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1 INTRODUCTION

ABSTRACT

Using a sample of 425 nearby brightest cluster galaxies (BCGs) from von der Linden et al., we
study the relationship between their internal properties (stellar masses, structural parameters
and morphologies) and their environment. More massive BCGs tend to inhabit denser regions
and more massive clusters than lower mass BCGs. Furthermore, cDs, which are BCGs with
particularly extended envelopes, seem to prefer marginally denser regions and tend to be hosted
by more massive haloes than elliptical BCGs. cD and elliptical BCGs show parallel positive
correlations between their stellar masses and environmental densities. However, at a fixed
environmental density, cDs are, on average, ~40 per cent more massive. Our results, together
with the findings of previous studies, suggest an evolutionary link between elliptical and cD
BCGs. We suggest that most present-day cDs started their life as ellipticals, which subsequently
grew in stellar mass and size due to mergers. In this process, the cD envelope developed. The
large scatter in the stellar masses and sizes of the cDs reflects their different merger histories.
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 since the majority (~60 per cent)
of the BCGs in the local Universe have cD morphology. However, the presence of galaxies
with intermediate morphological classes (between ellipticals and cDs) suggests that the growth
and morphological transformation of some BCGs is still ongoing.

Key words: galaxies: clusters: general —galaxies: elliptical and lenticular, cD —galaxies:
evolution — galaxies: formation.

cooling flows (Fabian 1994). Recently, numerical simulations and
semi-analytic models suggest a two-phase process for BCGs forma-

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; Jordén et al. 2004;
von der Linden et al. 2007, hereafter L0O7). Their origin and evo-
lution 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 hierarchical
mergers of smaller galaxies. Other hypotheses include tidal strip-
ping from cluster galaxies (Richstone 1976; Merritt 1985), and
star formation in the cluster core, where BCGs are formed through
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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 continued to grow substan-
tially 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 etal. (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 posses singular properties (e.g. distinct structures
and morphologies, and very high stellar masses) and reside in spe-
cial environments (the core of groups and clusters), studying the
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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 impor-
tant 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 none the less 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 morphologies. The vast majority (but not all, see Zhao,
Aragén-Salamanca & Conselice 2015) BCGs are early-type galax-
ies. Most BCGs are classified as either elliptical or ¢cD galaxies
(Lauer & Postman 1992; Fasano et al. 2010; Zhao et al. 2015). The
defining characteristic separating these two morphological types is
the presence of an extended, low-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 popu-
lation, 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 paper, focusing on the different properties
of elliptical and cD BCGs.

Many previous observational works usually study the BCG pop-
ulation as a whole, and compare it with the population of ellipti-
cal 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 ellipti-
cals and BCGs with different morphologies. Fasano et al. (2010)
found that, while non-BCG cluster ellipticals generally have triax-
ial 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 dom-
inate the BCG population. In fact, while the shape of elliptical
BCGs does not differ from other cluster ellipticals, c¢Ds tend to
have prolate shapes. Furthermore, they suggest that the prolateness
of the cDs could reflect the shape of the associated dark matter
(DM) haloes. More recently, Zhao et al. (2015) have studied in de-
tail the morphology and structure of BCGs, demonstrating that the
morphological distinction between ellipticals and cDs is accompa-
nied by quantitative structural differences. cD BCGs generally have
much larger sizes and their light profiles cannot be modelled accu-
rately using single Sérsic functions. Conversely, elliptical BCGs are
smaller and single Sérsic profiles provide better fits to their surface-
brightness distributions. These differences in morphology and struc-
ture suggest that cD and elliptical BCGs have followed different
evolutionary paths. We investigate these possible scenarios in this
paper.

There has been a significant amount of work addressing the for-
mation 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 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 con-
clusions. In contrast, other studies (e.g. Ascaso 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 an-
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other 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 ve-
locity 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 examples include Shankar et al.
(2013, 2014a,b, 2015), Huertas-Company et al. (2013a), Huertas-
Company et al. (2013b) and 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 paper, we use a well-defined local sample of 625 BCGs
from LO7 and carry out a comprehensive and systematic statis-
tical 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 clus-
ter halo mass, characterized 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 ~10'* to ~10'> M. Since there
is no clear boundary separating ‘clusters’ from ‘groups’ (although
10 Mg 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.

The paper is organized as follows. In Section 2, we introduce the
BCG sample, and describe the observables we will use (morpholo-
gies, structural parameters, stellar masses, environmental densities,
and DM halo virial masses). In Section 3, we show how the struc-
tural 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 4, we go one step further and bring the galaxy morpholo-
gies into the general picture to learn about the distinct evolutionary
history of ¢D and elliptical BCGs. We summarize our main con-
clusions in Section 5. Throughout this paper, we have adopted the
A cold dark matter cosmology with @, = 0.3, Q, = 0.7 and
Hy=70kms~' Mpc™'.

2 BCG SAMPLE AND PROPERTIES

The parent BCG sample we use in this paper comes from the cat-
alogue published by LO7. The groups and clusters that host these
BCGs are contained in the Sloan Digital Sky Survey (SDSS) based
C4 cluster catalogue (Miller et al. 2005), a widely used and well-
defined sample whose reliability has been thoroughly tested by
simulations. Based on the C4 sample, L07 developed an improved
algorithm to identify the BCG in each cluster and published a cata-
logue containing 625 BCGs residing in galaxy groups and clusters
at 0.02 < z < 0.10. See LO7 for a detailed discussion on the BCG
identification method.

In our previous paper (Zhao et al. 2015), we published visual
morphologies for these 625 BCGs. The BCGs were classified into
three main types: 414 cDs, including pure ¢D (356), cD/E (53) and
cD/SO0 (5); 155 ellipticals, including pure E (80), E/cD (72) and E/SO
(3); 46 disk galaxies, containing spirals (24) and SOs (22). There
are also 10 BCGs undergoing major mergers. We used intermediate
classes such as cD/E (probably a cD, but could be E) and E/cD
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(probably E, but could be cD) to account for the uncertainty inher-
ent in the visual classification. Separating cD BCGs and non-cD
elliptical BCGs is a very hard problem since there is no sharp mor-
phological distinction between these two classes (e.g. Patel et al.
2006; Liu et al. 2008). Detecting the extended stellar envelope that
characterizes cD galaxies depends not only on its dominance, but
also on the quality and depth of the images, and on the details of the
classification method(s) employed. Since the SDSS imaging data
that we use are of uniform quality, the classification is internally
consistent. Moreover, Zhao et al. (2015) demonstrated that the mor-
phological type of a galaxy is very tightly related to its structural
parameters, and devised a quantitative method to separate cDs from
elliptical BCGs in a robust manner that agrees very well with the
visual classification. We are therefore confident that the morpho-
logical information that we use here is reliable and self-consistent
within our sample. Obviously, a degree of caution would be neces-
sary when comparing our morphologies with those of galaxies from
other samples since the quality of the images and the classification
criteria may be different. However, in Zhao et al. (2015) we carried
out imaging simulations to show that the outer envelopes of cD
galaxies would have been detected if present, and thus that there is
no bias in our morphological distinction between E and cD.

In this paper, we will call ‘cD BCGs’ the 414 galaxies classified
by Zhao et al. (2015) as cD, ¢D/E and c¢D/S0, and ‘elliptical BCGs’
the 155 galaxies classified as E, E/cD and E/SO. We will also include
in our study the 46 disc BCGs (spirals and SOs), but not the 10 major
mergers. This sample therefore contains 615 BCGs.

The structural properties (Sérsic index n and effective radius R.)'
that we use in this paper were also published by Zhao et al. (2015).
These were derived from SDSS DR7 r-band images using two-
dimensional single Sérsic (1963) model fits to the galaxies’ light
profiles. The fits were carried out with GALFIT (Peng et al. 2002)
using the GALAPAGOS (Barden et al. 2012) pipeline. The method
simultaneously fits the target galaxy and its near neighbours, yield-
ing more accurate fits and improved sky subtraction. The imaging
data reach a surface-brightness limit of ~27 mag arcsec 2, and are
therefore deep enough to study the faint extended envelopes present
in cD BCGs. The detailed description of the fitting procedure and
structural parameter estimation can be found in Zhao et al. (2015).
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 by Zhao et al. (2015).
A direct comparison is presented in Appendix Al.

The stellar masses we use come from ‘The MPA-JHU DR7 re-
lease of spectrum measurements’ (see http://www.mpa-garching.
mpg.de/SDSS/DR7/).> Hereafter, we call these ‘MPA-JHU
masses’. These stellar masses are obtained via spectral energy
distribution (SED) fits to the DR7 photometric data using a
Kroupa (2001) initial mass function. Although the method is
not identical to that of Kauffmann et al. (2003) or Gallazzi
et al. (2005), who use spectroscopic information, the resulting
masses agree very well with only a few minor offsets. A de-
tailed discussion and comparison of the methods can be found
in http://www.mpa-garching.mpg.de/SDSS/DR7/mass_comp. The
number of BCGs in our sample which have MPA-JHU stellar mass

! Strictly speaking, R, is the effective semimajor axis of the single Sérsic
model fit.

2In this paper, we use their updated stellar masses from
http://home.strw.leidenuniv.nl/~jarle/SDSS/.
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information is 591, i.e. 96 percent. The very small minority of
galaxies without stellar masses include 20 galaxies for which no
spectroscopic redshift is available (essential to determine accurate
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 per cent of the galax-
ies 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 sam-
ple 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 Petrosian mag-
nitudes and are therefore not dependent on the fitting parameters
that we obtain. This is important since it allows us to look for
independent correlations between stellar mass and the fit parame-
ters. Alternatively, Guo et al. (2009) estimated stellar masses using
photometric fluxes derived from their light profile model fits. Such
a method results in model-dependent stellar masses, which may
produce spurious correlations between the masses and the model
parameters. We will discuss this in more detail in Section 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 measure-
ments of the environments where the BCGs reside. We will use
two distinct descriptions of the environment, global and local. The
‘global environment’ is governed by the properties of the clus-
ter/group that contains the BCG, and in particular its total mass
(including the DM halo). We use the velocity dispersion of the clus-
ter (0200) published by LO7 to estimate the halo virial mass Mg
using the equation (10) of Finn et al. (2005), which is

3
My = 1.2 x 10" < 9200 )

1000kms~!
1

X hihyM@.
ﬁ/\—kﬂo(l—i-zﬁ 100 V'O

The group and cluster sample studied here covers a broad range
of masses, from My ~ 10" to My ~ 10" M, peaking at
Mz(]() ~ 1014 M@ (see Flg 6)

To characterize the ‘local environment’, we use the environmen-
tal luminosity density introduced by 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) density
over galaxy number density are twofold. First, the environmental lu-
minosity/mass density does not depend strongly on the exact details
of the galaxy sample used to define 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 N bright high-mass ones. Tempel et al. (2012) determined
these environmental densities using SDSS r-band luminosities with
a smoothing scale of 1/~ 'Mpc. The total number of BCGs in our
mass-limited sample for which we have both stellar masses and en-
vironmental densities is 425. The galaxies for which environmental
densities are not available are outside the footprint of the contigu-
ous sky region covered by the work of Tempel et al. (2012), and
therefore there is no reason to believe that their exclusion from our
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analysis will bias our conclusions. The BCG sample covers 1 order
of magnitude in environmental density (see Fig. 6).

In what follows, we will consider the sample comprising the 425
M, >3 x 10" Mg 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 CORRELATIONS BETWEEN BCG
PROPERTIES

In this section, we analyse the correlations (or lack thereof) be-
tween the structural parameters, masses and environments (global
and local) of the BCG population as a whole and discuss their impli-
cations. In Section 4, we will include morphology as an additional
key property.

3.1 Stellar masses and structural parameters

First we explore the relation between the BCGs structural parame-
ters (Sérsic index n and effective radius R.) and their stellar mass
M. In the top panel of Fig. 1, we investigate whether there is a statis-
tical correlation between the galaxies’ profile shape, characterized
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 the 84 and 16 percentiles (~10) 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 Zhao et al. 2015, and references therein).
Interestingly, as Zhao et al. (2015) pointed out, there is little sep-
aration between the n distributions of cD and elliptical galaxies.
A Kolmogorov—Smirnov test indicates that the difference is only
significant at the 20 level. The median Sérsic index n is 6.127% -
for cDs and 5.8672-3} for ellipticals (Zhao et al. 2015).% The slightly
larger median n value of the cD galaxies is driven by their ex-
tended envelope. As expected, disc 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 A2, we
believe this may be due to the fact that Guo et al. (2009) estimated
stellar masses from total luminosities derived from single Sérsic
model fits. These luminosities (and the derived stellar masses) de-
pend on the value of 7, and this dependence could drive an artificial
correlation.

As an aside, we note that in the upper panel of Fig. 1 there is
a small number of ¢D and elliptical BCGs whose 7 is quite large
(n > 12). It is important to realize 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

3 The errors quoted for median values correspond to the 84 and 16 percentiles
of the distributions (~10o scatter).
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Figure 1. Comparison between the stellar masses and the structural pa-
rameters of the BCGs in our sample. Upper panel: Sérsic-index n versus
MPA-JHU stellar mass M,. Lower panel: effective radius Re versus M,.
Red plus signs, green crosses, magenta open squares and blue open trian-
gles correspond to ¢D, elliptical, SO and spiral BCGs, respectively. Black
solid squares with error bars in upper panel show the median and the 84
and 16 percentiles (~10) 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 uncertain-
ties. The black solid line in the lower panel corresponds to the best-fitting
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
lo scatter in this relation.
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Figure 2. Relationship between environmental density and BCG properties. From left to right, these properties are the Sérsic index n, the effective radius Re,

and the stellar mass M. Symbols as in Fig. 1.

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, 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. 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 et al. (2003). Note
that the Shen et 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 are strongly correlated
with their stellar masses: on average, R. increases when M, in-
creases, but the scatter is large (about ~0.3 dex, or a factor of ~2 in
R. ata 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. 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 disc (spiral and SO) morphologies tend
to populate the low end of the size distribution.

Fig. 1 also shows that the BCGs in our sample span a very broad
range of stellar masses (10'°°~10'> M). This is mainly due to the
fact that these BCGs are hosted by galaxy groups and clusters with
very different masses (Fig. 6), combined with the weak correlation
between the galaxies’ stellar masse and My (Fig. 4). Nevertheless,
it is clear that at all stellar masses BCGs have larger radii than
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non-BCG early-type galaxies. This agrees with the findings of
Valentinuzzi et al. (2010) and Vulcani et al. (2014) for low-redshift
BCG and non-BCG galaxies in the clusters of Wlde-field Nearby
Galaxy-clusters 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 WINGS sample does
not include groups, it is reassuring 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.

3.2 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 2, we use the environ-
mental luminosity density of Tempel et al. (2012) to characterize the
local environment. In the three panels of Fig. 2, we plot the Sérsic
index n, the effective radius R.and the MPA-JHU stellar mass M,
versus this density. The left-hand panel shows that there is no corre-
lation between n and density (Pearson correlation coefficient 0.03).
However, both R. and M, clearly correlate, on average, with den-
sity (correlation coefficients 0.32 and 0.49, respectively). Although
there is significant scatter, larger and more massive BCGs tend to
inhabit in denser environments.

It appears that local density correlates with both the size and the
stellar mass of the early-type BCGs. However, Fig. 1 shows that
R. correlates with M,. It is therefore important to ascertain which
of these two parameters is the intrinsic driver of the correlations
with density. To do this, in the left-hand panel of Fig. 3 we plot R,
versus 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-hand 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 fundamental one, and that the environment
affects the BCG stellar mass more directly than their sizes.
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binned by R.. The points correspond to the median for each bin and error bars indicate the 84 and 16 percentiles (~10). Bins containing fewer than five
galaxies have been excluded due to their large statistical uncertainties. The legend shows the different symbols corresponding to each bin.

The fact that the mass—size relation for the general galaxy popu-
lation 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. 2013a,b; Poggianti et al. 2013). Our results reveal that this is
also true for BCGs.

3.3 Global environment: the effect of the cluster mass

We now consider the effect of the global environment (character-
ized by the total mass of the host cluster Myy; see Section 2) on
the properties of the BCGs. Fig. 4 shows the relation of M,y with
the Sérsic index n, effective radius R., stellar mass M, and environ-
mental density (from left to right).

The Sérsic index does not show any dependence on the halo
virial mass (Pearson correlation coefficient —0.04). Both effective
radius and stellar mass show a small degree of correlation with
Mo, 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. 5 shows that the stellar mass—size relation does not depend
on the M5 (global environment), in agreement with the findings of
Shankar et al. (2014a). Since we also found in Section 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 dependences) of stellar mass.

We now consider the effect of environment on the BCGs’ stel-
lar 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 characterizations of the environment that we use (local
and global) are, not surprisingly, correlated (see rightmost panel
of Fig. 4), although not very tightly (correlation coefficient 0.33).
However, these two measures of environment are clearly not rep-
resenting the same physical scales or the same range of physical
processes, and their evolution is largely decoupled (Poggianti et al.

4 Note that R, and M, correlate more weakly with Mo than with the
environmental density (compare Figs 2 and 4).

2010). There is also clear evidence that local and global environ-
ment do not have the same effect on galaxy evolution. For instance,
Vulcani 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 den-
sity (Fig. 2, right-hand panel; Pearson correlation coefficient 0.49) is
much stronger than the M,—M,, one (Fig 4, third panel; correlation
coefficient 0.17), suggesting that the main driver of these correla-
tions is the local density. This is confirmed by Fig. 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 My the M,—density relation is still
present. The fourth panel shows that at fixed M, most of the Myy—
density correlation vanishes. We conclude that the M,—environment
correlations are really driven by the M,—density correlation, while
the weaker M,—M>( correlation is secondary, and it originates on
the M,po—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 galaxies (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, 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

5 Note, however, that Paranjape & Sheth (2012) disagree, but More (2012)
and Hearin et al. (2013) have argued against their results.
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apply. Things may be not so clear for the poorest groups, where remaining few are major mergers. The morphology of these galaxies
the brightest galaxies seem to be compatible with being statistically is clearly linked to their quantitative structural parameters. cDs are
drawn from the bright end of the galaxy luminosity function, as generally larger than ellipticals, and their light distributions deviate
argued by some of these authors. However, the correlation between significantly more from Sérsic profiles than those of ellipticals.
BCG mass and environment appears stronger for more massive and With the additional information presented in this paper, we will
denser clusters (see e.g. rightmost panel of Fig. 2), where we argue now explore how morphology and structure are linked to the stellar
this statistical effect should not apply, and weaker for poorer groups, masses and environments of the BCGs.
where the statistical bias should be strongest. If the main driver of In Fig. 6, we present the distributions of the stellar masses, en-
the correlation were just the statistical sampling of the luminosity vironmental densities and parent cluster total masses (M) for cD
function, we would expect the correlation to be strongest where and elliptical BCGs. The left-hand panel clearly shows that cDs
this effect is most important (low-mass and less dense clusters and have, statistically, larger stellar masses than elliptical BCGs. The
groups). Since the effect we find is strongest for high-mass and median stellar mass of the cDs is 2.11]7 x 10"M@, ~50 per cent
denser clusters, we conclude that the correlation cannot be primarily larger than that of ellipticals (1.4Jj8:2 x 10! lM@). A two-sample
driven by sampling statistics. Kolmogorov—Smirnov test shows that this difference is significant
In summary, in this section we have found that BCGs follow a at the ~4.60 level. The disc galaxies (not shown in the figure for
stellar mass—size relation that is independent of the environment, clarity) are even less massive: the median stellar mass for spirals
and that stellar mass is intrinsically correlated with the local envi- and SOs is 1.073 ) x 10"' M.
ronment (or environmental density). In Section 4, we will see how With respect to environmental density (middle panel of Fig. 6),
these correlations depend on the morphologies of the BCGs. cDs seem to prefer marginally denser regions (by ~20 per cent on

average) than elliptical BCGs, although, statistically, this difference
is only significant at the ~2.40 level. Disc galaxies tend to live
in the regions with the smallest densities (a factor of ~2 smaller
than cDs). Similarly (right-hand panel of Fig. 6), cDs appear to be

4 EVOLUTIONARY HISTORY OF CD AND
ELLIPTICAL BCGS

In Zhao et al. (2015), we found that the vast majority of BCGs (over hosted by more massive clusters/groups than ellipticals, but once
90 per cent) have cD or elliptical morphologies, while only a small again the difference (a factor of ~1.7 in median M5() is only barely
minority (~7 per cent) are disc galaxies (spirals and SOs), and the significant (~20).
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These differences in the stellar masses and environments of BCGs
with different morphologies suggest that their formation histories
may be different. In Section 3, we found that there are intrinsic cor-
relations 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. 7, we
show the R.—density relation (left-hand panel) and the M,—density
relation (right-hand panel) for cD, elliptical and disc BCGs. cD and
elliptical BCGs show parallel correlations, in the sense that larger
and more massive galaxies tend to prefer denser environments.
However, at a fixed environmental density, cDs are, on average, a
factor of ~2 larger and ~40 per cent more massive than elliptical
BCGs. Disc 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
total mass of the cluster. These correlations are furthermore 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 paper, in-
cluding 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 structural pa-
rameter method described in Zhao et al. 2015). A parallel analysis
using the automatic cD/elliptical classification yields entirely con-
sistent results. We are therefore confident that our results are robust,
and do not depend significantly on the details of the morphological
classification.

Our empirical results, together with the findings of previous
works, suggest a possible scenario linking the evolution of ellip-
tical and cD BCGs. Whiley et al. (2008), Burke & Collins (2013),
Burke, Hilton & Collins (2015) and Zhang et al. (2015), among oth-
ers, suggest that the stellar mass of BCGs has experienced some (but
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relatively moderate) growth in the last ~6—8 Gyr. Although mea-
suring BCG growth is notoriously difficult 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 et al. 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 et al. 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 grown
in size by a factor of ~2 over a similar period. Interestingly, the
difference in mass between cDs and elliptical BCGs in similar en-
vironments is of the order of 40 per cent (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, Zhao et al.
(2015) found that, when it could be reliably measured, the frac-
tion of the light (stellar mass) contained in the cD envelopes is
of the order of ~40-60 per cent, 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 stel-
lar 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. 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 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. Zhao et al. (2015) found that the majority (~57 per cent)
of the BCGs are cDs, ~21 per cent have intermediate cD/E or E/cD
morphologies, while ellipticals are a minority (~13 per cent). The
presence of intermediate morphological classes suggests that this
process is still ongoing. 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 per cent) 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 morphological 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 et al. 2005) clusters and groups for which deep Hubble
Space Telescope (HST) images are available (Desai et al. 2007),
and morphologically classified them following the same criteria
used for the 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 accounted for in a

© Note that the galaxies for which this fraction could be reliable mea-
sured 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 prob-
ably closer to ~40 per cent, the bottom end of the measured range.
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more systematic study, we feel that these HST images have enough
resolution and depth (4 orbit exposures) 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 transformation
process is also happening at these redshifts. Of course, with 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 plausi-
ble inside-out scenario for the growth of BCGs which is broadly
compatible with our findings. At early times (z ~ 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. Subsequently, as
the structures around BCGs grew hierarchically, the mass and size
of these galaxies continued to increase, mainly due to dissipation-
less (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 built up the extended stellar haloes observed
in BCGs (Abadi, Navarro & Steinmetz 2006; Murante et al. 2007).

5 CONCLUSIONS

Using a large well-defined sample of 425 nearby BCGs from the
catalogue of L07, we have carried out a study of the relationships
between their internal properties (stellar masses, structural param-
eters, sizes and morphologies) and their environment. The stellar
masses M, are based on the MPA-JHU SDSS DR7 measurements.
The structural parameters (effective radius R. and Sérsic-index n)
were derived by Zhao et al. (2015) using single Sérsic profile fits.
The visual morphologies were also published by Zhao et al. (2015),
who found that the majority (~57 per cent) of the BCGs are cDs,
~13 percent are ellipticals, ~21 percent belong to intermediate
cD/E or E/cD classes and ~7 per cent have disc morphologies, with
spirals and SOs in similar proportions. We use two separate measure-
ments of the environment, the local environmental density (Tempel
et al. 2012), and the global DM halo virial mass M, derived from
the cluster velocity dispersions (L07). Our main conclusions are:

(i) The Sérsic-index n does not correlate with the stellar mass M,
or the environment of the galaxies.

(ii) The effective radius R. 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.

(iii) 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 significantly



larger for the BCGs than for the other early-type galaxies, suggesting
a more complex formation history.

(iv) 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 DM halo mass M.
Indeed, the apparent correlation between M, and M, can be ex-
plained by the correlations between My, and M, with environmen-
tal density.

(v) The median stellar mass of ¢cD BCGs is 2.1 x 10! Mg,
~50 per cent larger than that of ellipticals (1.4 x 10'"M@). BCGs
with disc morphologies have even smaller stellar masses (median
1.0 x 10""Mg).

(vi) cDs seem to prefer marginally denser regions (by
~20 per cent on average) than elliptical BCGs. Disc galaxies tend to
live in the regions with the smallest densities. Similarly, cDs appear
to be hosted by more massive clusters/groups than ellipticals (by
factor of ~1.7 in median M»(,). However, these differences are only
significant at the 20-2.40 level.

(vii) ¢D 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 per cent more
massive than elliptical BCGs. Due to the correlation between R. and
M., cDs and ellipticals also exhibit positive and parallel correlations
between their effective radii and the environmental density. cDs are,
statistically, twice as large as elliptical BCGs at a given density. Disc
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 ellip-
tical and cD BCGs. BCGs have experienced a significant growth
in mass and size in the last ~6-8 Gyr, largely due to the effect of
minor and major mergers. The mass growth seems to have been
faster in the past, when both minor and major mergers were more
common, with minor mergers probably playing a dominant role in
recent times. The amount of growth in mass and size experienced
by BCGs since z ~ 1 is comparable to the difference in mass and
size between cDs and elliptical BCGs in similar environments. Ad-
ditionally, the fraction of the light (stellar mass) contained in the
cD envelopes is also comparable with the average stellar mass dif-
ference between cDs and ellipticals. We therefore suggest that most
present-day BCGs started their life as ellipticals, and they subse-
quently 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 morphol-
ogy. However, the presence of intermediate morphological classes
(cD/E and E/cD) suggests that the growth and morphological trans-
formation of some BCGs is still ongoing. It is also possible that
today’s elliptical BCGs may develop cD-type envelopes in the fu-
ture, depending on the merger activity they may experience. We also
speculate that the BCGs with spiral and SO morphologies represent
the minority of BCGs which avoided major mergers in the past, thus
retaining their disks.

This scenario is broadly compatible with hierarchical inside-out
models for the formation and growth of BCGs. Early dissipative
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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 en-
velopes 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.
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APPENDIX A: COMPARISON WITH GUO+09

A1l 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. Al. 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 0.15 dex. The median offset in n is 0.47. The larger
values we obtain are due to improvements in the sky subtraction
implemented by Zhao et al. (2015). In that paper, 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 per cent), the effect on R. and n can
be significant for extended objects such as BCGs. More details are
provided in section 3.2 of Zhao et al. (2015).

A2 Stellar masses

In Section 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-fitting total
flux and n for a Sérsic profile (see equations 4 and 6 in Peng et al.
2010), this dependence 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
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Figure A1. Comparison between the values of the effective radius R, and
Sérsic index n obtained by Zhao et al. (2015) and Guo et al. (2009) for
the 104 galaxies in common. The solid lines correspond to the one-to-one
relation.
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Figure A2. Sérsic index n versus stellar mass for the BCGs in our sample,
similar to Fig. 1, but with the stellar mass M, is derived following the method
described in Guo et al. (2009). Symbols as in Fig. 1. See text for details.

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. A2 we show that, using these model-dependent
M, values, a positive correlation between n and M, is indeed found
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(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 consequence 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 Zhao et al. 2015, 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 problems (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 et al. (2009), but they are, at
least, model independent 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 paper. Nevertheless,
bearing in mind this uncertainty, we have checked and confirmed
that 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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