times
larger than the non-evolving one), we find that the fraction of true BCG progenitors
in the selected sample is comparable (actually, marginally smaller) than the one found
using constant number density. Therefore, using an evolving number density does not
improve the success rate of the BCG progenitor selection; on the contrary, the sample
is contaminated by a slightly higher fraction of non-BCG progenitors. Furthermore,
translating an evolving number density of structures from the simulations into the ob-
servational domain at z ~ 2 is likely to introduce further uncertainties. Since the ad-
ditional complications inherent in considering evolving number densities do not seem
to improve the results, we opt for the simpler constant-density of structures selection

method.

4.2.5 Shifting Local Galaxies to High Redshift

One aspect of BCG evolution we study in detail is the connection between local BCGs
and their high-z progenitors based on their structural evolution. The high spatial res-
olution and the high-quality images of the CANDELS UDS data allow for a good
assessment of the structural properties (e.g., galaxy size and shape) of high-z galaxies.
However, a given galaxy will look different when observed with different instruments
or at different redshifts. The extracted structural parameters are also wavelength de-
pendent due to bandpass shifting and cosmological dimming. Therefore, a direct com-
parison of structural parameters from the original SDSS images and the CANDELS

UDS images cannot be done without understanding these biases.

In order to explore the intrinsic structural evolution of BCGs, the images from the
SDSS and CANDELS UDS need to be calibrated to allow comparisons between red-
shifts, ensuring similar resolutions and imaging depth. This can be achieved by using
the code FERENGI (Full and Efficient Redshifting of Ensembles of Nearby Galaxy

Images; Barden, Jahnke & HauBler 2008). This code takes into account the cosmo-
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Figure 4.1: Redshift distribution of the 38 progenitors selected by our method as the most massive
galaxies in the densest environments from CANDELS UDS. The median redshift of this distribu-
tion is z = 2.06.
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Figure 4.2: An example of a simulated galaxy created by using the FERENGI code (middle panel) after shifting one local BCG in the SDSS g-band (left panel) to z = 2
as observed in the CANDELS UDS Hjgo-band data. The right panel is an original H;40-band image of a random galaxy at z ~ 2. This shows that the input we use in the
FERENGI code is able to create a reasonable simulated image compared to an actual z ~ 2 image within the CANDELS H40-band.
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logical corrections for size, surface brightness and bandpass shifting when simulating
low redshift galaxies to high redshift. Simulated images are produced when the in-
put galaxy images are simulated to appear as higher redshift images using the output
redshift and instrumental properties. For a full description about the code see Barden,

Jahnke & HauBler (2008).

By applying our proposed BCG progenitor selection (detailed description in Section 4.3)
on the CANDELS UDS data, the selected 38 progenitors at z = [1, 3] have a redshift
distribution as shown in Fig. 4.1. To compare with this, the SDSS images therefore
need to be simulated to z = [1, 3] following a similar redshift distribution shown in
Fig. 4.1 after taking into account the k-correction in the FERENGI code. To be effi-
cient when running FERENGI, we only simulate SDSS g-band images to CANDELS
UDS Higp-band at z = 2. This also allows us to account for the major k-correction
because the g-band at z ~ 0 is in the same rest-frame wavelength as the H;40-band at

z = 2.

Fig. 4.1 illustrates that z ~ 2 is the median redshift of our 38 selected high-z progeni-
tors, and ~ 90% of them are at z < 2.5, implying that the k-correction differences are
not a significant factor in the simulation. Furthermore, we know that high-z galaxies
look very similar at wavelengths which are greater than the Balmer break (e.g., Con-
selice et al. 2011) which is the case for our entire sample. Testing on a small number
of galaxies, we find that morphologies of the simulated SDSS galaxies placed at z = 2
look very similar to the high-z galaxies. We further demonstrate that galaxy struc-
tures (shape and size) measured from simulated images placed at z = 2 do not have
a large differential from the structures of their original galaxies. We therefore only
simulate SDSS g-band images to CANDELS UDS H4o-band at z = 2 without a full

k-correction.

One important input in the simulation code is the high redshift sky background image,
whose size needs to be larger than the local input images. The size of our input SDSS
galaxy images is 500 x 500 pixels which is too large to cut out a corresponding clean
sky area within the CANDELS UDS image. Therefore we create simulated CANDELS
UDS sky images which are large enough to be applied in the FERENGI code. First,

we randomly choose 10 clean sky areas within the CANDELS imaging that contain no
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bright objects nearby. Within each of the sky areas, a patch of size 200 x 200 pixels is
cut out. Then for each patch we create the simulated sky image in 1000 x 1000 pixels
by copying and pasting the patch. Ultimately, we create 10 simulated CANDELS UDS
sky images for these simulations. Each of the SDSS galaxies are then redshifted within

one of the simulated sky images which is randomly chosen from the ten.

Since the stellar populations in galaxies at higher redshifts are brighter and younger,
simply shifting the local galaxies out to high redshift without considering the bright-
ness increase due to stellar evolution will make them look fainter compared to the real
average galaxies at such distances. In the FERENGI code, a brightness evolution is
put in as an option to account for this evolution. It is introduced by a crude mechanism
such that the magnitude evolves as M., = © X z + M. By studying the luminosity
function from present to z = 2, Ilbert ef al. (2005) found that the characteristic magni-
tude M* of the Schechter function in B rest-frame band strongly evolves with redshift,
such that M* at z = 2 is ~ 2 magnitude smaller than that in local universe. Since
the SDSS g-band is similar with the B band in rest-frame, we set = —1, making a

galaxy 2 mag brighter at redshift z = 2 than it would be without luminosity evolution.

The middle panel of Fig. 4.2 shows one example of the output image from the FER-
ENGI code after redshifting one local BCG in the SDSS g-band (left panel) to z = 2
observed in CANDELS UDS H4p-band. The far right panel is the original H,¢4y-band
image of one random CANDELS UDS galaxy at z = 2. This demonstrates that the in-
put we use in the FERENGI code is able to create a reasonable simulated image which

appears similar to galaxies seen in the original Higp-band image at z ~ 2.

4.2.6 Quantitative Characterisation of Galaxy Structure

The surface brightness profiles of galaxies provide valuable information on their struc-
ture and their morphology. In addition to measuring galaxy structural parameters by
light profile fitting, we also introduce the RFF to quantify how good the model fit is

and how far the galaxy profile deviates from the model profile.
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4.2.6.1 Structure Parameters

The structural properties (effective radius R, and Sérsic index n) of simulated local
galaxies and high-z progenitors are measured using 2D single Sérsic model fits. The
fits are carried out with GALFIT through the GALAPAGOS pipline in which the target

galaxy and its near neighbours are fitted simultaneously, yielding more accurate results.

For local SDSS galaxies, these fits are carried out on their 2 = 2 simulated images
created by the FERENGI code. For each target galaxy, the background level is fixed in
GALFIT which is the mean sky value of the created CANDELS sky image used in the
image simulation. The point spread function (PSF) employed in GALFIT is the output
simulated PSF created by the FERENGI code. For the high-z galaxies we study in the
CANDELS UDS, the structural parameters are measured from the HST WFC3 Hg
images with the PSF of this band, and with the sky value measured by GALAPAGOS.
GALAPAGOS uses a flux growth curve method to improve the sky subtraction and
produces a highly reliable measure of the background for single-band fits (H&ussler

et al. 2007b).

4.2.6.2 Residual Flux Fraction

The light profiles of real galaxies are often complicated with features such as distur-
bances, merger remnants, or other structures such as star-forming regions and spiral
arms which cannot be fitted by a single Sérsic model. Although we can do visual
inspection on the residual images which will give us a good idea whether the galaxy
profile can be explained by the single Sérsic model, a more quantitative, repeatable,
and objective diagnostic is desired to quantify how large the offset is after subtracting
the single Sérsic model from the original image. The RFF provides one such diag-
nostic. Detailed discussion on the RFF calculation can be found in Chapter 2. We
compute RFF on the residual images of both the simulated local galaxies and the high-
z progenitors. The comparison of these will show at which epoch the galaxies are more

disturbed, which we discuss later in this chapter.
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4.3 Selecting BCG Progenitorsat 1 < z < 3

In this section we introduce our basic procedure for the BCG progenitor selection. This
is a critical aspect and thus a major part of this chapter. In summary, we investigate
several methods to match high-z BCG progenitors with their z = 0 counterparts. We
ultimately selected a method which depends on the environments of galaxies at high
redshifts to locate the most likely BCG progenitors. We test and fine-tune our method

using the output of the Millennium Simulation.

4.3.1 Basic Assumption

In order to trace the formation and evolution of BCGs, statistically large samples of
BCGs are needed over a broad redshift range. In many other recent studies, BCG
samples at higher redshifts are selected through the detection of galaxy clusters in
either the X-ray band (Collins et al. 2009, Burke & Collins 2013, Zhang et al. 2016)
or the infrared band (Lin ef al. 2013), and BCG evolution can be traced back to z ~ 1.
Unfortunately, the observational constraint on BCG evolutionary scenarios is still poor
at z 2 1 — 1.5, and is limited by the difficulty of identifying large samples of galaxy
clusters beyond z ~ 1. However, due to the fact that environment can be measured
at high redshifts with observables which are relatively easy to obtain (albeit the high
calibre data of observables is vital), we develop a density-dependent selection criteria

to obtain a statistically large sample of BCG progenitors beyond z ~ 1.

Our basic idea for selecting BCG progenitors at high redshifts is to select the most mas-
sive galaxies in the densest environments. For a complete observational galaxy sam-
ple at high redshifts, environmental density can be measured for each galaxy through
galaxy counts within a fixed physical aperture. Once the densest environments are
located, we select the most massive galaxy in each cylinder as the BCG progenitor
candidate. Since we find that a simple fixed galaxy number density approach failed to
find the correct progenitors, based on the Millennium simulation, we ultimately em-

ploy this method to identify the progenitor galaxies of BCGs.

The summary of this method is that once the environmental densities for all galaxies

are obtained, they are ranked from the largest overdensity down to the smallest over-
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density. Given the volume of the CANDELS survey and using the number densities of
BCGs in the local universe, there will be a number of N BCG progenitors that need to

be selected as the most massive galaxies in the top /V densest regions.

We apply our method to the observational data of the CANDELS UDS. At a constant
number density of 10~4%h3Mpc~3, 38 progenitors need to be selected at z = 1 — 3,
as we discussed in Section 4.2.4. The environmental densities have already been mea-
sured by Lani et al. (2013) for the UDS which covers the CANDELS UDS. Therefore,
the densities are known for CANDELS UDS galaxies. By ranking them from the most
overdense to the least overdense, we select 38 progenitors as the most massive galax-
ies in the top 38 densest regions. We then compare this sample with the 469 local

descendants from our SDSS DR7 sample.

Although we can obtain a progenitor sample this way, it is possible that a fraction of
these galaxies are not the true BCG progenitors but are the progenitors of non-BCGs
at z ~ (. Important questions are how many true BCG progenitors are in our selected
high-z samples and what fraction of the true BCG progenitors are selected. We carry

out a series of tests in the simulations to answer these questions.

4.3.2 Test of Method in Simulations

To test our assumption of the BCG progenitor selection, we use the output of the Mil-
lennium Simulation and their respective SAM realisations. The Millennium Simula-
tion uses 2160° particles of mass 8.6 x 10%h 1M, to follow the evolution of the DM
distribution within a comoving box of side 500h~Mpc from z = 127 to z = 0 in 64
snapshots. Using the assumption of the ACDM cosmological model, the cosmological
parameters are €2, = 0.25, (0, = 0.045, Q) = 0.75, h = 0.73, 0g = 0.9 and ng = 1.
The SAM used in this work is from De Lucia & Blaizot (2007). They study the forma-
tion and evolution of BCGs by applying their model to the output of the Millennium
Simulation with the updated treatments for stellar populations, dust attenuation and

cooling flow suppression via AGN feedback.

We employ the simulation data at two redshift snapshots. One is z = 0 (snapshot=63)

at which we identify a sample of BCGs. All of their progenitors can be traced easily
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at any higher redshift. The other epoch we study is z = 2.07 (snapshot=32) at which
we select the progenitor sample by using the same method that we use on our data.
Although the 38 progenitors from the CANDELS UDS are chosen from z = 1 — 3,
their average redshift is z = 2.06 (see Fig. 4.1). Thus the simulation comparison is
carried out at the SAM snapshot at z = 2.07. In the following, we describe in detail
how we define the galaxy sample used in the tests at = = 0 and z = 2.07. We then
discuss the fraction of true BCG progenitors which are selected by our method. We
also examine and discuss the fraction of BCGs recovered when densities measured
with different parameters are used, or when the top three most massive galaxies are
identified as the BCG progenitor candidates. The implication of these results will be

discussed briefly.

4.3.2.1 Simulation Snapshot at z=0 Sample Selection

In the full simulation box at z = 0 BCGs are identified as the most massive galaxy
within the virial radius of their DM haloes whose mass M, > 10%5°h=1M . This
halo mass criteria is employed to be consistent with the observational halo mass which
is Mygo > 101355h=1 M, corresponding to 10~4%A3Mpc—3 (see Section 4.2.4). There

are 8490 BCGs identified at z = 0 in the simulation through this method.

Once the BCGs at z = 0 are selected, it is straightforward to trace their progenitors
at any higher redshift. For the full comparison between observations and simulations,
we use the observational constraints in the simulations. There is a stellar mass cut of
Mt = 10975 My, at z ~ 2 for the galaxies used in Lani et al. (2013) to calculate the
density for galaxies in the UDS survey (see Section 4.2.3). To be consistent with this,
at z = 2.07 in the simulation, we only consider galaxies whose mass M, > 10%7 M.
At each redshift snapshot, every galaxy with M, > 10750 which ends up as one
of our local 8490 BCGs is counted as a true BCG progenitor. At z = 2.07 there are
78,454 true BCG progenitors in total for the whole 8490 BCGs, comprising a “true
BCG progenitor catalogue”. These progenitors however are not only the most massive
progenitors, but include all the individual objects that grow and merge to form the

BCGs in the local universe within the simulation.
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Figure 4.3: Left panel illustrates how density is measured through galaxy counts (black dots) in a cylinder of fixed aperture R,y and depth D (coloured in purple) for the
central galaxy. Larger dots show the more massive galaxies. The most massive galaxy in the cylinder, with a magenta circle, is selected as the BCG progenitor candidates
in this example. The density is measured in the z-direction of the box in the simulation. The grey dots are the galaxies outside the cylinder. Middle panel shows a cross
section perpendicular to the z-axis. Density is not calculated for those galaxies in the shaded area whose vertical distance to the box edges of the x-axis or y-axis is less
than the aperture radius Rape;. Right panel shows a cross section perpendicular to the y-axis. Density is not calculated for those galaxies in the dark shaded area whose
distance in z direction to the x-y surface is less than D /2. In all, galaxies in the dark and light shaded area in the right panel are excluded from the density catalogue in the
simulation. The density of galaxies in the inner white region is measured within a fixed aperture, as shown in the left panel.

Z ~ 7 18 s9HHq Jo siojudgoaq 3y} surrojdxyy

€Cl



Exploring the Progenitors of BCGs at 2z ~ 2 124

4.3.2.2 Snapshot of z=2.07

In order to apply our observational method on the simulation data to select BCG pro-
genitor candidates, we first calculate the environmental density for galaxies in the full
simulation box at z = 2.07 by using galaxy counts in a fixed physical aperture, with
some modification of Equation 4.1. In the simulations, there are no bad pixels that

need to be masked as in the observations. Thus the NP} term is the area of the cho-

mask

sen aperture, and N[, is the area of one side of the full box. The term Nt /NP

then reduces to [?/(wR? ), where [ is the box length of one side (i.e., 500 h~*Mpc)

aper

and R,y 1s the aperture radius. We use a density contrast in our test defined as

N aper l2
§=—2
N, X TR2

aper

—1, (4.2)

where nger is, as before, the number of galaxies in the chosen aperture. /V, is the total
number of galaxies within [? x D, following the definition in Lani et al. (2013), where
D is the depth of the cylinder. The cylinder we use is in the direction of the z-axis. The
left panel of Fig. 4.3 illustrates how the density is measured within a fixed aperture.
The most massive galaxy in the cylinder (circled in magenta) is a BCG progenitor

candidate as we discuss in Section 4.3.1.

The values of the aperture radius .., and the depth of the cylinder D, are chosen
to be similar to the ones adopted in Lani et al. (2013) who construct a cylinder with
an aperture radius of 400 kpc, and depth of 1 Gyr to measure UDS densities. In the
simulation, the value of R,,e. = 400 kpc can be employed easily. However, it is diffi-
cult to apply a 1 Gyr depth as the cylinder depth in one single box. Unfortunately, the
1o uncertainty of the UDS photometric redshifts Az ~ 0.1 at z ~ 2 corresponds to
+300h~*Mpc (Av ~ 430000 km/s). This is already larger than the box size in each
redshift snapshot. The depth of 1 Gyr is thus several times greater than the 1o uncer-
tainty of the UDS photometric redshift. Since we are limited by the simulation box,
we are more generous in considering the photometric redshift errors at high redshift.
Additionally, to ensure a large sample of galaxies in the simulation box being eligible

to have a reliable density measurement, we use D = 120h~'Mpc as the cylinder depth.

As we mention in Section 4.3.2.1, only galaxies whose mass M, > 10%7°M, will be
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considered within the z = 2.07 selection in the simulation. However, density is not
measured for galaxies too close to the box edges, as a full measure of environment
cannot be done. Therefore, there is no measurement of environmental density for
galaxies whose perpendicular distance to the box edges in the x-axis or y-axis is less
than the chosen aperture radius. The middle panel of Fig. 4.3 shows a cross section
perpendicular to the z-axis. The galaxies in the shaded area are excluded from the

density catalogue.

On the other hand, if the distance in the z direction from one galaxy to the x-y surface
is less than D /2, the density measurement will not be employed on this galaxy for the
same reason that no galaxy information can be traced in the space outside the simu-
lation box. A cross section perpendicular to the y-axis in the right panel of Fig. 4.3
illustrates this requirement on distance in the z-direction. Finally, a density catalogue
which is ranked from the largest densities to the smallest densities is created for galax-
ies with M, > 10%7M, at = = 2.07 in the simulation. The most massive galaxy is

known in each density and is taken as the BCG progenitor candidate in our selection.

In the simulation, fixed number density tracing is applied as well. Since there are
8490 BCGs at z = 0 in the simulation, we need to select 8490 progenitors within the
2z = 2.07 snapshot. Based on our assumption for BCG progenitors, the progenitor
sample galaxies are identified as the most massive galaxies in the top 8490 densest
environments in the simulation. Finally, the number of true BCG progenitors within
our observationally based selection sample can be known by matching our 8490 pro-

genitors with the 78,454 true BCG progenitors the simulation gives us.

4.3.2.3 Fraction of the Selected True BCG Progenitors

In order to show explicitly how many true BCG progenitors can be found with our

observationally based selection method, we define

ftot - NggtCh/Ntota (43)

which is a fraction of the true BCG progenitors in our selected high-z progenitors.

The term Vi, = 8490 is the total number of the progenitor galaxy sample identified
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through our method as the most massive galaxies in the densest environments. N2atch
is the number of true BCG progenitors found within these N, = 8490 progenitors.

Note that we allow more than one BCG progenitors to end up in the same local BCG.

In the end, we find f,; = 45%, indicating that the progenitor sample selected by our
density-dependent method at z ~ 2 is not a pure sample of true BCG progenitors, but is
contaminated by 55% of progenitors of local non-BCG galaxies (we call these systems
non-BCG progenitors hereafter). This is a much higher fraction of successful progen-
itor selection than we would get using a simple fixed galaxy number density on the
most massive galaxies (35%). In the 3780 (45%) true BCG progenitors of our selected
sample, 2042 of them are the most massive progenitors of BCGs. In Section 4.3.3.1,
we will examine how different the properties are between our true BCG progenitors
and the non-BCG progenitors, as well as discuss whether the progenitor sample we
select can be used to trace BCG evolution and how to account for this contamination

when comparing high and low redshifts.

4.3.2.4 Effect of Density Measurement Method

The fi.; value we measure is based on the density measurement with a cylinder size
of Raper = 400 kpc and D = 120h~'Mpc. In this section, we examine whether the
cylinder size can significantly effect the fraction of the selected true BCG progeni-
tors using our method. We thus apply different apertures and depths to calculate the

environmental density.

First, with a fixed depth of D = 120h~'Mpc, we employ different aperture radii from
the local scale R,,.. = 250 kpc, to the global scale R,,.; = 1 and 2 Mpc. The
total fraction of selected true BCG progenitors is then fi,; = 47%, 42% and 39%,
respectively for these different scenarios. It thus appears that f;.; increases at smaller
aperture radii, however the aperture size is not a major factor in significantly increasing

the number of selected true BCG progenitors.

We also measure galaxy number densities within cylinders with a fixed aperture of
Raper = 400 kpc and with different depths of D = 250, 30, and 4h~*Mpc. 250h~'Mpc

represents the largest photometric redshift uncertainty which we have in the data.
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30h~'Mpc is of the same order of redshift accuracy measured by narrow-band imag-
ing, and 4h~'Mpc is the spectroscopic redshift measuring error. The corresponding
total fractions are then: fi,q = 36%, 51% and 56%, respectively. This implies that
if spectroscopic redshifts for a large sample of galaxies in the early universe could
be measured accurately in observations, the fraction of selected true BCG progeni-
tors could increase by > 10% compared to using SED-fitted photometric redshifts.
However, the fraction of true BCG progenitors selected as the most massive galaxies
in the densest environments cannot exceed 70% even if we use a cylinder with very
small aperture (e.g., Raper = 250 kpc) and a spectroscopic redshift uncertainty (e.g.,
4h~*Mpc). This suggests that there is a natural limit in how well we can trace BCG

progenitors with this method.

The length of the cylinder used to measure density in the observations is equivalent to 1
Gyr of look-back-time (or ~ 1000h~! Mpc around z ~ 2), which is significantly larger
than the one we have used in the simulations due to the size of the simulation box. In
order to use a cylinder with a more similar length to the one used in the observations,
we have replicated the z = 2.07 simulation box on all sides, taking advantage of
the periodic boundary conditions. This allows us to measure environmental density
with cylinder whose length is more than 500h~! Mpc. By using cylinder lengths of
500h~1 Mpc and 1000~ Mpc, the fraction of the true BCG progenitors in our selected
high-~ sample is ~ 41% in both cases, a number that is very similar to what was found
with smaller cylinders. We are thus reassured that our results on BCG evolution do not

depend on the exact size of the cylinder used in the simulation tests.

4.3.2.5 Effect of Galaxy Stellar Mass

De Lucia & Blaizot (2007) show in simulations that BCG progenitors have a wide
stellar mass distribution from 10'° M, to 102 M, and there is a good overlap between
the mass distribution of high-z massive galaxies and the massive progenitors of lo-
cal BCGs. This implies that the most massive galaxy in a dense region could be a
non-BCG progenitor and we could miss out those true BCG progenitors whose stellar

masses are slightly smaller.

Therefore, in the simulation, we select the candidates of BCG progenitors from a larger
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pool that includes the second and third most massive galaxies in the densest regions
to examine the possible effect from stellar mass differentials. We carry out this test
through a method of iterative matching. We first test if the most massive galaxy in
a given environment is a BCG progenitor. If this most massive galaxy is matched
as the true BCG progenitor then we do not further match the 2nd and 3rd massive
galaxies. However, if the top massive galaxy is a not a BCG progenitor then we match
the 2nd most massive galaxy in that environment with the true BCG progenitors. No
further matching will be done on the 3rd galaxy as long as the 2nd one is the true BCG
progenitor. If neither the 1st or 2nd massive galaxies are BCG progenitors then we
match the 3rd most massive one. This selection down to the 3rd most massive galaxy

increases the total fraction of the true BCG progenitors we select to fio; = 55%.

Combined with the results of Section 4.3.2.4 this indicates that a large fraction of mas-
sive galaxies in very dense environments at high redshift do not end up in z = 0 BCGs
but in local normal massive galaxies. Both overdensity and stellar mass are not unique
tracers for identifying true BCG progenitors at z ~ 2. Other than using environmental
density, we also examine the fraction of true BCG progenitors in the simulation if our
progenitors are selected based on their host DM subhalo masses. Muldrew, Pearce &
Power (2011) demonstrate that in simulations the maximum circular velocity of the
subhalo is a better property to represent the subhalo mass than the virial mass of sub-
halo. We thus examine the selection that the BCG progenitors are selected as the 8490
most massive galaxies in the top 8490 subhaloes sorted by their maximum circular ve-
locity. If we use this method, the total fraction of the selected true BCG progenitors
increases to fior = 65%. Although dark matter is a more promising tracer to find BCG
progenitors at z ~ 2, it is hard to apply it on observation data since measuring the
maximum circular velocity of subhalo cannot be done observationally at the moment.
However, ultimately this may be a better method of finding BCG progenitors in the

future.

4.3.3 Effect of Contaminants in Our Selected Sample

Since our final aim is to apply our BCG progenitor selection on the CANDELS UDS

data by employing the UDS density catalogue, the following discussion will be based
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on the results of the simulation tests in Section 4.3.2.3. We show that using the density
measured as in Lani et al. (2013) within the UDS, our selected progenitors at z ~ 2
are not pure BCG progenitors, but consist of 45% true BCG progenitors and 55% non-
BCG progenitors as contaminants. This means that within the 38 progenitors selected
from the CANDELS UDS at 1 < z < 3, about 17 of them are BCG progenitors and
the rest are contaminants. It is, however, impossible to know from the available data

which are the real BCG progenitors and which are not.

In the following we first show, based on simulations, that the properties of our entire
selected progenitor sample and the 45% true BCG progenitors within them are not sig-
nificantly different. Next, in order to trace BCG evolution down to z ~ 0, our selected
progenitors at high redshifts need to be compared with their counterparts in the local
universe, which will be a mixture of BCGs and non-BCGs. We demonstrate below that
the local non-BCGs which are the descendants of those 55% non-BCG progenitors sta-
tistically share similar properties of local BCGs. We find that the uncertainty resulting
from the contamination in our samples does not erase the BCG evolution signal. The
comparison, at the same number density, between the progenitors we select at high
redshift with their local counterparts can therefore give us an accurate measurement of

BCG evolution.

4.3.3.1 Contamination at High-2

From the test we carry out in Section 4.3.2, we know that the 38 progenitors that we
select from the CANDELS UDS by our method is a mixed sample with 45% true BCG
progenitors and 55% non-BCG progenitors. The question we need to answer is how
the contaminant non-BCG progenitors differ from the true BCG progenitors. Ideally,
the comparison should be carried out in observational data between the whole 38 pro-
genitors and the 17 true BCG progenitors within them. However, there is no method
that can identify the true BCG progenitors in our selected high-z sample. Therefore,
we carry out our comparison in simulation by using the 8490 progenitors selected
through the observationally based selection. They are compared with the 3780 (45%)
true BCG progenitors, and 4710 (55%) non-BCG progenitors within them (see Sec-

tion 4.3.2.2 and Section 4.3.2.3). The properties within the simulation we discuss are
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Figure 4.4: Property distributions of the 8490 most massive galaxies in the top 8490 densest regions (blue solid) at z = 2.07 from the Millennium simulation. In the
upper-row, stellar mass, SFR, and sSFR are shown in panels from left to right, respectively. In the lower-row, the left panel is the disk radius distribution, and the right
panel is for density measured within a fixed aperture. In each panel, distribution of the 45% true BCG progenitors within these 8490 galaxies is illustrated as the red
dash line. The remaining 55% non-BCGs progenitors are presented in the green dotted line. The black line with shadow presents the distribution of the entire 78,454
progenitors of local 8490 BCGs in the simulation. The numbers in legend show the median value of the corresponding distributions. Detail discussions can be found in
text.
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stellar mass, SFR/sSFR, disk radius, and density and position of galaxies.

First, we examine the differences in galaxy masses. The left panel in the upper-row
of Fig. 4.4 illustrates the stellar mass distribution of our selected 3780 true BCG pro-
genitors (red dash line) and the 4710 non-BCG progenitors (green dotted line) in the
simulation. It illustrates that the true BCG progenitors selected by our method are
slightly more massive than those selected which are non-BCG progenitors. The non-
BCG progenitors make the entire 8490 progenitors (shown blue solid line) have on
average a somewhat smaller stellar mass. The median stellar mass of true BCG pro-
genitors is 101%7h~1 M, and it is 10'%-94~1 M, for all the 8490 progenitors. The
effect of non-BCG progenitors on the stellar mass distribution is thus to make it 0.06
dex smaller. Moreover, we also plot the mass distribution of the entire z = 2.07 pro-
genitor population of the 8490 z = 0 BCGs (i.e., the 78,454 true BCG progenitors.
See Section 4.3.2.1). This is shown in Fig. 4.4 as the black shaded area. It is clear that

our method selects those BCG progenitors at the most massive end.

The next two properties we examine are SFR and sSFR, whose distributions are shown
in the middle and right panels in the upper-row of Fig. 4.4. As can be seen, the non-
BCG progenitors, which make up 55% of the selected sample (green dotted line), and
the entire selected samples (blue solid line) have a different distribution from the 45%
true BCG progenitors (red dash line). The actual BCG progenitors distribute rela-
tively evenly over log SF'R = [0,2] (log sSFR = [—11,—9]), with a larger fraction
found towards the low SFR and low sSFR values. If we take the median SFR of the
8490 progenitors as a threshold, the majority of the true BCG progenitors have a SFR
lower than log SFR = 0.71 and a similar fraction for sSFR selection. In contrast,
the selected non-BCG progenitors and the whole progenitor sample are dominated by
galaxies with high SFR (high sSFR). The non-BCG progenitor population makes the
SFR (sSFR) distribution of the entire selected progenitors larger by a factor of ~ 0.3

dex (~ 0.4 dex) than the true BCG progenitors.

The left panel in the lower-row of Fig. 4.4 shows the distribution of disk radius which
is derived by De Lucia & Blaizot (2007) from halo radius following the relationship
in Mo, Mao & White (1998). We find that non-BCG progenitors (green dotted line)

in our selected sample tend to have smaller disk radii, making the entire sample of
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selected progenitors (blue solid line) more compact in disk size by a factor of 0.1 dex
than the true BCG progenitors (red dash line). At the same time, it is clear that the
true BCG progenitors we select from the densest environments have much larger radii
compared with the entire 78,454 true BCG progenitors of the 8490 z = 0 BCGs (black

shaded area).

Moreover, we also check the environments of our selected samples in the simulation.
The distribution of density where our selected progenitors reside is presented in the
right panel in the lower-row of Fig. 4.4. We find that the environments of the 45%
true BCG progenitors (red dash line) are only marginally denser than the environments
which host the 55% non-BCG progenitors (green dotted line). About 10% more non-
BCG progenitors are in the less dense regions. Nevertheless, a K-S test demonstrates
that the entire sample of our selected progenitors (blue solid line) are within the same
local density as the 45% true BCG progenitors. This result is partially by design given
that we only select our progenitors based on being in dense environments. However it
might be the case that the BCG progenitors are more likely to be found in the densest
environments among this selection, but this appears to not be the case as presented by
the black shaded area which shows environments of the entire 78,454 true BCG pro-
genitors of the 8490 z = 0 BCGs. It is clear that majority of the true BCG progenitors

reside in less dense regions.

In addition to the environmental density, the location of the galaxy in the host dark
matter halo is examined as well. The simulation gives the central galaxy of its FOF
group as type 0, the central galaxy of a subhalo is type 1, and satellite galaxy as type
2. In the 3780 true BCG progenitors we select, 71% of them are type 0 galaxies while
19% are type 1 galaxies and the rest 10% are type 2 galaxies. In the 4710 non-BCG
progenitors, we find that 72% are type 0 galaxies, 23% are type 1 galaxies and other
5% are type 2 galaxies. There is thus not much difference in terms of galaxy position
within their respective groups and clusters between BCG progenitors and non-BCG

progenitors.

Based on the simulation, we find that the properties of the entire progenitor population
selected by our method are very similar to the properties of the actual BCG progenitors

within them. These properties include: stellar mass, disk radius and environment. The
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non-BCG progenitors do however appear to influence the distribution of SFR/sSFR,
driving the SFR/sSFR of the entire selected progenitors higher by a factor of 0.3 — 0.4

dex larger.

We apply these findings on our 38 observational progenitors, supposing that their stel-
lar masses and effective radii represent the true BCG progenitor at z ~ 2 but with a
~ 0.4 dex larger SFR/sSFR. In Section 4.3.3.3 we demonstrate that the evolution of
BCGs over z = 0 — 2 is intrinsic, and still evident, even if the systematic raising of the

star formation from the non-BCG progenitors is considered.

We mentioned in Section 4.3.2.3 that in the 3780 (45%) true BCG progenitors of our
selected sample, 2042 of them are the most massive progenitors of BCGs. If only these
most massive progenitors are considered as the true BCG progenitors, we examine
again the difference in properties between the 2042 most massive BCG progenitors
and our whole 8490 selected progenitor sample. We find that the stellar mass of our
8490 selected progenitors is 0.15 dex less than the stellar mass of 2042 most massive
BCG progenitors, and the SFR/sSFR of our entire selected progenitors is still ~ 0.4
dex larger. There is not much difference in effective radius in this case. We will
discuss in 4.3.3.3 that how BCG evolution could be affected if only the most massive

BCG progenitors are considered.

4.3.3.2 Contamination in the Local Universe

Since the progenitor population selected by our method is a mixture of real BCG pro-
genitors and non-BCG progenitors, in order to trace evolution down to z ~ 0, the local
comparison should be the z ~ 0 counterparts of our high-z progenitors rather than a
pure local BCG sample. In this section, we discuss how we construct an observational
local mixed sample which consists of the descendants of both our selected high-z non-
BCG progenitors and the BCG progenitors. We also examine whether the properties of
a locally mixed sample are different from a pure BCG sample due to the non-BCG con-

3 we calculate

tamination. At our constant number density selection of 10~4%h3Mpc~
that 469 local descendants should be selected from SDSS DR7. We must populate

these descendants with both real BCGs and other non-BCG galaxies.
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In the simulation, we find that within the z = 0 descendants of the z = 2.07 8490
selected progenitors found using our observational method, 38% of them are BCGs and
the remaining 62% are non-BCGs. There is no 1-to-1 correspondence between high-z
progenitor and local descendant, which is due to the fact that more than one progenitors
could merge to end up in the same local descendant. Therefore the fraction (38%) of
BCGs in the local mixed sample is not necessarily the same as the fraction (45%) of
true BCG progenitors in high-z selected progenitor sample. Applying the fractions of
local BCGs and non-BCGs to the 469 local observational sample, there are thus 291
non-BCGs and 178 BCGs we should identify to build up a mixed counterpart sample

at z ~ 0.

In order to ensure that the 291 local non-BCGs we identify in SDSS DR7 catalogue are
likely the descendants of our selected high-z contaminants from CANDELS UDS, they
are chosen according to their distribution within the whole z = 0 galaxy population
in terms of stellar mass. This distribution can be determined based on our simulation
results. In the simulation, at z = 2.07, 4710 galaxies (55%) selected by our method
in the top 8490 densest regions evolve into non-BCGs at z = 0. In terms of stellar
mass, how these non-BCGs distribute in the whole z = 0 galaxies can be known. By
ranking galaxies by stellar mass from large to small in the = = 0 box, descendants
of our non-BCG progenitors are located by their stellar masses (hereafter we call the

mass-ranked whole local galaxy population as the “galaxy pool”).

Therefore, down to a specific stellar mass M, hreshola 10 the galaxy pool, we could
know how many non-BCGs whose M, > M, threshola are there. Note that, in the
galaxy pool, a specific stellar mass M, threshold corresponds to a number of galaxies
whose M, > M, threshold- Taken into account the local comoving volume, a spe-
cific stellar mass M, threshola then corresponds to a cumulative number density N D(>
M, threshold)- Since we use the number density of ND = 10~*%,3Mpc~ in this work,
to be convenient, we take this value as a unit. When we explore the mass distribution
of non-BCGs in the galaxy pool, we choose a number of M, ¢hreshold Whose converted
cumulative number densities are m x ND where m = 1/2,1,2,4,8,16,32,64. In
Fig. 4.5, the upper tick labels of x-axis show the stellar masses M. threshola W€ choose

in the z = 0 simulation box, and the lower tick labels of x-axis show the corresponding
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cumulative number density.

Down to each M, ihreshold, the number of descendants of our selected non-BCG pro-
genitors can be obtained (we express this as Nyon—Bca,>thres). This number can be con-
verted to a cumulative fraction defined as f,on—BcG,>thres = Nnon—BCG,>thres/ Ntot.non—BCG
where Niot non—Bcg 1S the total number of = = 0 descendants of our 4754 non-BCG
progenitors. This fraction is the y-axis of Fig. 4.5. Fig. 4.5 finally shows the distribu-
tion of the z = 0 descendants of our selected non-BCG progenitors in the galaxy pool
in terms of stellar mass. If the total number of non-BCGs is known (i.e., Niot non—BCG
is known), this figure essentially tells us how many non-BCGs are between two ad-
jacent cumulative number densities of galaxy pool. This figure also tells us we need
to go down to 64N D in the galaxy pool to retrieved almost all the descendants of our

non-BCG progenitors.

We apply this distribution to the SDSS DR7 galaxies to select the observational de-
scendants of our high-z non-BCG progenitors. In observation, the galaxy pool is com-
prised of the SDSS DR7 galaxies which are at 0.02 < z < 0.1 and are ranked by
stellar mass from large to small. The cumulative number densities m x N D where
m=1/2,1,2,4,8,16, 32,64 are also used for the SDSS DR7 data. For each cumula-
tive number density, the corresponding number of SDSS DR7 galaxies (counted from
the most massive galaxy) is known, from which the non-BCGs are selected. Since
we need to obtain 291 non-BCGs to contaminate our pure BCGs (i.e., Niot non—BcG =
291), how many non-BCGs should be selected between two adjacent cumulative num-
ber densities could be known according to Fig. 4.5. The non-BCGs are then selected

randomly from galaxies which are not BCGs.

There is also the caveat that the galaxy distribution in our simulation cannot fully
represent the observational one due to the unclear baryon physics in galaxy formation
and evolution. However, the distribution of local descendants of high-z non-BCG
progenitors from this simulation is currently the best method we can take for selecting
non-BCG descendants in observations. Moreover, since the formation and evolution of
non-BCGs may involve fewer hydrodynamical mechanisms such as inflows/outflows
at z < 3, the simulation results for non-BCGs could be better than the results for

BCGs.
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The question now is: how do we select the BCG themselves at low redshifts? Similar to
Fig. 4.5 for local non-BCGs, the upper panel of Fig. 4.6 shows the distribution of z = 0
BCGs which are the descendants of our selected 3780 z = 2.07 BCG progenitors in
the simulation. However, this simulation and others create too many massive galaxies
compared with observations at z ~ 0 (e.g., Lin et al. 2013), such that the simulation
distributions of local massive galaxies does not represent the real observational ones
correctly. This is shown clearly by comparing the upper panel of Fig. 4.6 with the lower
panel which illustrates the LO7 BCG distribution in the SDSS DR7 galaxy population.
Therefore, we select 178 BCGs from the LO7 catalogue according to the LO7 BCG
distribution. The BCGs within every bin are selected randomly from those galaxies

which are LO7 BCGs whose host clusters have velocity dispersion o599 > 309 km/s.

Combining the 178 BCGs and the 291 non-BCGs, the final local mixed sample is
created. We run this process 10 times to get 10 sets of local mixed sample avoiding
biases from selecting a single sample. In order to examine the effect of non-BCG
properties, we compare the 469 local mixed sample with the 178 pure local BCGs

within them.

In Fig. 4.7, the dotted colour lines present the property distributions of our 10 sets of
mixed samples at z ~ 0, and the magenta solid lines are for our one set of 178 pure
BCGs (the properties of 10 sets pure BCGs are very similar, therefore we plot only
one set pure BCGs to keep the plots clean). We find very little effect from the non-
BCGs on the BCG properties, such that the mixed sample have very similar structures
(n and R.), RFF, stellar mass and SFR/sSFR as pure BCGs. Note that the stellar
mass distribution of the local mixed sample has a relatively evident offset from the
pure BCGs by a factor of 0.08 dex. Nevertheless, the uncertainty derived from the
descendants of our selected non-BCG progenitors is no larger than ~ 0.1 dex for all

the properties we explore.

4.3.3.3 Can Contaminants erase BCG Evolution?

In Section 4.3.3.1 we find that the effect of contamination from non-BCG progenitors
is very small on BCG progenitor stellar mass and size (< 0.1 dex), but is more evident

on SFR/sSFR by increasing them by a factor of ~ 0.4 dex. In Section 4.3.3.2 we
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demonstrate that the effect of the descendants of non-BCG progenitors is no more than
~ 0.1 dex on local BCG structure, stellar mass or SFR/sSFR properties. In this section,
we will examine whether the uncertainty introduced by both non-BCG progenitors
and local non-BCGs will erase the BCG evolution since z ~ 2 and whether the BCG

evolution we find by our method is intrinsic.

The properties of our 38 selected progenitors are plotted in Fig. 4.7 in blue solid lines
with shadow. Note that there is one progenitor has very bad original CANDELS UDS
image which results in unreliable fitting result (see Fig. 4.9). Therefore, we do not take
into account its shape, size, and morphology in our discussions. Comparing the prop-
erties of our high-z progenitors with the properties of the z ~ 0 mixed sample (colour
dotted lines), we find that BCG evolution is evident since z ~ 2 even if uncertainties
are taken into account. We discuss this for stellar mass, SFR/sSFR and size specifically

below.

We find that even if the BCG mass growth decreases when the 0.06 dex uncertainty
from non-BCG progenitors and the 0.08 dex uncertainty from local non-BCGs are
considered, the mass build-up in BCGs remains clear, growing by a factor of (.24
dex over z = 0 — 2. The systematic contamination cannot erase the change of BCG
SFR/sSFR either since the difference in SFR/sSFR between high-z progenitors and
their local counterparts (~ 1.8 dex for SFR; ~ 2.2 dex for sSFR) is much larger than
the 0.4 dex uncertainty from non-BCG progenitors. In respect of effective radius, 0.4
dex size growth still remains even if the 0.1 dex systematic contamination from non-

BCG progenitors is considered.

If we only consider that the most massive BCG progenitors are the true BCG progen-
itors, in Section 4.3.3.1, we find that the contamination makes the stellar mass of our
high-z progenitors ~ 0.15 dex less than those of the most massive BCG progenitors.
Taking into account the 0.08 dex uncertainty from local non-BCGs, we find that BCGs
grow in mass by a factor of 0.15 dex over z = 0 — 2 in this case. Previous discussion
shows that the BCG mass growth is 0.24 dex when all the selected true BCG progeni-
tors are considered. It implies that the stellar mass evolution we find by considering all
the selected true BCG progenitors is an upper limit. The evolutions of effective radius

and SFR/sSFR, however, are not affected if only the most massive BCG progenitors



Exploring the Progenitors of BCGs at 2z ~ 2 141

are considered.

In Section 4.3.3.1 we find that our selected progenitors whose SFR/sSFR is less than
the median value are more likely to be the true BCG progenitors. Since a low-SFR/-
sSFR subsample may be more likely the true BCG progenitors, we examine their
properties specifically. In Fig. 4.7, the grey dashed lines with shadow represents the
property distribution of our selected progenitors with low star formation rate whose
log sSFR < —9.87. These lower star forming systems have a much lower SFR and
sSFR than the entire selected progenitor sample (by design), and are slightly more
compact, more concentrated, and more massive. Nevertheless, the evolution in our

selections from z ~ 2 to z ~ 0 remains statistically evident.

In all, we demonstrate that BCG evolution based on our selection of high-z progeni-
tors and the local descendants must intrinsically be true. The uncertainties introduced
by the contaminant non-BCG progenitors and local non-BCGs have relatively little ef-
fect, and cannot account for the evident evolution since z ~ 2. Even considering the
low-sSFR subsample of high-z selected progenitors, the evolution we find for BCGs
remains. Since there is no good way to separate true BCG progenitors from our high-z
non-BCG progenitors in observations, the main results in the following sections are

based on the entire 38 selected progenitors and the 10 sets of local mixed samples.

4.4 BCG Evolution since z ~ 2

In order to explore BCG evolution since z ~ 2, we have selected 38 progenitors at 1 <
z < 3 from the CANDELS UDS and created 10 sets of their local counterparts from
SDSS DR7 as explained in detail in Section 4.3. We have demonstrated in Section 4.3.3
that the evolution between these two samples can represent the BCG evolution from
z ~ 21to z ~ 0. In this section using Fig. 4.7 and Fig. 4.8, we describe in detail
the evolution of BCG structure (Sérsic index and effective radius), morphology (visual
morphology and RFF), stellar mass and SFR/sSFR. Fig. 4.7 presents the distributions
of galaxy properties. Specifically, our main results of BCG evolution is shown by the
blue solid lines with shadow (i.e., selected progenitors) and the colour dotted lines (i.e.,

local descendants).
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Fig. 4.8 explicitly illustrates how the BCG properties vary as a function of redshift. In
Fig. 4.8, the cyan diamond shows the mean value of each property, at our two differ-
ent redshifts, by averaging the median value of the 10 sets constructed from the local
samples (see Section 4.3). The error bars are the 84 and 16 percentiles (~ 1o) of
each property distribution which are from averaging the error bars of 10 sets from the
local samples. The median redshift of our local descendants is 0.074. The blue trian-
gle presents the median property value of our selected high-z progenitors. The error
bars are also the 84 and 16 percentiles of each property distribution. Our 38 selected
progenitors distribute around z = 2.06. In the following, we call our selected high-z

systems the BCG progenitors, and call their local counterparts BCGs, for simplicity.

4.4.1 Structure Evolution

Since the photometric images from the CANDELS survey are at high resolution, we
can examine the structures of the galaxies in our sample by fitting their light profiles.
We use the pipeline of GALAPAGOS and GALFIT to fit each galaxy’s profile with
a single-Sérsic model. The sky value in the CANDELS imaging is determined by
GALAPAGOS, and for the simulated BCG images the sky is fixed as the sky value ob-
tained from the CANDELS sky patch used in the simulation. We analyse the behaviour
of the two structural parameters derived from the best-fitting single-Sérsic model. They
are the Sérsic index n, and the effective radius R?., which provides information on the

intrinsic structural properties of these galaxies.

44.1.1 Sérsic index n

The Sérsic index n measures the concentration of the light profile, with larger n values
corresponding to higher concentrations. The first panel in the upper row of Fig. 4.7
clearly shows that the high-z BCG progenitors have, statistically, much smaller values
of n than their local descendants. About 55% of BCG progenitors have n smaller than
2.5, which we define as late-type galaxies. In contrast, less than 20% of the local BCGs
have n < 2.5. A K-S test indicates that the difference in the Sérsic index n is significant

at the 4.20 level. The first panel in the upper row of Fig. 4.8 shows that the median
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n of BCG progenitors is 2.3270:3], while the median n of their local descendants is
4.45T013.

In previous work, Buitrago et al. (2013) also find an enormous change for galaxy
structures with cosmic time. They find that at z ~ 2, ~ 70% of the massive galaxy
population have late-type Sérsic profiles (n < 2.5), while early-type galaxies (n > 2.5)
have been the predominant morphological class for massive galaxies since only z ~ 1.

Our result suggests that the shape evolution is also true for the most massive galaxy

population, the BCGs.

4.4.1.2 Effective radius R,

The effective radius R, is a measurement of the size of the light distribution. The
second panel in the upper row of Fig. 4.7 shows the distribution of log Rz, for the high-
z BCG progenitors (blue solid lines with shadow), and their local descendants (dotted
colour lines). It is clear that the BCG progenitors at z ~ 2 are much more compact
than their descendants at z ~ (. Almost all the high-z progenitors (> 90%) have radii
smaller than R.~ 6.3 kpc, while there are ~ 80% of local BCGs whose radii are larger
than this value. The difference in log R, distribution is very significant, based on a K-S
test. The second panel in the upper row of Fig. 4.8 shows that the median radius of
local BCGs is 11.5 kpc (i.e., logR.= 1.067003), which is a factor of ~ 3.2 larger than
the size of the high-> BCG progenitors (logR.= 0.56 70 03). This is also similar to what
is found when just selecting massive galaxies at high and low redshifts (Buitrago et al.

2013).

Laporte et al. (2013) investigated the size growth of BCGs by using a suite of nine
high-resolution dark matter-only simulations of galaxy clusters in a ACDM universe
tracing a z = 2 population of quiescent elliptical galaxies to z = 0. They found that
BCGs grow on average in size by a factor of 5 — 10. This is much faster than the size
growth we find from observational data, such that BCGs grow in size only by a factor
of 3.2 since z ~ 2. Laporte et al. (2013) set the sizes of their high-z galaxies according
to the observed size-mass relation for z ~ 2 massive quiescent galaxies which have
a steeper size—mass relation and experience faster size evolution (e.g., Trujillo et al.

2007; Buitrago et al. 2008; van der Wel et al. 2014). In contrast, a large fraction
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of the BCG progenitors in our study are Sérsic defined late-type galaxies (median
n = 2.32, see Section 4.4.1.1) which have slower size evolution (e.g., Buitrago et al.
2008; Bruce et al. 2012; van der Wel et al. 2014). Therefore, it is not surprise that
the size growth in Laporte et al. (2013) is larger than our results. Since Buitrago et al.
(2013) demonstrate in observations that the late-type galaxies (n < 2.5) dominate the
massive galaxy population at z > 1 (see also Bruce et al. 2012), simulations need

further improvement on exploring the size evolution of massive galaxies.

4.4.2 Morphological Evolution

The single-Sérsic model is a generally reasonably good description of the local BCG
light profiles since the majority of them are early-type galaxies. However, the high-z
BCG progenitors may be more complicated, with distorted features, or star forming re-
gions and spiral arms, due to an intense early evolutionary phase. Therefore, inspection
of the residuals that remain after subtracting the best-fit Sérsic model is valuable for
understanding whether a galaxy has a symmetric profile, or is in merger/star forming

state.

We first carry out a visual inspection of the residual images which can generally give
a good feel of whether the profiles of BCG progenitors and their local descendants are
smooth or distorted. Then we demonstrate the quantitative differences by using the

objective diagnostic of RFF.

4.4.2.1 Visual Inspection of Residual Images

Fig. 4.9 shows the single-Sérsic fits for all the 38 BCG progenitors selected by our
method. Each row presents three BCG progenitors, each of which shows in the left
panel the original image from the CANDELS UDS, the middle panel is the best-fitted
single-Sérsic model, and the right panel is the residual image. The first galaxy from
right in the third row from bottom is excluded from our discussion since it has a bad

original image.

Inspecting the residual images, about 5 of these systems have strong asymmetric/distorted

profiles, or stretched structures, suggesting mergers are ongoing. Another 7 progeni-
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Figure 4.9: Single-Sérsic fits of the 38 BCG progenitors selected by our method from the CAN-
DELS UDS. Each row presents three BCG progenitors, for each of which the left panel is the
original image within the CANDELS UDS, the middle panel is the best-fit model, and the right
panel is the residual image. The scale of each image is 5.2” x 5.0”. The first galaxy from right
in the third row from bottom has very bad original image which results in unreliable fitting result.
We do not take it into account in our discussions. Inspecting the residual images, 68% of the BCG
progenitors have regular light profiles, the majority of which can be fitted by a single-Sérsic model.
In contrast, the remaining 32% of the progenitors are asymmetric, distorted, or have a close nearby
companion. These imply that at z ~ 2 many BCG progenitors are undergoing or will undergo
interactions and mergers.
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Figure 4.10: Single-Sérsic fits of 39 local descendants which are simulated to z = 2. They are
randomly selected from one set of the local mixed BCG sample. As in Fig. 4.9, each row presents
three local descendants. The left panel is the original simulated image obtained from shifting the
local SDSS BCG to z = 2 by running the FERENGI code. The middle panel is the best-fit model,
and the right panel is the residual image. The scale of each image is 7.1” x 7.3”, corresponding to
59 x 61 kpc? at z = 2. It is clear that the local descendants have smooth and symmetric profiles,
most of which can be well represented by a single-Sérsic model.
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tors show a close nearby object which implies that they might be undergo early stages
of a merger. The remaining 25 progenitors have regular profiles, 6 of which show
clear symmetric disc or spiral arms, while the others (19) can be well fit by a single-
Sérsic model. The single-Sérsic fitting results in Fig. 4.9 indicate that more than half
of the BCG progenitors seem to be in a quiescent evolutionary state which may already
evolve as elliptical galaxies. Nonetheless, there is still a large fraction of progenitors
(~ 32%) which are undergoing, or will undergo, more intense interactions at z < 2

with the responsible mechanism is most likely merging.

Fig. 4.10 shows the single-Sérsic fits of 39 local descendants which are randomly se-
lected from one set of our local mixed sample. As in Fig. 4.9, each row shows three
local descendants. The left panel is the original simulated image obtained from shift-
ing the local BCG to z = 2 by running the FERENGI code. The middle panel is the
best-fitted single-Sérsic model, and the right panel is the residual image. It is clear
that all the local BCGs have smooth and symmetric profiles, most of which can be
well represented by a single-Sérsic model. None of these galaxies have an asymmetric
or distorted morphology which can be found in the progenitor sample. This indicates
that local BCGs are already well evolved into elliptical BCGs or c¢D galaxies (see also

Chapter 2).

4.4.2.2 Residual Flux Fraction (RFF)

Visual inspection of the residual images shows evident differences in light profile
shapes between high-z BCG progenitors and local BCGs, such that the high-z ones
are interacting while the nearby ones already possess smooth profiles. In this section,
we demonstrate this difference quantitatively through the RFF values whose calcula-

tion is in Section 4.2.6.2.

The RFF distributions, measured on the residual images of both the high-z progenitors
and the 10 sets of local descendants, are shown in the third panel in the upper row of
Fig. 4.7. Local BCGs, whose residual images are visually clean with little obvious
residuals, have a smaller RFF such that about ~ 75% of them have RFF' < 0.03. In
contrast, RFF of the BCG progenitors distributes towards larger values, indicating that

a fraction of them deviate further from the single-Sérsic model. This is consistent with
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their light profiles. A K-S test shows a significant difference between these two RFF

distributions at the level of 4.90.

The difference of RFF between local BCGs and their progenitors is also shown in the
third panel in the upper row of Fig. 4.8, with the median RFF for BCGs at z ~ 0
being 0.02570001, and for the high-z progenitors it is 0.03970 7. Note that the RFF
distribution of high-z progenitors has a significant tail towards high values. From
visual inspection on Fig. 4.9, a fraction of progenitors are merging or have very close
companions, creating a variety of unsmooth galaxy profiles. These profiles may result

in RFF scattering towards larger values.

4.4.3 Stellar Mass Evolution

In this section, we probe BCG mass growth since z ~ 2. Since star formation is one
potential mechanism for the increase of BCG stellar masses, we also compare SFR and
sSFR of BCG progenitors at z ~ 2 and their descendants at 2 ~ 0 to determine how

star formation contributes to BCG mass growth.

4.4.3.1 Stellar Mass Growth

The fourth panel in the upper row of Fig. 4.8 illustrates the average stellar mass
difference of high-z BCG progenitors and their z ~ 0 descendants. BCG stellar
mass has grown by a factor of ~ 2.5 since z ~ 2 from log M, = 10.917077 to
log M, = 1129750} The fourth panel in the upper row of Fig. 4.7 shows that at
2 ~ 2 about 80% of BCG progenitors have stellar masses smaller than 10'* M, while
in local universe ~ 90% of descendants have grown into massive galaxies with masses
larger than 10! M. The mass distributions of high-z progenitors and local BCGs have

significant differences at the 6.40 level as demonstrated by a K-S test.

The stellar mass growth predicted in simulations can be examined by comparing the
stellar masses of our selected 3780 true BCG progenitors at z = 2 with the mass of
their BCG descendants at z = (. We find that the z = 0 BCG stellar mass is about 5
times larger than their z = 2 progenitors. There is more BCG growth in simulations

than in the observational results. This offset between simulation and observation may



Exploring the Progenitors of BCGs at 2z ~ 2 150

be due to the higher galaxy stellar mass predicted in De Lucia & Blaizot (2007) at
low redshifts which is discussed in more detail in Lin er al. (2013). Laporte et al.
(2013) also predicts BCG evolution in simulations, but by adopting the dark matter-
only simulations of galaxy clusters. They claim that the stellar mass of BCGs increase

by a factor of 2 — 3 since z ~ 2, which is consistent with our results.

4.4.3.2 SFR and sSFR

The left panel in the lower row of Fig. 4.7 presents two clearly distinct distributions
of SFR for BCG progenitors and local descendants. Almost all the BCG progenitors
are forming more than 1 M, yr~! through star formation. The same panel in Fig. 4.8
indicates that their median SFR is 13.575% M, yr~!. In the local universe, as BCGs
have become elliptical BCGs or ¢D galaxies, ~ 85% of them have very low SFR that
produce less than one solar mass per year. The median value of SFR for local BCGs

from Fig. 4.8 is 0.20700% M yr—'.

The right panel in the lower row of Fig. 4.7 shows the distributions of sSFR for BCG
progenitors and their z ~ 0 descendants. Like SFRs, the sSFRs clearly separate as
well. From the right panel in the lower row of Fig. 4.8, the high-z BCG progenitors
have a much higher sSFR concentrating on log sSFR = —9.907017, while the sSFR of

their descendants distributes around a very small value of log sSSFR = —12.1070 03,

4.4.3.3 M,-SFR relationship

Fig. 4.11 illustrates the M,—SFR relation (upper panel) as well as the M,—sSFR rela-
tion (lower panel) for our high-z BCG progenitors and their local descendants. Since
the SFR/sSFR distributions are similar between the 10 sets of local descendants (see
the lower row of Fig. 4.7), we plot only one set of the local sample in Fig. 4.11 to keep
the figure clear. In each panel, the green solid line is the relation found in Daddi et al.
(2007) for star-forming galaxies at z = 2, and the brown dashed line is the M,—SFR

relation from Bauer ef al. (2011) for star-forming galaxies at 2.0 < z < 2.5.

It is evident that the BCG progenitors have lower SFR/sSFR values than the general

star-forming galaxies, but still distribute in a relatively higher SFR/sSFR region dif-
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Figure 4.11: Upper panel: The M,—SFR relation in log units for our 38 selected progenitors (blue
triangles), and one set of local mixed sample (cyan diamonds). The vertical dotted lines show the
median values of log stellar mass, and the horizontal dotted lines indicate the median log SF'R.
The green solid line is the relation found in Daddi et al. (2007) for star-forming galaxies at z = 2.
The brown dashed line is the M,.—SFR relation from Bauer et al. (2011) for star-forming galaxies
at 2.0 < z < 2.5. Lower panel: The M,—sSFR relation in log units. The markers and lines have
the same meaning as in the upper panel. It is clear that the BCG progenitors at z ~ 2 have a higher
SFR and sSFR distributing separately from majority of their quiescent local descendants in either
the M,—SFR or M,—sSFR diagram, although the SFR and sSFR of BCG progenitors are lower

than that of the general star-forming galaxies.
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ferentiating from the majority of their local quiescent descendants. This implies that
the BCG progenitors at z ~ 2 already passed through their most active star-forming
phase, and have begun a quiescent phase. Nevertheless their less-intense star formation
still keeps them in a relatively higher SFR/sSFR. In the local universe, however, their
descendants have already long been quenched. Moreover, the morphologies of BCG
progenitors (see Section 4.4.2.1) have no strong correlation with their SFRs or stellar

masses.

4.5 Discussion

4.5.1 Mechanisms Driving BCG Mass Growth

The processes that increase the stellar masses and sizes of massive galaxies are still
an open question. There are two primary mechanisms: star formation and merging.
Mergers are important since massive galaxies very likely form through the merging
together of smaller galaxies in the hierarchical picture of galaxy formation. Star for-
mation is also essential for massive galaxies in building up stellar mass, particularly at
high redshifts where massive galaxies experience a much higher SFR than in the local
universe (e.g., van Dokkum et al. 2004; Papovich et al. 2006; Ownsworth et al. 2012).
In this section, we will discuss the contribution of these two processes to the evolution

of BCGs and their importance at different epochs.

Our study shows that BCG progenitors at z ~ 2 have a relatively high SFR, and a
large fraction of them have either close companions or an asymmetric and distorted
morphology. These results suggest that both star formation and (major) mergers may
be key mechanisms in BCG evolution at z ~ 2. Here we carry out a simple estimate
to determine how much these two mechanisms contribute to the BCG mass growth at
high redshift. Note that the in-situ stellar mass of BCG progenitors at z ~ 2 already

accounts for ~ 40% of the total mass of BCGs at z ~ 0.

With the assumption that the SFR of our BCG progenitors is constant over z = 1 — 2,
and taking into account the 0.4 dex uncertainty in SFR from contaminants, the mass

increase during this period via star formation is 0.07 — 0.18M,, ,—o where M, ,— is the
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stellar mass of BCGs at z ~ (. On the other hand, we estimate the possible BCG mass
growth through mergers by employing the major merger rate for massive galaxies at
high redshifts. Conselice, Rajgor & Myers (2008) use the CAS parameters (structural
concentration, asymmetry and clumpiness) to estimate major merger rates for galaxies
at 1 < z < 3. Since the median redshift of our BCG progenitors is z ~ 2 and 80% of
them have stellar mass less than 101! M, we use their major merger rate for galaxies
with stellar masses > 1090/ at = = 2. Assuming the major merger rate is constant
over z = 1 — 2, we find that BCG mass growth is about 0.12)/, ,—, through major
mergers. A similar mass increase is found by employing the major merger rate of Hop-
kins et al. (2010), such that for z = 2 massive galaxies (M, > 10'°M) 0.09M, ,—o
is built up through merging with other objects whose mass ratios are > 1/3. The star
formation and major mergers thus seem to contribute approximately equally to BCG

mass build-up at high redshifts.

Our results show that the local BCGs are quite quiescent, where the mass added via
star formation is only 0.2M, per year on average. Since the SFR of massive galaxies
decreases quickly with cosmic time (e.g., Daddi et al. 2007; van Dokkum et al. 2010;
Ownsworth et al. 2012; Ownsworth et al. 2014), the contribution from star formation
to BCG mass growth since z ~ 1 should be very small. By studying the number
of mergers onto BCGs, as well as the mass ratio of infalling companions, Burke &
Collins (2013) find that both major and minor mergers are common at z ~ 1, and
cause a significant BCG mass growth. At much lower redshifts, some observational
studies conclude that minor mergers dominate mass growth, and the rarity of major
mergers (e.g., Liu e al. 2009; Edwards & Patton 2012). Others point out that some
BCGs continue to grow through major mergers at z ~ (. Nevertheless, mergers (either

major or minor) is the dominant process at z < 1.

4.5.2 Links with BCG Evolution at 2 < 1

In this chapter, we extend the observational study of BCG structural evolution and

mass growth to z ~ 2.

In observations, BCG size evolution has been explored at z < 1. By tracing host

halo masses to link BCG progenitors and descendants, Shankar et al. (2015) suggest
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a noticeable increase in BCG mean effective radius by a factor of = 2.5 since z ~ 1.
By comparing local WINGS BCGs with high-z H ST BCGs whose host clusters span
the same range of X-ray luminosity, Ascaso et al. (2011) claim a BCG size growth of
a factor of ~ 2 within the last 6 Gyr (since z ~ 0.6). These results indicate that about
60% of the size growth of local BCGs has occured at z < 1. Considering the size
increase in our study (by a factor of 3.2 from z ~ 2 ), it seems that BCG size increases

only moderately during z = 1 — 2.

Galaxy shape also reveals important information on galaxy evolution. We find that the
Sérsic index n of BCGs has a clear evolution, such that BCG progenitors are consistent
with Sérsic late-type galaxies at z ~ 2, which evolve into local BCGs as early-type
galaxies. Moreover, the morphology of our BCG progenitors indicates that a fraction
of them are undergoing morphological transformations at z ~ 2 through merging,
or will undergo mergers at = < 2. However, at z < 1, Ascaso et al. (2011) find
that the shape of BCGs has not changed significantly after 2 ~ 0.6. Since the single
Sérsic model mainly represents the shape of the central bulge, it probably implies that
the morphological transformation of BCG bulges is still going on at z ~ 2, and is
complete before z ~ 0.6, during which mergers may play an important role. After that
the size and mass growth is focused on the outer regions of BCGs. More observational
studies on the shape evolution of BCGs are needed during z = 0 — 1 to determine if

this scenario is likely.

Moreover, many studies explore the build-up of BCG stellar mass at z < 1 — 1.5 in
observations. Some of them claim that there is little change in BCG mass since z ~ 1
(Burke, Collins & Mann 2000; Whiley et al. 2008; Collins et al. 2009). In contrast,
other papers (e.g., Lidman et al. 2012; Lin et al. 2013; Shankar et al. 2015; Zhang et al.
2016) find a generally consistent BCG mass growth by a factor of ~ 2 over z = 0 — 1.
In Section 4.5.1, we did a simple estimation of BCG mass growth from z ~ 2 to
z ~ 1, reporting that, in this period, at most 18% of the total mass of local BCGs will
be added through star formation, and ~ 12% via major mergers. Since SFR and major
merger rate decrease with cosmic time (e.g., Bridge, Carlberg & Sullivan 2010; Bluck
et al. 2012; Ownsworth et al. 2014), this mass growth is more likely an upper limit.

Considering the stellar mass BCG progenitors already have at 2 ~ 2 (~ 40% of the
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total mass of local BCGs), our estimate shows that by z ~ 1 the BCG stellar mass will
be no more than 70% of the total mass at z = 0, suggesting that there has to be an
additional mass build-up in BCGs after z ~ 1. The BCG mass will increase by a factor

of nolessthan ~ 1.4 fromz ~ 1to z ~ 0.

Although we discuss the BCG evolution by combining our work over z = 0 ~ 2 with
other studies at z < 1, it is dangerous to do so since the BCG progenitor selections
we use are different. Homogeneous BCG data over large range of redshift from fu-
ture observations is necessary for better understanding the BCG evolution since high

redshifts.

4.5.3 Comparison with Massive Galaxy Evolution

Many studies have examined the properties of massive galaxies at high redshifts, broad-
ening our understanding of massive galaxy evolution over a large redshift range. Here
we compare our results on BCGs with the evolution of massive galaxies over z = 0—2.
Since constant number density is applied in our study, the comparison is carried out
with papers which also use constant number density to trace massive galaxies at dif-

ferent redshifts.

van Dokkum et al. (2010) study the growth of massive galaxies from z = 2 using
a fixed galaxy number density selection of 2 x 10™* Mpc~3. They find that at this
number density the stellar mass of galaxies has increased by a factor of ~ 2, and size
has grown by a factor of ~ 4 since z = 2. They verify that their results are not sensitive
to the exact number density by repeating key parts of the analysis for a number density
of 1 x 10~* Mpc=3. Ownsworth et al. (2014) study the growth of massive galaxies
from 2z = 3 by adopting a fixed number density of ~ 10~* Mpc~3, similar to the one
used in this study. Their results show that the stellar mass of galaxies at z ~ 0.3 is
~ 2.5 times larger than their progenitors at z ~ 2, and the size of massive galaxies
increases by a factor of ~ 2.3 by comparing the average galaxy size within the redshift
bin 0.3 < z < 0.5 with the bin at 2.0 < z < 2.5. Compared with BCG stellar mass

growth (a factor of ~ 2.5) and size growth (by a factor of ~ 3.2), the evolution of

massive galaxies appears similar to the BCG evolution from z ~ 2.
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Specifically, at high redshift, we examine whether our selected BCG progenitors have
different properties from normal massive galaxies which are in the same redshift and
stellar mass range. The normal massive galaxies are selected from the CANDELS
UDS catalogue whose redshifts and stellar masses have a similar distribution as our
38 selected BCG progenitors. We find that our BCG progenitors are very similar to
the normal massive galaxies in many properties such as structure, morphology, and
SFR/sSFR. This implies that the BCG progenitors do not show any specific differences
with other massive galaxies at z ~ 2. Since local BCGs are different from the control
samples of local non-BCGs which match in stellar mass, redshift and colour (von der
Linden et al. 2007), BCG progenitors must experience some specific mechanism(s) at
z < 2 (probably more minor mergers) which results in the specific properties of BCGs
at z ~ 0. These mechanisms are likely responsible for the characteristic cD envelope

observed in many local BCGs (see Chapter 2 and Chapter 3).

4.6 Summary

In this chapter, we carry out a study of BCG evolution beyond z = 1 to explore how

structure, morphology and stellar mass of BCGs vary with cosmic time since z ~ 2.

By proposing a BCG progenitor selection which identifies BCG progenitors as the
most massive galaxies in the densest local environments, we select our BCG progeni-
tor sample at z ~ 2 from the CANDELS UDS data. Testing our method in simulations
we find that 45% of our selected progenitors are true BCG progenitors. Although the
high-z progenitors selected by our method are a mixed sample of BCG and non-BCG
progenitors, the properties of our high-z progenitors can be used to trace BCG evolu-
tion because they are similar to the properties of the pure BCG progenitors within the

sample. We use a constant number density of 10~4%h3Mpc~ to select our samples.

At this density the descendants of the high-z selected sample are taken from the SDSS
DR7 galaxy catalogue. To ensure the galaxy sample at z ~ 0 are the descendants of our
selected progenitors, based on simulations, we construct a local mixed sample which
contains 38% BCGs and 62% non-BCGs. We demonstrate through several methods

that the contamination from non-BCGs and non-BCG progenitors do not erase the
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intrinsic BCG evolution. Comparing properties between our high-z BCG progenitors
and their local descendants, we find a clear BCG evolution since z ~ 2 in structure,

morphology and stellar mass. Our major results on BCG evolution at z < 3 are:

o Atz ~ 2,less than 50% of the most massive galaxies in the densest environments

are the true BCG progenitors.

e Although the environmental density is not a strong tracer, the method we pro-
pose to identify BCG progenitors at z ~ 2 can be applied to observational data
to derive BCG evolution since they have similar properties to the pure BCG pro-

genitors.

e The size of BCGs has grown by a factor of ~ 3.2 since z ~ 2. The BCG
progenitor profiles are mainly Sérsic late-type galaxies with median Sérsic index
of n = 2.3, while their local BCG descendants are early-type galaxies whose

median Sérsic index is n = 4.5.

e The residual images after subtracting single Sérsic fits illustrate that BCG pro-
genitors at z ~ 2 are more distorted, whereas the local BCGs have smoother
profiles. This difference in morphology is verified quantitatively by RFF mea-
sures, such that BCG progenitors have larger RFF values than their local coun-
terparts. About 32% of BCG progenitors at z ~ 2 are undergoing mergers, or

will undergo mergers at z < 2.

o The stellar mass of BCGs has grown by a factor of ~ 2.5 since z ~ 2. The
median SFR of BCG progenitors at z ~ 2 is still relatively high, at ~ 14 M
yr~!. In contrast, their local descendants are very quiescent, with a median SFR
of only 0.2 M, yr—'. We find that over the z = 1 — 2 period, star formation and
merging contribute approximately equally to BCG mass growth. However, since
the SFR decreases with time, merging must play a more important role in BCG

assembly at z < 1.

e We find that BCG progenitors at high-z are not significantly different than other
galaxies of similar mass at the same redshift range. This suggests that the pro-
cesses which differentiate BCGs from normal massive elliptical galaxies must

occurat z < 2.



Chapter 5

Conclusions

This thesis has been devoted to shedding light on the formation and evolution of BCGs
through a careful study of local BCGs from SDSS as well as BCG progenitors at high
reshifts from the CANDELS UDS. The work presented in this thesis addresses three
main problems in some detail: 1) the relationship between morphology and structure
for local BCGs, focusing on the structural differences between cD galaxies and ellip-
tical BCGs; 2) the influence of environment on the properties and evolution of local
BCGs; 3) the identification of BCG progenitors beyond z ~ 1.5, together with the
study of BCG structure and stellar mass growth since z ~ 2. In the first part of this
chapter, I summarise and discuss the conclusions from this work on the evolution of
BCGs. I end by discussing some possible ways in which this work can be extended in

the future.

5.1 Summary of the Thesis

5.1.1 D Galaxies and Elliptical BCGs

In Chapter 2, I analysed 625 BCGs in the local universe using SDSS DR7 images to
investigate the relationship between their morphologies and their structural properties.
Considering the presence or absence of the extended stellar envelope, we morphologi-
cally classify the BCGs visually into pure cD galaxies (~ 57%), pure elliptical BCGs

(~ 13%), and intermediate classes which are mostly cD/E or E/cD (~ 21%).
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These classes represent a continuous transition in the properties of the BCG extended
envelopes, ranging from undetected (pure E class) to clearly detected (pure cD class),
with the intermediate classes (E/cD and cD/E) showing increasing degrees of enve-
lope presence. By fitting the BCGs light profiles with single Sérsic models, I find
a clear link between BCG morphologies and their structures, in such a way that cD
galaxies are typically larger than elliptical BCGs, and the extended envelope of cD
galaxies is clearly a distinct structure differing from the central bulge. This local BCG
morphology—structure correlation indicates that cD galaxies and elliptical BCGs not
only have different morphologies but also have intrinsic structural difference. This
study on cD galaxies and elliptical BCGs is complemented in Chapter 3 by further
exploring their stellar masses and environments. I demonstrated that local cD galaxies
are typically ~ 40% more massive than elliptical BCGs, and they are hosted in denser

and more massive clusters compared to elliptical BCGs.

My study reveals a morphological transition within the BCG population which is
closely related to the cluster environments. Together with the findings of previous
studies, I suggest an evolutionary link between elliptical BCGs and cD galaxies. I pro-
pose that most present-day cD galaxies started their life as elliptical BCGs at z ~ 1,
which subsequently grew in stellar mass and size due to (dry) mergers. In this pro-
cess, the envelope of cD galaxies developed. This process is nearing completion by
the present time, since the majority of BCGs in the local universe have ¢cD morphol-
ogy. However, the presence of intermediate morphological classes (cD/E and E/cD)
suggests that the growth and morphological transformation of some BCGs is still on-
going. Furthermore, the growth of the BCGs in mass and size seems to be linked to the
hierarchical growth of the structures they inhabit: as the groups and clusters became

denser and more massive, the BCGs at their centres also grew.

In Chapter 2, I also find that cD galaxies and non-cD BCGs show very different distri-
butions in the R.—RF'F. plane, where R, is the effective radius and RF'Fi. is the
residual flux fraction, both determined from single Sérsic fits. cD galaxies have,
generally, larger R, and RE'F. values than elliptical BCGs. Based on this BCG
morphology—structure correlation, I develop a statistically robust way to separate cD

galaxies from non-cD BCGs. Our diagnostic is able to automatically select cD galaxies
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with high completeness (~ 75%) and low contamination (~ 20%). Our cD selection is
more objective and time-saving compared to the more subjective and time-consuming

visual classification. It can be applied to any BCG sample.

5.1.2 Effect of the Environment on BCGs

In Chapter 3, I probe the effect of environment on the properties of local BCGs by
investigating the relationship between BCG structure, stellar mass, and cluster envi-

ronment (local environmental density and global cluster dark matter halo mass).

I found that the Sérsic-index n does not correlate with the stellar mass or the environ-
ment of BCGs. The effective radius R, of the BCGs correlates with their stellar mass.
However, this correlation does not depend significantly on the environment. Almost all
BCGs have larger R, than non-BCG early-type galaxies of similar mass. The median
radius of the BCGs is about twice as large as that of non-BCG early types of similar
masses. Moreover, the scatter in the M,—R, relation is significantly larger for BCGs
than for the other early-type galaxies, suggesting a more complex formation history.
Additionally, more massive BCGs tend to inhabit denser regions and more massive
clusters, but BCG mass correlates much more strongly with environmental density

than with the cluster dark matter halo mass.

These results imply that the environment of BCGs, specially the local density, directly
affects the growth of the BCG stellar mass. The BCG size, which is independent of

environment, is mostly determined by the intrinsic stellar mass of the BCGs.

5.1.3 BCG Evolution since z ~ 2

In Chapter 4, I present a new method for tracing the evolution of BCG structure, mor-
phology, stellar mass, and star formation from z ~ 2 to z ~ 0. By discussing various
ways to construct a BCG progenitor sample at high redshift in numerical simulations, I
conclude that the best method to identify BCG progenitors at z ~ 2 is a hybrid environ-
mental density and stellar mass ranking approach. I find that 45% of BCG progenitors
can be retrieved by using this approach. Although the high-z progenitors identified by

our method are a mixed sample of BCG and non-BCG progenitors, the properties of
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our high-z progenitors can be used to trace BCG evolution. The observational BCG
progenitors at z ~ 2 are then selected by applying our method on the CANDELS UDS
data. I also construct a local comparison sample which is likely to contain the descen-
dants of our high-z progenitors. This ensures a fair comparison between high-z and

low-z samples in order to trace BCG evolution.

Using the progenitor and descendant samples, I demonstrate that the sizes of BCGs
have grown by a factor of ~ 3.2 since z ~ 2, and the BCG progenitors are mainly
Sérsic late-type galaxies, exhibiting less concentrated profiles than their early-type lo-
cal counterparts. I also find that the BCG progenitors at 2 ~ 2 have more disturbed
morphologies, and ~ 32% of them are undergoing mergers or will undergo mergers
at z < 2. In contrast, local BCGs have much smoother morphologies, almost all of
which can be fitted by a single, high concentration Sérsic profile. Moreover, our re-
sults indicate that the stellar masses of BCGs have grown by a factor of ~ 2.5 since
z ~ 2. The SFR of BCG progenitors has a median value of ~ 14 Myyr—!, which
is much higher than their quiescent local descendants whose median SFR is only 0.2
M,yr~1. 1 demonstrate that between z ~ 2 and z ~ 1 star formation and merging
contribute approximately equally to BCG mass growth. However, merging plays a
dominant role in BCG assembly at z < 1. I also show that BCG progenitors at high-z
are not significantly different from other galaxies of similar mass at the same epoch.
This suggests that the processes which differentiate BCGs from normal massive ellip-
tical galaxies must occur at z < 2 (probably due to more minor mergers) to form the
specific properties of BCGs at z ~ (. These mechanisms are probably responsible for

the characteristic cD envelope observed in many local BCGs.

Combined with the results observed for cD galaxies and elliptical BCGs in Chapter 2
and Chapter 3, I propose an overall scenario for BCG evolution in the last 10 billion
years. At z ~ 2, BCGs grow through both merging and star formation, which con-
tribute approximately equally to the BCG mass build-up over z = 1 — 2. After z ~ 1,
dry mergers became more and more important for BCG assembly, triggering the forma-
tion of the envelope of cD galaxies and driving the transformation of elliptical BCGs
into cD galaxies. Moreover, BCGs may experience relatively more minor mergers,

making their properties distinct from those of the normal massive galaxy population.
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5.2 Future Work

In this final section, I consider some of the potential directions in which this work may

be complemented and extended in future studies.

The results presented in this thesis suggest a morphological transformation at z < 1
within the BCG population, such that BCGs evolve from ellipticals to cDs with the
growth of an extended envelope. However, the BCG morphological transition is still
poorly understood and highly under-constrained by observational data. One reason is
that the photometric images from current imaging surveys are too shallow to allow
detailed statistical analysis on the cD envelopes at high redshifts since the envelopes
have an extremely low surface brightness (< 25 mag arcsec2). In our work, we only
study the morphology of ~ 10 BCGs at z ~ 0.6. Needless to say, a large sample of cD
galaxies and elliptical BCGs at z >> 0 is needed to extensively examine the evolution
of the envelope of cD galaxies. The Subaru Hyper Suprime-Cam (HSC) survey could

help in achieving this.

The Subaru HSC (Miyazaki et al. 2012), the largest camera ever built for an 8-metre
class ground-based telescope, is, at the moment, the most powerful instrument for
both wide and deep imaging surveys. The HSC imaging survey, started in March
2014, is on-going with 300 nights approved over 5 years (more details can be found
at http://www.naoj.org/Projects/HSC/surveyplan.html). It will cover a field of view of
1400 deg?, and is expected to observe more than 10,000 galaxy clusters to z = 1.
The excellent images from the survey are expected to reach a magnitude limit of 26
mag in the r-band, more than one magnitude fainter than other on-going or complete
ground-based wide surveys (e.g., Dark Energy Survey, CFHT, SDSS). It provides an
unprecedented homogeneous sample of galaxies and galaxy clusters with extremely
high-quality images, allowing a deep statistical study on the faint structures in galaxies
and clusters over a large redshift range which would be difficult to achieve before the
Subaru HSC survey. Therefore, it would become possible to explore the envelope
properties of high-z cD galaxies and to analyse how BCG morphologies evolve from

z~1toz~0.

With the advent of Integral Field Units (IFUs) on large ground based telescopes (e.g.,
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MaNGA project in SDSS-III; MUSE at the VLT), the spectroscopic properties of the
different parts of the BCGs can be observed. The IFU data can measure, for example,
the stellar populations, ages, metallicities and kinematics of the bulges and envelopes
of cD galaxies, and therefore provide information on the evolutionary history of the
inner and outer regions of cD galaxies. This will allow us to further address, in great

detail, the question of how the morphology of BCGs and their assembly histories are
linked.

Simulations have predicted that mergers are a critical mechanism in BCG evolution
(e.g., Laporte et al. 2013). Observational studies have also reported the importance
of mergers in BCG growth at z < 1 (Brough et al. 2011; Burke & Collins 2013).
However, it is still unclear how mergers correlate with the formation and evolution of
the cD envelopes. Moreover, BCG assembly and morphological evolution may also be
affected by the formation of the ICL (see Chapter 1). It is still difficult to measure the
ICL over a large redshift range using current observational data due to its low surface
brightness. With Subaru HSC survey data, it will be possible to probe the interplay
between mergers, the ICL, and BCG formation and evolution since z ~ 1. This will
provide much needed evidence to clarify the interactions between the growth of BCGs

and the assembly of their host clusters.
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Data Table

Table A.1 contains the main properties of the BCGs discussed in this paper. The full
table is published electronically. It can be obtained from

http://adsabs.harvard.edu/abs/2015yCat..74482530Z.



ID2 1ID3 RA DEC z oa log Re e nie REF. X3. Type Comments
o @ deg (3) deg@)  (5) kms™'(6) kpe(D) (8 © 10 an a1z
1011 1013 227.107346  —0.266291 0.091 748 1.527 5.38 0.08190 1.752 ¢D Clear halo; perhaps interacting
1023 1025 153.409478  —0.925413 0.045 790 1.908 6.25 0.05052 1374 cD Clear halo; interacting with fainter galaxies
1064 1075 153.437067 —0.120224 0.094 875 1.312 449 0.02648 1.086 E/cD
— 1027 191.926938  —0.137254 0.088 1020 1.063  4.42 0.06594 1903 E Interacting/merging with bright early-type
— 1389 202.337884 0.749685  0.080 853 1.044  6.02 0.01990 1.087 E/cD Faint/small halo
2040 2050 17.513187 13.978117 0.059 759 2408 9.77 0.04122 1224 cD Several bright-ish companions
1052 1058 195.719058  —2.516350 0.083 749 1.627  4.89 0.04694 1455 cD Multiple merger
1034 1036 192.308670 —1.687394 0.085 771 0977 4.86 0.02102 1.115 E
1041 1044 194.672887 —1.761463 0.084 771 2318 5.64 0.05023 1.280 cD Very large, elongated halo; some faint companions
— 1126 192516071  —1.540383 0.084 878 2.039 9.12 0.04520 1.348 ¢D Interacting with faint companions
3002 3004 258.120056  64.060761 0.080 1156 1.667 4.81 0.02561 0.991 c¢D
3096 3283 135322540  58.279747 0.098 756 1.866  6.96 0.05535 1.144 D Merging with bright companion
1045 1048 205.540176 2.227213 0.077 828 0.883  2.52 0.10689 11.280 E/cD Multiple merger
1003 1004 184.421356 3.655806 0.077 966 1.753 475 0.05233 1.225 cD/E Interacting/merging with early-type
— 1456 173.336242 2.199054  0.099 746 1.696  8.09 0.02573 1.128 c¢D
1053 1061 228.220703 4.514004 0.038 789 0.875 7.54 0.01749 1.074 ¢D
2163 2074 314975446  —7.260758 0.079 765 1.231  8.03 0.04481 1.315 E/cD
2002 2002 358.557007 —10.419200 0.076 812 2660 11.12 0.03832 1.201 cD Many faint and bright-ish companions
2006 2013 10.460272  —9.303146 0.056 903 1433 1.62 0.04140 1477 cD Several faint companions
1355 1460 175.554108 5.251709 0.097 1074 0952 5.30 0.01557 1.052 ¢D Interacting with faint galaxy; faint but clear halo
1058 1069 184.718166 5.245665 0.076 721 1.988 7.98 0.04144 1.251 D Interacting with faint galaxies
1002 1002 159.777581 5.209775 0.069 800 1.740 840 0.03838 1.321 c¢D/E Clear halo
— 1276 183.271286 5.689677 0.081 729 0995 530 0.02142 1.151 E
1039 1042 228.808792 4.386210 0.098 857 1.800  8.77 0.04365 1.205 E/cD Some halo? faint companions
— 3332 124471428  40.726395 0.063 802 1.463 640 0.08125 2.639 SBO
3011 3028 204.034694  59.206401 0.070 872 2.120 7.86 0.08172 1.556 ¢D Several faint companions
1001 1001 208.276672 5.149740 0.079 746 1.820 7.85 0.02720 1.128 E/cD
3004 3012 255.677078  34.060024 0.099 1127 1.717  3.54 0.08433 1.949 ¢D Late merger?
- 3094 254.933115  32.615319 0.098 875 1.291  3.50 0.02878  1.069 c¢D Very faint companions
— 1066 202.795126  —1.730259 0.085 814 1942 9.09 0.03653 1.161 E/cD Interacting/merging with bright galaxy and fainter one
— 2214 321.599487 10.777511  0.095 741 0.818 3.98 0.02260 1.199 E
2096 2109 359.836166 14.670211 0.093 786 1.161  6.56 0.03572 1.242 cD/E
2085 2085 334.197449  —9.724778 0.094 806 0.779 343 0.02861 1.348 ¢D
2027 2035 4.177309  —0.445436 0.065 1084 1436 8.89 0.02417 1.168 ¢D Several companions
— 3084 118.360820  29.359459 0.061 781 1.584 395 0.06632 1.382 c¢D Several faint and bright companions
— 3347 119.679733  30.773809 0.076 902 1.354  6.04 0.01470 1.019 E/cD
— 1283 125.745443 4299105 0.095 754 2.747 1047 0.04483  1.094 D Several faint-ish companions
— 1039 186.878093 8.824560 0.090 846 1.962  6.94 0.06100 1.965 cD Clear halo, bright companion (dumbbell galaxy)

Table A.1: Properties of the BCG sample. Columns (1) and (2) provide galaxy identifications, where ID2 is the SDSS-C4 number <SDSS-C4 NNNN> and ID3 is the
SDSS C4_2003 number, <SDSS-C4-DR3 NNNN>, as given in Simbad (von der Linden et al., 2007). Columns (3) and (4) give the right ascension and declination in
degrees. Column (5) gives the redshift and column (6) the velocity dispersion of the cluster. Columns (7), (8), (9) and (10) contain the effective radius, Sérsic index,
residual flux fraction and reduced y? derived from the single Sérsic fits (see text for details). Column (11) gives the visual morphological classification of the BCGs.
Column (12) contains some comments from the classifier.
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Appendix B

Comparison with Guo+09

B.1 Structural Parameters

There are 104 galaxies in common between our sample and that of Guo et al. (2009). A
comparison between the measurements of the effective radius R, and the Sérsic index
n for these galaxies is presented in Fig. B.1. Although the measurements correlate
very well, there are some relatively small systematic differences. The median offset
between our R, measurements and those of Guo et al. (2009) is 0.15dex. The median
offset in n 1s 0.47. The larger values we obtain are due to the improvements in the sky
subtraction implemented in Chapter 2 in which we showed that the sky values provided
by SDSS DR7 were overestimated due to the presence of extended objects. This is
particularly important in crowded fields such as the centres of groups and clusters. We
used GALAPAGOS (Barden et al., 2012) to obtain a more reliable estimate of the sky
after removing contamination from neighbouring objects. Although the reduction in
the sky values is quite small (typically ~ 0.4 counts, or 0.3%), the effect on R, and
n can be significant for extended objects such as BCGs. More details are provided in

Section 2.3.2 of Chapter 2.
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B.2 Stellar Masses

In Section 3.3.1, we found no correlation between n and M, for the BCGs in our
sample. This contrasts with the findings of Guo et al. (2009), who show a clear positive
correlation in the sense that more massive BCGs seem to have higher values of n.
In this Appendix we explore the possibility that the correlation found by Guo et al.
(2009) may be due to the fact that these authors estimated stellar masses from the total
luminosity derived from single Sérsic model fits. These luminosities (and the derived
stellar masses) are therefore model dependent, and, in particular, they will depend on
the value of n. Since there is a direct relation between the best-fit total flux and » for a
Sérsic profile (see Equations 4 and 6 in Peng et al. 2010), this dependency could drive

the observed correlation.

In order to confirm this, we have derived stellar masses for the BCGs in our sample
following the same method as Guo et al. (2009) using our own single Sérsic fits. Since
we have 104 BCGs in common with Guo et al. (2009), we can check that the values of
M, derived in this way for the galaxies in common agree well with theirs: the scatter in
this comparison is below 0.1 dex and there is no bias. In Fig. B.2 we show that, using
these model-dependent M, values, a positive correlation between n and M, is indeed
found (Pearson correlation coefficient 0.38). The correlation we find is qualitatively
similar to the one shown in Fig. 6 of Guo et al. (2009) when considering the same mass

range.

This indicates that the correlation claimed by Guo et al. (2009) may be the conse-
quence of assuming that a Sérsic model fit provides an accurate representation of the
total light distribution of BCGs. This assumption is clearly not correct, particularly
for cD galaxies, as demonstrated by previous studies (see Chapter 2 and references
therein). Measuring the total luminosity of a galaxy is far from trivial and, of course,
the Petrosian magnitudes used to derive MPA-JHU masses are not without their prob-
lems (see, e.g., Graham et al. 2005). We do not claim that the stellar masses we use
are better than the ones used by Guo ef al. (2009), but they are, at least, model inde-
pendent and not directly linked to the models used to derive the structural parameters
that we study. For these reasons we prefer to use the MPA—JHU masses in this chapter.

Nevertheless, bearing in mind this uncertainty, we have checked and confirmed that
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Figure B.1: Comparison between the values of the effective radius R, and Sérsic index n obtained
in Chapter 2 and Guo et al. (2009) for the 104 galaxies in common. The solid lines correspond to
the 1-to-1 relation.
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Figure B.2: Sérsic index n vs. stellar mass for the BCGs in our sample, similar to Fig. 3.1, but
with the stellar mass M., is derived following the method described in Guo ef al. (2009). Symbols
as in Fig. 3.1. See text for details.
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all our conclusions (with the exception of the lack of correlation between M, and n)
remain the same if we use Sérsic-model based luminosities/stellar masses instead of

the MPA—JHU ones.
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