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ABSTRACT

In this study we investigate the formation and evolution mechanisms of the bright-
est cluster galaxies (BCGs) over cosmic time. At high redshift (z ∼ 0.9), we selected
BCGs and most massive cluster galaxies (MMCGs) from the Cl1604 supercluster
and compared them to low-redshift (z ∼ 0.1) counterparts drawn from the MCXC
meta-catalog, supplemented by SDSS imaging and spectroscopy. We observed strik-
ing differences in the morphological, color, spectral, and stellar mass properties of
the BCGs/MMCGs in the two samples. High-redshift BCGs/MMCGs were, in many
cases, star-forming, late-type galaxies, with blue broadband colors, properties largely
absent amongst the low-redshift BCGs/MMCGs. The stellar mass of BCGs was found
to increase by an average factor of 2.51 ± 0.71 from z ∼ 0.9 to z ∼ 0.1. Through this
and other comparisons we conclude that a combination of major merging (mainly wet
or mixed) and in situ star formation are the main mechanisms which build stellar
mass in BCGs/MMCGs. The stellar mass growth of the BCGs/MMCGs also appears
to grow in lockstep with both the stellar baryonic and total mass of the cluster. Ad-
ditionally, BCGs/MMCGs were found to grow in size, on average, a factor of ∼ 3,
while their average Sérsic index increased by ∼0.45 from z ∼ 0.9 to z ∼ 0.1, also
supporting a scenario involving major merging, though some adiabatic expansion is
required. These observational results are compared to both models and simulations to
further explore the implications on processes which shape and evolve BCGs/MMCGs
over the past ∼7 Gyr.

Key words: galaxies: evolution — galaxies: formation — galaxies: clusters: general
— galaxies: elliptical and lenticular, cD — techniques: spectroscopic — techniques:
photometric

1 INTRODUCTION

Brightest Cluster Galaxies (BCGs) are the largest (re > 10
kpc) and most massive (Ms > 1012M�) galaxies in the uni-
verse. A number of early studies at lower redshift (z ∼ 0.1,
e.g. von der Linden et al. 2007; Liu et al. 2009) have re-
ported a largely homogeneous set of properties for these
galaxies. Such galaxies are typically located at the center
of the cluster potential well, exhibit early type morpholo-

? E-mail: ascaso@iaa.es

gies, sometimes with a large halo, and contain old stellar
populations.

Early formation and evolution theories of these galax-
ies, such as galactic cannibalism (e.g. Ostriker & Tremaine
1975), cooling flows (e.g. Fabian 1994), tidal stripping (e.g.
Gallagher & Ostriker 1972), or rapid merging of galaxies
during cluster collapse (e.g. Merritt 1985) were proposed.
At present, the hierarchical structure formation scenario is
widely accepted. De Lucia & Blaizot (2007) used the Mil-
lenium Run simulation (Springel 2005) to show that BCGs
could be formed simply through a combination of major and
minor merging. This simulation reproduced the color evolu-
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tion consistent with a passively evolving stellar population
formed at high redshift (zf ∼2-5). However, new works have
reported cases where BCGs possess bluer stellar populations
than the typical red galaxies in the cluster and, in addition,
are sometimes observed with high star formation rates (Wen
& Han 2011; Liu et al. 2012; Postman et al. 2012). While
efforts have been made to improve simulations to account
for these observations (e.g., Tonini et al. 2012), the main
mechanisms needed to produce these properties are not fully
understood.

Complementarily, a vast number of results have been
published in the last decade about the size increase in mas-
sive ellipticals (e.g., Daddi et al. 2005; Trujillo et al. 2006;
Buitrago et al. 2008; Vikram et al. 2009; van Dokkum et
al. 2010; Ryan et al. 2012; Postman et al. 2012; Huertas-
Company et al. 2013), in which a size increase of a factor of
& 2 is observed from redshifts & 1 to the present day. Other
works have measured the size evolution only in BCGs, and
found larger rates of increase compared to z∼ 0 BCGs (e.g.,
∼ 2 from z ∼ 0.5, Nelson et al. 2002; ∼ 1.7 from z ∼ 0.25,
Bernardi 2009; ∼ 2 from z ∼ 0.6, Ascaso et al. 2011). Dif-
ferent mechanisms have been suggested from numerical sim-
ulations (Conroy et al. 2007; Ruszkowski & Springel 2009;
Hopkins et al. 2010; Dubois et al. 2013; Shankar et al. 2013)
and from observations to explain these size increases, such as
major/minor mergers (Bernardi et al. 2007; von der Linden
et al. 2007; Liu et al. 2009; Edwards & Patton 2012; Liu et
al. 2013; Burke & Collins 2013; Lidman et al. 2013) or adia-
batic expansion (Fan et al. 2008; Collins et al. 2009; Stott et
al. 2011; Ascaso et al. 2011). In a recent study of 160 BCGs
spanning a large range in redshift (0.03 < z < 1.63), Lid-
man et al. (2012) found that BCGs increase in stellar mass
considerably from z ∼ 1 to the present day, appealing to ma-
jor dry merging as the primary transformative mechanism.
As such, the picture is far from complete, and the condi-
tions that arise in cluster environments which allow such
mechanisms to be efficient, as well as the epoch in which
these mechanisms are most instrumental in transforming
BCGs/MMCGs in clusters, is still far from understood.

In this paper we compare the BCGs/MMCGs in the
constituent clusters and groups of the Cl1604 supercluster
(Oke et al. 1998; Lubin et al. 2000; Gal & Lubin 2004; Gal et
al. 2008) at z ∼ 0.9 to a matched sample of BCGs/MMCGs
drawn from local clusters with similar spectroscopic cover-
age and photometric data. We observe striking differences
between the high- and low-redshift samples with respect
to the BCG/MMCG morphology, color, spectral proper-
ties, and luminosity gaps. Using the 531 spectroscopically
confirmed members of the Cl1604 supercluster we inves-
tigate the amount of stellar mass surrounding the Cl1604
BCGs/MMCGs and contrast this to that of the low-redshift
clusters. These comparisons, in conjunction with compar-
isons of our observational results to semi-analytic models
and numerical simulations, allow us to isolate the mecha-
nisms responsible for the growth of stellar mass and size of
BCGs/MMCGs from z ∼ 0.9 to the present day.

The structure of the paper is as follows. In Section 2
we describe the observational datasets used in this paper
along with the method used to derive secondary parameters
from the photometry. Section 3 is devoted to the analysis
of the BCG/MMCG properties, such as the cluster stellar
mass distribution, the color-magnitude diagram of the par-

ent clusters/groups, and the color, size, spectral, and mor-
phological evolution of the BCGs/MMCGs in our samples.
In Section 4, we compare and contrast our results against the
backdrop of simulations and discuss the implications of our
results. Section 5 contains the final conclusions of the paper.
Throughout this paper we adopt H0=70 km s−1 Mpc−1, ΩM
=0.27, ΩΛ=0.73. All magnitudes are given in the AB system
(Oke & Gunn 1983; Fukugita et al. 1996) and all equivalent
width measurements are presented in the rest-frame.

2 DATA

In this work, we consider the BCGs and MMCGs of the
z ∼ 0.9 Cl1604 supercluster, which contains clusters and
groups that span a wide range in halo mass, and a compar-
ison sample of comparable clusters at low-redshift (z ∼ 0.1)
observed as part of the Sloan Digital Sky Survey (SDSS). In
this section we describe the characteristics of both samples
as well as the observational datasets available for each.

2.1 The Cl1604 supercluster at z ∼ 0.9

The Cl1604 supercluster, located at z ∼ 0.9, is one of the
most well-characterized superclusters in the high-redshift
universe. As part of the Observations of Redshift Evolu-
tion in Large Scale Environment survey (ORELSE; Lubin
et al. 2009), the galaxy populations of both the constituent
clusters and groups of the Cl1604 supercluster as well as
that of the intermediate density environments connecting
the various structures have been studied in detail (Gal et al.
2008; Lemaux et al. 2009; Kocevski et al. 2009a,b; Lemaux
et al. 2010; Kocevski et al. 2011a,b; Rumbaugh et al. 2012;
Lemaux et al. 2012). The galaxies that comprise the Cl1604
complex reside in a large range of environments that span
from massive, virialized clusters to small groups and chains
of starbursting and active galaxies located in environments
with densities comparable to that of typical field galaxies
at z ∼ 1. Similarly, the clusters and groups housed in the
supercluster have markedly different properties, ranging in
velocity dispersion from 300− 800 km s−1 and exhibiting a
large variety of evolutionary states (see Lemaux et al. 2012).
As such, the Cl1604 supercluster is an ideal structure to in-
vestigate the transformation of massive cluster and group
galaxies at high redshift.

The wealth of observations available for the Cl1604 su-
percluster have been described in depth elsewhere (Gal et
al. 2008; Kocevski et al. 2009a, 2011a; Lemaux et al. 2012).
As such, we only briefly summarize here those observations
which are utilized in this study. Ground-based imaging in six
bands (V r′i′z′JK) was obtained on the entire Cl1604 field
with a variety of different telescopes (Subaru, Palomar Hale
5-m, & UKIRT). Accompanying deep Spitzer InfraRed Ar-
ray Camera (IRAC; Fazio et al. 2004) imaging was obtained
in four bands (3.6/4.5/5.8/8.0µm). This 10-band imaging
was primarily used in this study to calculate stellar masses
for the Cl1604 member1 galaxies, as described in detail in

1 When referring to specific clusters or groups, a “member
galaxy” throughout the paper is defined as a galaxy at a projected

distance R < 2Rvir from the center of a given cluster/group and

δv < 3σv , where σv is the line-of-sight velocity dispersion mea-
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Lemaux et al. (2012). We adopt the r.m.s. difference between
masses derived from our SED-fitting process and those de-
rived using our K-band imaging (0.23 dex) as an estimate
of the uncertainty in our stellar masses. While this under-
estimates systematic uncertainties resulting from our choice
of stellar templates, M/L ratios, and initial mass function
(IMF), these uncertainties are of little interest for this study
as the mass comparisons made for Cl1604 galaxies are rela-
tive and the conclusions drawn from these comparisons are
unaffected by the mass “zero point”. This will also be true
when we compare the Cl1604 galaxies to those selected by
SDSS at low-redshift, as the mass fitting process for the
SDSS galaxies is similar to the one chosen for the Cl1604
galaxies.

The primary datasets of interest for this paper are the
Hubble Space Telescope (HST ) Advanced Camera for Sur-
veys (ACS; Ford et al. 1998) imaging and the comprehensive
Keck I/II spectroscopic campaign undertaken in the Cl1604
field. The HST data consist of a 17-pointing mosaic in the
F606W and F814W bands, covering a large fraction of the
constituent members and reaching 5σ point source complete-
ness limits of 27.2 & 26.8 mags, respectively, in the shallow-
est regions. Through the combination of the Low-Resolution
Imaging Spectrometer (LRIS; Oke et al. 1995) and the DEep
Imaging Multi-Object Spectrograph (DEIMOS; Faber et al.
2003) on the Keck I/II telescopes, nearly 2500 spectra have
been obtained in the field, resulting in the spectroscopic con-
firmation of 531 member galaxies (for details see Lemaux et
al. 2012). In the vicinity of the Cl1604 clusters and groups
(R < 2Rvir) the spectroscopic data are roughly complete to
a limit of F814W ∼ 23.5 for red-sequence galaxies, corre-
sponding to a rest-frame limit of Mg′ = −20.352.

For each cluster or group the BCG3 was selected as the
member galaxy with the brightest F814W magnitude within
rproj < 1h−1

70 Mpc of the luminosity-weighted cluster/group
center (see §3.1 for a definition of this center). In principle,
selecting a BCG in the K band rather than the F814W band
is preferable, as the latter can be sensitive to star-formation
processes at these redshifts, which may lead to biases in the
BCG selection. However, because of the drastic difference in
precision between our HST ACS imaging and that of our
UKIRT K-band imaging and in order to be consistent with
the method used to select BCGs at low-redshift, we chose to
exclusively rely on F814W magnitudes to select the BCG.
In practice, for six of the eight groups and clusters in Cl1604,
the BCG selected in the F814W band is either identical or
consistent within the photometric errors to the BCG selected
in the K band. In addition, we trivialize issues related to the
selection of BCGs in different bands by including MMCGs,
whose stellar masses are estimated through the SED-fitting

sured for that cluster/group. This is different than a Cl1604 mem-
ber galaxy, referred to here, which is defined simply as a galaxy
within the redshift range 0.84 < z < 0.96.
2 This limit is calculated by k-correcting the observed-frame
F814W band at z = 0.9 to the rest-frame g′ band using a 5
Gyr old elliptical template from Maraston (2005), broadly appro-

priate for our red-sequence galaxies. No evolutionary k-correction
was applied.
3 Here and throughout the paper the terms “BCG” and

“MMCG” will be used for groups as well as clusters in order

to bring the acronym down to a reasonable size.

process or Ks-band imaging as explained below, in both the
low-redshift and high-redshift samples. We therefore ignore
any such biases for the remainder of the paper.

The MMCGs for the Cl1604 clusters and groups were
selected in a nearly identical manner as the BCGs, with
the obvious exception that the stellar mass derived through
SED-fitting process or through the K-band imaging was
used in place of the F814W magnitude (for more details
on how stellar masses for Cl1604 member galaxies were de-
termined see Lemaux et al. 2012). Because the stellar masses
derived for the Cl1604 member galaxies are considerably less
precise than the F814W magnitudes used to select BCGs,
there existed a few cases where several galaxies in the clus-
ter/group had stellar masses consistent within the errors
of the measured MMCG. To mitigate this ambiguity, in all
cases galaxies with stellar masses within 1σ of that of the
galaxy with the highest measured mass were also selected
and our analysis was repeated for each potential MMCG
(setting a maximum of three MMCG “candidates” for each
cluster/group). In Figure 1 we show the full extent of the
Cl1604 supercluster complex along with the spatial location
of all BCGs and MMCG candidates selected in this section.

While the galaxies of the Cl1604 structure constitute
the whole of our high-redshift comparison sample in this
study, it is essential to emphasize here that the superclus-
ter is comprised of hundreds of member galaxies that are
situated in a large variety of environments. The constituent
clusters and groups are spread in such a way throughout
the supercluster that they are not currently (at z ∼ 0.9) ex-
periencing major interactions between each other (see, e.g.,
Figures 11 & 12 in Gal et al. 2008). As such, for the study
presented here, the eight clusters and groups of the Cl1604
supercluster can essentially be considered as isolated and in-
dependent structures at z ∼ 0.9. A complication seemingly
arises when comparing these clusters and groups to lower
redshift isolated clusters. By virtue of the LSS in which they
reside, both the global and local conditions of clusters and
groups could vary appreciably over the course of their life-
time relative to those of isolated clusters at z ∼ 0. However,
given the uncertain dynamics and evolution of the super-
cluster and the large line-of-sight and projected distances
between the Cl1604 clusters and groups, distances which are
likely large enough to prevent major interactions by z ∼ 0,
we ignore any complication of the LSS to the evolution of
the galaxy populations of the Cl1604 clusters and groups
and instead treat them in this study as isolated structures.

2.2 MCXC clusters at z ∼ 0.1

Many subtleties exist when attempting to compare
BCGs/MMCGs at high-redshift to those at low-redshift
(see, e.g., the discussion in Lidman et al. 2012). Astrophys-
ical biases, such as those that arise due to the relationship
between BCG properties and the mass of the host cluster
(e.g., Lidman et al. 2012; Lin et al. 2013; Burke & Collins
2013), must be carefully accounted for in order to make valid
comparisons. Additionally, biases can be induced by com-
paring inhomogenous datasets or by making inhomogenous
selections. Incomplete spectroscopy, morphological compar-
isons using bands that probe significantly different (rest-
frame) wavelength regimes, and differences in cluster selec-
tion methods all have non-trivial effects on the comparisons

c© 0000 RAS, MNRAS 000, 000–000
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Cl1604 Supercluster
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Figure 1. Sky plot of the Cl1604 supercluster. The locations of each of the constituent clusters and groups of Cl1604 are denoted
by circles centered and the luminosity-weighted mean location of member galaxies. The radius of each circle corresponds to the virial

radius of that cluster/group. While a better comparison to the X-Ray selected MCXC/SDSS sample would be to use the X-Ray centers

of each structure, only two are available for the high-redshift sample (those of clusters A & B) and these two are not appreciably
different from the luminosity-weighted centers (see Rumbaugh et al. 2013). Small points indicate all spectroscopically confirmed member
galaxies of the Cl1604 supercluster. The BCG of each cluster/group is shown by a circumscribed blue circle, while MMCG candidates are

shown by circumscribed red diamonds. Multiple MMCG candidates exist for some clusters/groups (see text). A majority of the Cl1604
BCGs/MMCGs appear to be significantly offset from the luminosity-weighted center of their parent structure

made in this study. As such, we require a low-redshift sam-
ple that both astrophysically and observationally mimics the
constituent clusters and groups of the Cl1604 supercluster.

To this end we drew a sample of low-redshift clusters
from the Meta-Catalog of the compiled properties of X-ray
detected galaxy Clusters (MCXC; Piffaretti et al. 2011). The
clusters contained within this catalog fulfilled several crite-
ria important to this study. First, the catalog draws on all
public data available at the time of publishing, which re-
sults in a large number of galaxy clusters. This is important
because, while we will make an attempt later in this paper
to evolve the Cl1604 clusters/groups to the present day (see
§3.1), there is much uncertainty involved in this process.
Having a larger sample at low-redshift allows us to explore

a larger range of physical properties and masses of the “de-
scendant” clusters with which to compare the Cl1604 clus-
ters and groups. Another virtue of this catalog is its overlap
with the SDSS. This is a tremendous virtue, as it allows
access to an enormous dataset of well-calibrated and inter-
nally consistent multiwavelength imaging and spectroscopy.
Such an overlap allows us to select galaxy clusters with
both g′-band imaging (the g′ band having roughly equiv-
alent rest-frame coverage at z ∼ 0.1 to the F814W band at
z ∼ 0.9) and magnitude-limited spectroscopy of potential
cluster members. The depth of the SDSS imaging slightly
exceeds the depth of the ACS imaging in the Cl1604 cluster
(in units of L�/pc

2), important so that we are able to ob-
serve low (inherent) surface brightness features in galaxies

c© 0000 RAS, MNRAS 000, 000–000
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at low-z and high-z (see §3.6 for a detailed discussion on this
issue).

A final virtue of the MCXC catalog is the well-defined
and homogeneously measured X-Ray luminosities of all
MCXC clusters. Cross-correlating these X-Ray detections
with overdensities of galaxies in the SDSS ensures a high
level of purity in our sample, i.e., that each X-Ray detection
is truly associated with a galaxy cluster. For the compar-
isons made in this paper, we do not require an extremely
large sample of low-redshift galaxy clusters, but rather a
sample which spans completely the properties of the poten-
tial descendants of the Cl1604 clusters and groups. As will
be shown later, the clusters selected from the MCXC catalog
fulfill these requirements, and thus we value purity over com-
pleteness. Additionally, because each cluster in the MCXC
catalog has, by definition, a hot intracluster medium (ICM),
the level of virialization in each MCXC can be, in concert
with SDSS spectroscopy, directly probed. In Appendix A
we discuss the importance of this particular aspect of the
MCXC catalog and the consequences for our results.

The process of selecting a sample of galaxy clusters from
the MCXC catalog was as follows. Galaxy clusters which ap-
peared in the MCXC catalog were cross-referenced with the
SDSS DR8 public database4 to look for overlap. For those
clusters which fell within the SDSS footprint we required
that any potential comparison cluster have i) imaging in
the g′ band to sufficient depth to make valid morphological
comparisons (∼ 23.5 mag/arcsec2), ii) sufficient photome-
try to estimate stellar masses (i.e., measured magnitudes in
all SDSS bands), iii) spectroscopy of at least 80% of po-
tential member galaxies brighter than Mg′ = −20.355 that
lie within a projected distance of 1h−1

70 Mpc from the clus-
ter center, and iv) spectroscopy of the 10 brightest objects
in the g′ band within a projected distance of 1h−1

70 Mpc
from the cluster center as defined by the MCXC X-Ray cen-
troid. Imposing these criteria resulted in a sample of 100 low-
redshift clusters out of the 1743 clusters contained within the
MCXC catalog. A color-magnitude diagram (CMD) of the
members of each of the 100 clusters was inspected visually.
Those clusters that did not have well-defined red sequence
such that the presence of a galaxy cluster could not be con-
firmed (only two clusters), had more than one red sequence
(i.e., projected with another cluster), clusters with question-
able velocity dispersions (see §3.1), or clusters for which the
brightest cluster galaxy was in some way ambiguous were
rejected. These cuts resulted in a final sample of 81 clusters
with a median redshift of 〈z〉 = 0.08 and a redshift range of
z = 0.02− 0.21.

The BCG for each cluster was selected in a manner
identical to that of the Cl1604 BCGs, with the selection be-
ing performed in the g′ band. “Total” stellar masses for all
SDSS galaxies were taken from SDSS DR76, determined in
a method similar to that of Salim et al. (2007). As was the
case for the Cl1604 members, the fitting used for SDSS DR7
employed stellar population synthesis models from Bruzual
& Charlot (2003) employing a Chabrier (2003) IMF. The

4 http://www.sdss3.org/dr8/data access.php
5 The MCXC galaxies are k-corrected to z = 0 in a similar fashion

to the Cl1604 galaxies in the previous section.
6 http://www.mpa-garching.mpg.de/SDSS/DR7/Data/stellarmass.html

MMCG for each cluster was selected as the most massive
member galaxy within 1h−1

70 Mpc of the X-Ray cluster cen-
ter. However, it was not possible to definitively determine a
MMCG in all of the MCXC clusters. Of the 81 clusters in
our final sample, 21 contained galaxies whose i′ magnitudes
rivaled that of the BCG that went untargeted in SDSS, but
which had redshifts consistent with their parent cluster from
various literature. In such cases, the SDSS routine was not
used to fit a stellar mass, and while the BCG could still be
definitively determined, we could generally not determine a
MMCG. Exceptions were made for those few clusters where
the i′ magnitude of the BCG exceeded the brightness of
any galaxy untargeted by SDSS by greater than 1.5 magni-
tudes. For the remaining 60 clusters where a MMCG could
be definitively determined, only 13 had a BCG that differed
from the MMCG. In the remaining 47 clusters the g′-band
selection was effective at isolating the MMCG. In Figure
2 we show the spatial positions of the BCGs and MMCGs
selected for all MCXC clusters.

One final discussion is necessary on the nature of the
structures studied in the MCXC and Cl1604 samples. As we
will show in the next section, the structures that have been
selected span a wide range in line-of-sight velocity disper-
sions and virial masses for both samples. This is potentially
problematic, as it is well known that different processes have
different effects in clusters which are in different dynami-
cal states (e.g., Moran et al. 2007) and, furthermore, that
galaxies embedded in group systems experience certain pro-
cesses more frequently than do their cluster counterparts
(e.g., Zabludoff & Mulchaey 1998). During the presentation
of our analysis, where relevant, we will match the MCXC
and Cl1604 host structures in virial mass, such that the
BCGs/MMCGs of the two samples can be compared, on av-
erage, fairly. However, the question still remains as to what
term to use to refer to the MCXC structures. In general, the
dividing line between clusters and groups is fairly arbitrary.
In principle, the delineation point is set primarily using the
criterion that the latter have galaxy velocity dispersions that
are roughly comparable to the velocity dispersion of stars
in an individual galaxy. This is done so that galaxy-galaxy
merging is, by definition, efficient in “group environments”
and inefficient in “cluster environments”. In practice, groups
are defined using a wide variety of galaxy velocity disper-
sions, dispersions which in many cases exceed the stellar dis-
persions of even the most massive galaxies. For the Cl1604
supercluster, we adopt a commonly used threshold of 600
km s−1 (Mulchaey 2000; Osmond & Ponman 2004), which
allows us to define the constituent structures of the super-
cluster in a consistent manner with previous works (e.g., Gal
et al. 2008; Lemaux et al. 2012). Such a choice is, however,
for this study purely a pedagogical one and does not have
an effect on any of our results. Though we will show in the
next section that some of the MCXC structures have line-
of-sight velocity dispersions below this dividing line, we will
continue to refer to the MCXC structures simply as “clus-
ters” throughout the paper for the sake of brevity, noting
again that this choice has no effect on our results.

c© 0000 RAS, MNRAS 000, 000–000
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All Usable MCXC Clusters
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Figure 2. Sky distribution of the 81 BCGs and 60 MMCGs of the
final MCXC/SDSS sample, the latter only selecting cases where

the MMCG was unambiguous. All galaxies are shown on a single

plot, with the center of the plot corresponding to the X-Ray center
of each of the MCXC clusters. The radius of the circle overplotted

is 1 h−1
70 Mpc. By construction this is the largest possible distance

a BCG/MMCG can be from the X-Ray center of its parent clus-
ter. In contrast to the BCGs/MMCGs of the Cl1604 supercluster,

the BCGs and MMCGs of the low-redshift MCXC/SDSS sample

appear largely at the center of the cluster potential well, though
there are a few obvious exceptions.

3 SAMPLE PROPERTIES

3.1 Cluster mass distribution

As noted in the previous section, galaxy clusters which were
selected from the MCXC catalog contained a large number of
spectroscopically confirmed members from SDSS. The me-
dian number of spectroscopically confirmed members in the
MCXC clusters was 36, ranging from 11 in the sparsest cases
(. 10% of the clusters) to greater than 325 members in the
richest cases. These clusters were also supplemented with
additional redshifts from the literature. With this number
of members it is feasible, in principle, to calculate line-of-
sight velocity dispersions, σv, for each cluster, which could
then be used in turn as a mass proxy. Though the velocity
dispersions measured for the most sparsely sampled clus-
ters will be of questionable accuracy (see, e.g., Girardi et
al. 1993), especially in those cases where only the brightest
galaxies are sampled, the large MCXC/SDSS sample em-
ployed here mitigates a poorly sampled velocity dispersion
for any given cluster. While cluster masses can also be de-
rived through the X-Ray quantities, a typical method used
to derived total cluster mass relies on the X-Ray tempera-
ture (TX) of the ICM, a quantity which is not provided by
default in the MCXC catalog. The MCXC catalog does pro-
vide a M500 value that is based on the X-Ray luminosity for
each cluster, but we preferred not to use this value except

for internal comparisons between MCXC clusters. Further-
more, more than half of the Cl1604 clusters and groups do
not have an associated X-Ray measurement due to the high-
redshift of the structure and the relatively shallow Chandra
imaging, making a self-consistent comparison in this respect
impossible. Cluster (and group) line-of-sight velocity disper-
sions were measured in a manner nearly identical to that of
Rumbaugh et al. (2013) (see also Gal & Lubin 2004) and
are translated into a virial mass via (Carlberg et al. 1997;
Biviano et al. 2006; Poggianti et al. 2009):

Mvir =
3
√

3σ3
v

11.4GH(z)
(1)

where G is Newton’s gravitational constant and H(z) is
the value of the Hubble parameter at the median redshift
of the cluster members. While the velocity dispersion was
measured on 89 of the MCXC clusters which passed all of
our other criteria, eight were rejected at this point due to
extreme non-Gaussian velocity distributions, prohibitively
sparse spectroscopic sampling, or convergence issues. Of
the remaining 81 MCXC clusters with well-measured ve-
locity dispersions, the average cluster galaxy velocity dis-
persion was 〈σv〉 = 688 km s−1 corresponding to 〈Mvir〉 =
6.7 × 1014M�. For the bulk of our analysis the galaxies in
these clusters will comprise our low redshift comparison sam-
ple. However, later in the paper a comparison will be made
between the radial distributions of stellar mass surround-
ing both the high- and low-redshift BCGs/MMCGs (see
§3.5). For this sample it is necessary to define a sample of
galaxy clusters which have not only a definitively determined
MMCG, but for which the stellar mass of all massive nearby
companions has been measured. For 21 of the 81 MCXC
clusters, the first criterion is not fulfilled (see §2.2). Of the
remaining 60 clusters, we required that all galaxies within
a projected radius of Rproj < 0.5Rvir which were within 1.5
magnitudes of the i′ magnitude of the BCG/MMCG have
both a measured redshift and a measured stellar mass. It
is important to note that all Cl1604 clusters and groups
also satisfied these criteria. Imposing these additional cri-
teria on the 81 clusters in our full MCXC/SDSS sample
resulted in 53 clusters. These clusters have a median veloc-
ity dispersion of 〈σv〉 = 625 km s−1, which corresponds to
〈Mvir〉 = 3.55× 1014M�. These values are not appreciably
different from those values of the full sample of 81 MCXC
clusters and, as we will show later in this section, the dis-
tributions of σv and Mvir between the two samples are not
significantly different.

The line-of-sight velocity dispersions and virial masses
of the Cl1604 clusters and groups were calculated in a man-
ner identical to those of the MCXC clusters with one ex-
ception. Since six out of the eight Cl1604 clusters/groups
do not have an X-Ray centroid, it is necessary to define
another center from which to calculate the velocity disper-
sion. These were determined in the following manner. The
F814W luminosity-weighted center was calculated for each
cluster and group from all members within 1 h−1

70 Mpc of the
centers defined from red galaxy density maps generated fol-
lowing the method of Gal et al. (2008). All member galaxies
within 1 h−1

70 Mpc of this F814W luminosity-weighted cen-
ter were then used to calculate a new F814W luminosity-
weighted center. This process was repeated as many times as
necessary to achieve convergence, i.e., where further itera-
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The Violent Youth of Bright and Massive Cluster Galaxies and their Maturation over 7 Billion Years 7

tions of this exercise resulted in centers which differed by less
than 2′′. The line-of-sight velocity dispersion for each clus-
ter and group was then calculated from all member galaxies
within 1 h−1

70 Mpc of the final luminosity-weighted center us-
ing identical methodology to that of Rumbaugh et al. (2013).
In such a way, information from all galaxy populations is uti-
lized rather than just the red sequence galaxies, important
since many of the Cl1604 clusters and groups are still in the
process of formation. Under the limit of a traditional virial-
ized cluster whose galaxy population is dominated by bright
red-sequence galaxies, this exercise reduces to the original
center defined by the red galaxy density peaks. Since the
line-of-sight velocity dispersions of the MCXC clusters were
calculated from populations defined relative to their X-Ray
centers, this latter point is important for any relative bias
between the two methods, as a large fraction of the MCXC
clusters exhibit properties of traditional virialized clusters
(see §3.2). Indeed, if we instead choose the MCXC BCG
center as a centroid, which is a good approximation of the
luminosity-weighted center, the average change in the mea-
sured velocity dispersions is <10% relative to those calcu-
lated using the X-Ray center. This is also the case for the
two Cl1604 clusters (A & B) where this check can be per-
formed. Such a change has no effect on our results and we
thus ignore any possible differential bias induced on our two
samples as a result of these choices.

The line-of-sight velocity dispersion values (and, as a
consequence, Mvir) calculated for the Cl1604 clusters and
groups, as well as their central coordinates and redshifts,
differ slightly from those given in Lemaux et al. (2012)
due to the improved methodology used in calculating σv.
For the Cl1604 groups and clusters, the average velocity
dispersion was 〈σv〉 = 431 km s−1 and 〈σv〉 = 742 km
s−1, respectively, translating to average virial masses of
〈Mvir〉 = 8.8×1013M� and 〈Mvir〉 = 3.9×1014M�, respec-
tively. Table 1 lists the cluster/group name, αJ2000, δJ2000,
〈z〉, number of members within 1 h−1 Mpc, velocity disper-
sion, and virial masses of the Cl1604 clusters and groups.

In Figure 3 we plot the galaxy velocity dispersions for
the 81 MCXC clusters with measured dispersions along with
the distribution of 53 MCXC clusters from which a valid
comparison sample will be drawn for the analysis presented
in §3.5. Overplotted is the range of velocity dispersions of
the Cl1604 clusters and groups. In Figure 4 we plot virial
mass distributions, derived from the velocity dispersions, for
all the samples shown in the previous figure. In both cases,
the distribution of the two MCXC/SDSS samples appear
extremely similar by eye, and this similarity is confirmed
by a Kolmogorov-Smirnov (KS) test in which the two sam-
ples are found to be statistically indistinguishable in both
parameters. This is an important point. The two samples
are used as bases of comparison for the galaxy populations
of the Cl1604 supercluster at different stages in this paper.
As will be discussed in detail later, strong correlations have
been observed between the total cluster mass and the stellar
mass of the BCG (see §3.5). The extreme similarity observed
between the two MCXC/SDSS samples ensures that no dif-
ferential bias in this regard has been introduced by our se-
lection methods. This still allows for absolute bias relative to
the Cl1604 clusters and groups sample. However, as we will
discuss later, the bulk of our results are unaffected by the
specific choice of subsamples used for comparison, meaning

Figure 3. Cluster galaxy line-of-sight velocity dispersion distri-
bution of the 81 MCXC clusters with well-measured dispersions

(red hashed histogram) compared with the sub-sample of 53 clus-

ters used in §3.5 (black hashed histogram). Also plotted are those
distributions of the Cl1604 clusters (light shaded) and groups

(dark shaded). The average redshift and error on the dispersion of

the main MCXC/SDSS sample and the Cl1604 samples is shown
in the upper right hand corner.

that the absolute effect of such a bias is generally negligible
for this study.

Noticeable in Figures 3 and 4 is the lack of extremely
massive (&1015M�) or (>1200 km/s) MCXC clusters, sur-
prising for a sample of clusters selected at low redshift. In
order to investigate if our selection method is biased with
respect to the full MCXC catalog we compare in Figure 5 a
scaled distribution of M500 (taken from the MCXC catalog)
of the full MCXC/SDSS sample with the distribution of the
81 MCXC clusters in our full MCXC/SDSS sample. Visually,
the two distributions appear to trace each other, a similar-
ity which is again confirmed by performing a Kolmogorov-
Smirnov (KS) test. This result is unchanged if we instead
use the 53 galaxy clusters with measured velocity disper-
sion selected above. Additionally, there is no reason to be-
lieve that the MCXC catalog is preferentially selecting lower
mass clusters at low redshift. Though the selection function
of the MCXC clusters is extremely complicated (see Pif-
faretti et al. 2011), the wide variety of X-Ray samples used
to generate the MCXC catalog essentially results in a ran-
dom sampling of the sky to varying depths in LX . Indeed,
because galaxy clusters in the catalog must, by definition,
be bright in X-Rays, clusters selected in the MCXC cata-
log are, if anything, biased towards the higher mass end of
the cluster mass function at z ∼ 0.1. The fact that so few
massive clusters exist in the MCXC catalog is likely due to
the small volume probed at low redshift (due to the angu-
lar to physical scale conversion and the limited sky coverage
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8 B. Ascaso et al.

Table 1. Properties of the Galaxy Groups and Clusters in the Cl1604 Supercluster

σv Mvir

Name ID αJ2000 δJ2000 〈z〉 N1
mem (km s−1)2 (×1014h−1

70M�)3

A Cl1604+4304 241.0931 43.0821 0.898 35 722±135 3.54±1.32

B Cl1604+4314 241.1080 43.2397 0.865 49 818±74 5.26±0.95

C Cl1604+4316 241.0314 43.2679 0.934 32 454±40 0.86±0.15

D Cl1604+4321 241.1409 43.3539 0.923 70 688±88 3.03±0.78

F Cl1605+4322 241.2010 43.3684 0.933 20 542±110 1.47±0.60

G Cl1604+4324 240.9274 43.4030 0.902 18 539±124 1.47±0.67

H Cl1604+4322 240.8989 43.3670 0.853 10 287±68 0.29±0.11

I Cl1603+4323 240.7975 43.3915 0.902 7 333±129 0.35±0.27

1: Within 1h70
−1 Mpc

2: Calculated from all member galaxies within 1 h−1
70 Mpc of the luminosity-weighted cluster/group center

3: Errors in Mvir are calculated from errors in σv

Figure 4. Virial mass distribution of the 81 MCXC clusters with
well-measured dispersions and the sub-sample of 53 MCXC clus-

ters used in §3.5 compared with those of Cl1604 clusters and
groups. The meanings of colors and lines are the same as in Fig-

ure 3.

of sufficiently deep X-Ray data) and the relative rarity of
massive galaxy clusters rather than selection effects.

3.2 Color-magnitude diagrams

We begin the study of the constituent galaxy populations of
the MCXC clusters and the Cl1604 clusters and groups by
investigating the broadband colors of the BCGs and MM-
CGs in these structures and quantify their colors relative to
the overall galaxy population. For this section, and indeed
for all analysis save that of §3.5, the full 81 clusters selected

Figure 5. Normalized distribution of M500 as given by the

MCXC catalog for the full MCXC cluster sample (open black his-
togram) plotted against the distribution of the 81 MCXC galaxy
clusters in our final sample. The two distributions are statisti-

cally indistinguishable, a result which remains unchanged if the
53 MCXC clusters selected in §3.1 are instead compared. Neither

selection appears to select clusters that are biased (in M500) with

respect to the full MCXC cluster sample.

in the previous section are used as a basis of comparison.
While it was briefly discussed in the previous section that
bias can be introduced from cluster samples with improperly
matched masses, due to the broad homogeneity of the prop-
erties of the MCXC BCGs/MMCGs, the results presented in
our analysis are insensitive to the choice of comparison sam-
ples. The fractions presented in this section, as well as the
results presented in every section except §3.5 do not change
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The Violent Youth of Bright and Massive Cluster Galaxies and their Maturation over 7 Billion Years 9

appreciably (< 1%) if the sample of 53 clusters defined in the
previous section is used or if a cluster total mass-matched
sample is used (as is done in §3.5).

In Figure 6 we show the SDSS color-magnitude dia-
grams (CMDs) for the galaxy populations of four randomly
selected MCXC clusters and HST/ACS CMDs for the galax-
ies inhabiting the Cl1604 clusters and groups for all photo-
metric objects within 1 h−1

70 Mpc from the cluster/group cen-
ters. Objects circumscribed by red diamonds indicate spec-
troscopically confirmed member galaxies of a particular clus-
ter or group (see §2.1), while objects circumscribed by blue
squares indicate galaxies at redshifts inconsistent with the
cluster/group redshift. Small black points that are not cir-
cumscribed indicate objects which either remain untargeted
by spectroscopy or which were targeted by spectroscopy, but
did not have a sufficiently high-quality redshift measure-
ment. As was done in Lemaux et al. (2012), a combined
CMD is plotted for the Cl1604 groups. For both samples,
red-sequence fitting was performed in a manner identical to
that of Lemaux et al. (2010) using only spectroscopically
confirmed members.

The color-magnitude properties of the galaxies in the
Cl1604 groups/clusters is discussed extensively in Lemaux
et al. (2012) and, as such, we mention them only briefly here
as a contrast to those of the low-redshift clusters. Not un-
expectedly, the galaxies which comprise the Cl1604 clusters
and groups exhibit a wider variety of colors than those of
the low-redshift clusters, typical of structures in the pro-
cess of formation (e.g., Mei et al. 2009). To the magnitude
limit of both surveys, the average fraction of blue galaxies
is immensely higher in the high-redshift clusters and groups
than that of the low-redshift clusters. There also exist a
large number of galaxies with “transitional colors” (i.e., just
blueward of the red sequence, sometimes referred to as the
“green valley”) in the Cl1604 clusters and groups, galaxies
which are largely absent in the MCXC clusters. With the
exception of the two most massive clusters in Cl1604, these
galaxies also comprise some of the brightest galaxies in the
Cl1604 supercluster. Indeed, in cluster D and the Cl1604
groups, the BCG often has colors blueward of the red se-
quence, a phenomenon rarely observed in the low-redshift
clusters: only three out of 81 MCXC clusters have a BCG
that is bluer than the red sequence, two of which are not
the MMCG in the cluster. Table 2 lists the fraction of blue
BCGs and MMCGs for both the MCXC/SDSS sample and
the Cl1604 galaxies.

Another noticeable feature of the CMDs is the disparity
between the luminosity gap of the two samples, i.e., the dif-
ference in magnitudes between the BCG and second bright-
est cluster member. The average luminosity gap between
the BCG and the next brightest member galaxy in the eight
Cl1604 clusters/groups is 〈∆mF814W 〉 = 0.30 ± 0.02. This
value is identical to the value determined by Fassbender et
al. (2011) for a large sample of X-Ray selected clusters in the
redshift range 0.9 < z < 1.6, suggesting the value is typical
for BCGs still under formation. In the MCXC clusters, the
average value is significantly higher 〈∆mg′〉 = 0.70± 0.12, a
value consistent with other such measurements at low red-
shift (e.g., Smith et al. 2010). The lower luminosity gap
observed in the high-redshift clusters is again a clear in-
dicator of these BCGs being in the process of evolving via
major/minor mergers in the high-redshift clusters. I.e., in
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Figure 6. Top panel: SDSS g′ vs. u′ − g′ color magnitude dia-

gram (CMD) for four randomly selected low-redshift MCXC clus-
ters used in this study. Only objects within 1 h−1

70 of the X-Ray

center are shown in each CMD. Symbols circumscribed by red

diamonds refer to spectroscopically confirmed member galaxies
whereas symbols circumscribed by blue squares are galaxies with

spectroscopic redshifts inconsistent with the redshift of the clus-

ter. Points that are not circumscribed refer to galaxies that were
either untargeted by spectroscopy or galaxies with low-quality
redshifts. The two bright red-sequence objects in cluster D that

went untargeted are clearly stars from the imaging data. The
best-fit red sequence and 3σ width is shown by solid black and

dotted black lines in each panel. The velocity dispersion of the

members of each cluster is shown in the bottom left of each CMD.
Bottom panel: ACS F814W vs. F606W − F814W CMD of the
galaxies comprising the clusters and groups of the Cl1604 su-
percluster at z ∼ 0.9. Galaxies of the five groups of the Cl1604
supercluster have been combined into one sample. The meanings

of symbols and lines are identical to the top panel. Though the
spectral coverage between the two datasets is extremely similar,

the color-magnitude properties of the constituent galaxies are de-
cidedly different.

cases where no other extremely bright galaxies are accreted
from the field from z ∼ 0.9 to z ∼ 0, an unlikely scenario
given the high level of spectroscopic completeness of our
sample and the magnitude distribution of galaxies surround-
ing the Cl1604 clusters/groups (see Lemaux et al. 2012), the
luminosity gap is directly related to the dynamical age of
the galaxy cluster/group (Dariush et al. 2007, 2010). More-
over, poorer structures at high redshift are more likely to
have multiple bright galaxies merge to form the final BCG
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within the cosmic time difference between the Cl1604 and
MCXC/SDSS samples, which leads in turn to a larger ob-
served luminosity gap by the present day (Milosavljević et
al. 2006; Dariush et al. 2010). Thus, the observed disparity in
the luminosity gap between the Cl1604 and MCXC BCGs
hints at significant merging activity of bright members of
the Cl1604 clusters/groups which has largely subsided by
z ∼ 0.1. We will return to this point repeatedly throughout
the next several sections.

3.3 Visual Morphology

In Figure 7 color postage stamps using the SDSS u′g′r′ band
images are shown for nine example low-redshift BCGs. The
BCGs selected for Figure 7 were selected by binning the 81
MCXC clusters with measured velocity dispersions into nine
bins equally spaced in log(Mvir) and selecting a BCG from a
random cluster from each bin. In Figure 8 we show the color
postage stamps of nine MCXC MMCGs, generated in the
same manner as those of the BCGs. This figure includes only
those galaxies from clusters where the MCXC MMCG was
different than the BCG. Since there were 13 such galaxies,
the nine galaxies shown were drawn randomly in a similar
manner to the MCXC BCGs shown in Figure 7. In Fig-
ures 9 and 10 we show the HST/ACS color postage stamps
for the BCGs and MMCG candidates, respectively, of the
Cl1604 supercluster. For the MMCG candidates, we show
only those galaxies which were not also selected as BCGs.
The SDSS and Cl1604 postage stamps were created in such
a way that they span the same physical scale (50 h−1

70 kpc)
in each dimension.

Visually, the SDSS BCGs and MMCGs comprise an ex-
tremely homogenous sample. Nearly all of the galaxies are
elliptical and most have an obvious extended halo typical of
low-redshift BCGs (Seigar et al. 2007; Donzelli et al. 2011;
Ascaso et al. 2011). Conversely, the BCGs and MMCGs in
the Cl1604 have wildly varying appearances. The most mas-
sive cluster of the Cl1604 supercluster (A), a cluster whose
galaxies are dynamically evolved and whose ICM exhibits
features consistent with hydrostatic equilibrium (Rumbaugh
et al. 2013) indicative of a older, virialized cluster, has a
BCG with a morphology that is, surprisingly, late-type (see
the upper left panel of Figure 9). This appears to be a com-
mon phenomenon amongst the Cl1604 BCGs/MMCGs as a
high fraction of BCGs/MMCGs in the Cl1604 supercluster
have late-type morphologies. The Cl1604 BCGs/MMCGs
also appear to have a high incidence of visual signs of in-
teraction or merging, signs that appear largely absent for
the low-redshift MCXC/SDSS sample. Both of these frac-
tions are quantified more rigorously later in this section.
Another obvious difference between the two samples is the
absence of large luminous haloes around the high-redshift
BCGs/MMCGs, a point which we will return to discuss in
detail in §3.6.

The visual morphology of all MCXC and Cl1604
BCGs/MMCGs was classified by one of us (LML). The
process of this visual classification and the “errors” asso-
ciated with this process are discussed in detail in Lemaux
et al. (2012). As will be shown later (see §3.6), the sur-
face brightness depths of the SDSS and HST/ACS imag-
ing are similar enough in physical units (i.e., L� pc−2)
that main morphological parameters can be recovered com-

parably in the two sets of imaging. Thus, it is unlikely
that the results of the visual classification presented here
are biased between the two samples, with one minor ex-
ception which is discussed later in this section. For each
galaxy a morphological class was assigned and any visual
signatures of interaction were noted (for the various inter-
action classes, see Kocevski et al. 2011a). As noted ear-
lier, the fraction of Cl1604 BCGs/MMCGs with early-type
morphologies (which includes elliptical and S0 galaxies) is
dwarfed by the fraction amongst low-redshift clusters. Of
the MCXC BCGs and MMCGs, only 2/79 and 3/80, respec-
tively, of the galaxies classified as early-type in each sample
are comprised of galaxies that have a lenticular (S0) mor-
phology (2.5% and 3.8%, respectively). Conversely, 31% of
BCGs/MMCGs in Cl1604 classified as early-type have an
S0 morphology, which, when combined with the large frac-
tion of BCGs/MMCGs observed with late-type morpholo-
gies suggests that significant morphological transformation
is required between z ∼ 0.9 and z ∼ 0.1.

It is common to appeal to major merging events as the
responsible mechanism to morphologically transform a disc
galaxy into an elliptical (see, e.g., Faber et al. 2007; Hopkins
et al. 2010). While the likelihood of this scenario is investi-
gated more rigorously in §3.5, visual inspection of the Cl1604
BCGs/MMCGs broadly support this picture. Though no dif-
ferentiation is made between minor and major mergers (or
interactions) here, the fraction of BCGs/MMCGs with vi-
sual signs of interaction in Cl1604 were more than double
that of the MCXC/SDSS sample (35.3% and 16.1%, respec-
tively)7. The one exception to the lack of internal biases in-
duced by the differing (physical) surface brightness depths
of the SDSS imaging and Cl1604 HST/ACS imaging alluded
to earlier comes here. The surface brightness depth of the
Cl1604 imaging in physical units (i.e., L� pc

−2) in the shal-
lowest regions8 is roughly a factor of four shallower than the
SDSS imaging (see §3.6). The effect of this differing depth is
to bias us against the detection of faint signatures of inter-
action in the Cl1604 imaging relative to the SDSS images.
Thus, the disparity observed between the fraction of galax-
ies with noticeable interactions in the two samples is rather
a lower limit, i.e., if the Cl1604 BCGs/MMCGs were to be
imaged to the same physical depth as the SDSS galaxies it
can only serve to increase the observed fraction of Cl1604
BCGs/MMCGs undergoing interactions. If we instead con-
sider only those galaxies undergoing obvious mergers, i.e.,
those galaxies which definitively appear in some stage of a
merging event with one (or more) close companions, a quan-
tity which is essentially unaffected by the differing depths
of the two sets of images, the disparity between the two
samples increases: 17.6% of the Cl1604 BCGs/MMCGs are
in a state of merging, while only 3.2% of the low-redshift
BCGs/MMCGs are in a similar state. It appears that at

7 Though these numbers may seem inconsistent with those in Ta-

ble 2, here and elsewhere we consider the combined BCG+MMCG

sample without double counting those BCGs also selected as MM-
CGs. In Table 2 we consider the BCG and MMCG samples sep-

arately.
8 Two deeper pointings of the 17 pointing ACS mosaic, centered
on clusters A and D, reach surface brightness limits that are a
factor of ∼ 2 shallower than the SDSS g′ imaging in physical

units

c© 0000 RAS, MNRAS 000, 000–000
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Figure 7. Nine examples of BCGs in the low-redshift MCXC/SDSS sample. Color images were generated from SDSS u′g′r′ imaging.

The physical size of all postage stamps is 50kpc on a side. The BCG associated with a random MCXC cluster in the lowest (virial) mass
bin is shown in the top left postage stamp. The mass of each cluster associated with each BCG increases from left to right followed by top

to bottom, with the BCG associated with a random MCXC cluster in the highest mass bin shown in the bottom right panel (see text).
The morphology of the MCXC BCG sample is more homogeneous than the Cl1604 BCGs (see Figure 9), as the former are comprised
almost entirely of elliptical galaxies which appear largely undisturbed.

least the initial stages of the morphological transformation
of the brightest and most massive galaxies at z ∼ 0.9 ap-
pears largely underway. We will return to discuss this point
further in §3.5.

3.4 Spectral Properties

One of the main virtues of the datasets presented in this
study is the prevalence of high-quality spectroscopic infor-
mation for both the low-redshift and high-redshift samples.
In the next two sections we heavily utilize this information to
draw inferences about the evolution of the BCGs and MM-
CGs from z ∼ 0.9 to z ∼ 0.1. In this section we focus specif-
ically on the star-forming properties of the BCG/MMCG
samples and the plausibility of significant stellar mass build-
up resulting from in situ star formation. In the subsequent
section we will focus on the role of both minor and major
merging processes to achieve the same end.

For the MCXC/SDSS sample, rest-frame equivalent
widths (EWs) of common emission and absorption features
were measured for all available spectra as part of DR89 us-
ing methods described in Tremonti et al. (2004) and Brinch-
mann et al. (2004). Of these features, the most pertinent to
this work is that of the Hα λ6563Å line, as this line provides
a relatively dust-independent measure of the star formation
rate (SFR) of galaxies over the last 10 Myr. For Cl1604, the
rest-frame coverage of the DEIMOS and LRIS spectra do
not afford the opportunity of measuring the EW of the Hα
feature. For this sample we instead rely on the [OII] λ3727Å
feature. Though the nature of this line is dubious with re-
spect to star formation properties, especially in the case of
red-sequence galaxies (see, e.g., Yan et al. 2006; Lemaux et
al. 2010), in the absence of strong AGN or AGN-like phe-

9 See http://skyserver.sdss3.org/dr8/en/help/browser/description.asp?n=galSpecLine&t=U
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Figure 8. Nine examples of MCXC MMCGs which were not also selected as MCXC BCGs. The size and method used to generate the
postage stamps are identical to Figure 7. While the morphology of this sample is less homogeneous than the MCXC BCG sample, only

13 of the 81 MCXC MMCGs were different from the BCG, which means that the overall MMCG sample remains largely homogeneous.
As in Figure 7, the MMCG associated with the lowest (virial) mass cluster is shown in the top left postage stamp and the MMCG
associated with the highest mass cluster is shown in the bottom right.

Table 2. Color, Morphology, and Star-Formation Fractions

fLate−Type(1) fBlue(2) fSF(3) fInter(4)

Low − z High− z Low − z High− z Low − z High− z Low − z High− z

BCGs 2.5% 50% 3.7% 37.5% 5.2% 50.0% 17.2% 37.5%

MMCGs 1.2% 35.7% 1.2% 28.5% 3.4% 50.0% 19.8% 28.5%

1: Fraction of late-type galaxies includes spirals and mergers with disc features, S0 galaxies are considered as early-type
2: Blue refers to bluer than the lower 3σ envelope to the red sequence

3: Galaxies are considered to be star-forming if either |EW(Hα)| or |EW([OII])| is > 3Å
4: Fraction of galaxies undergoing an interaction (see text)

nomenon the [OII] emission feature can closely approximate
the function of the Hα line. As has been shown already,
the samples of BCGs and MMCGs in Cl1604 are not solely
comprised of red, elliptical galaxies typically associated with
the type of processes that confound the interpretation of
[OII], but rather span a large range in colors and visual
morphologies. Thus, we tentatively adopt the [OII] line here

as a SFR indicator, relying on other lines of evidence to
bolster the conclusions reached solely by interpreting the
strength of the [OII] emission feature. The EWs of the [OII]
and Hδ feature of the Cl1604 BCGs/MMCGs, as well as
the EW(Hα) feature of the MCXC BCG/MMCG stacked
spectrum (see below), were calculated using the bandpass
methods described in Lemaux et al. (2010) and the band-
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Figure 9. Montage of HST ACS color postage stamps of the BCGs of the constituent clusters and groups of the Cl1604 supercluster.
Postage stamps were generated using the ACS imaging in the F606W band (blue channel), the F814W band (red channel), and an

average of the two bands (green channel). As in Figures 7 and 8, the physical size of the postage stamps is 50kpc on a side. The

group/cluster associated with each galaxy increases in letter from left to right followed by top to bottom. The galaxies in this sample
show a full range of morphologies, from a pure elliptical with hints of an extended halo (cluster B, top middle panel), to a grand design

spiral (cluster A, top left), to a barred ring spiral (cluster D, middle left), to a double-cored elliptical (group H, bottom left).

passes of Fisher et al. (1998) and Yan et al. (2006). Infill
corrections to the EW(Hδ) were applied using the method-
ology of Lemaux et al. (2012). Measurements of the strength
of the continuum break at 4000Å (i.e., Dn(4000)) were made
using the methodology of Balogh et al. (1999).

We begin by comparing the number of BCGs and MM-
CGs that have EWs indicative of star-forming galaxies. For
the MCXC/SDSS and Cl1604 samples an EW(Hα)< −3Å
and EW([OII])< −3Å (where a negative EW indicates emis-
sion) threshold was adopted as the delineation point between
star-forming and quiescent galaxies (for a thorough discus-
sion of various EW thresholds and their consequences see
Yan et al. 2006 and Wu et al. 2013). Under this definition,
the two samples show a marked difference in star-forming
properties. Of the 58 MCXC BCGs with reliable EW(Hα)
measured from their spectra, only 3 are classified as star
forming (5.2%). This fraction drops to 3.4% if we consider
only the MMCGs and remains largely unchanged if we in-

stead adopt slightly different EW thresholds. These numbers
are largely consistent with the fraction of BCGs with “signif-
icant” ongoing star formation found by Liu et al. (2012) at
slightly higher redshifts (0.1 < z < 0.4), though as is noted
in that study, this fraction is a strong function of cluster rich-
ness. In contrast to the low-z sample, a majority (52.9%)10

of the full BCG/MMCG sample in Cl1604 is undergoing sig-
nificant star formation, a fraction that also remains largely
unchanged with differing star formation thresholds. Such a
phenomenon has also observed in an X-Ray selected galaxy
group at z ∼ 1.1 (Jeltema et al. 2009). However, one pos-
sible issue in comparing the MCXC and Cl1604 samples in
this study arises from the differing physical scales probed

10 Though this number appears to be inconsistent with the num-
bers given in Table 2, as noted previously we do not double count

galaxies which are classified as BCGs and MMCGs in the com-
bined BCG/MMCG sample.
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Figure 10. Montage of HST ACS color postage stamps of MMCG “candidates” (see text) of the constituent clusters and groups of the

Cl1604 supercluster which were not already selected as BCGs. The physical size and method of generating the postage stamps are the

same as Figure 9. The range of morphologies spanned by this sample is similar to the one seen in the Cl1604 BCG sample. Notice that
many of the Cl1604 MMCG candidates as well as the Cl1604 BCGs show companions or signs of recent interaction.

by the SDSS fibers of the MCXC/SDSS sample and the
DEIMOS/LRIS observations of the Cl1604 galaxies. The 3′′

fibers of the SDSS cover, on average, only the central 5 kpc
of the MCXC BCGs/MMCGs, while the 1′′ slits afforded by
the DEIMOS/LRIS observations cover the central 8 kpc at
the mean redshift of the Cl1604 BCGs/MMCGs. This issue
was discussed at length in Oemler et al. (2013) for a sam-
ple of cluster galaxies whose range in redshift reasonably
approximate the samples presented here. In this study, the
authors concluded that the effect of variable physical aper-
tures had a negligible effect on the derived SFR properties
of their cluster galaxies. Thus, we chose to ignore this effect
for the remainder of this paper with the caveat that, if sig-
nificant star formation is occurring on the outskirts of the
low-redshift BCGs/MMCGs, it will be missed by the SDSS
spectroscopy.

To further quantify the differences between the two
samples, plotted in Figure 11 are spectral “co-additions”
of the low- and high-redshift BCGs/MMCGs. These co-
additions (or “coadds”) were generated in a method identical

to that of Lemaux et al. (2012) and represent unit-weighted
mean spectrum of each sample. Because of the differing res-
olutions of DEIMOS and the various epochs of LRIS obser-
vations of the Cl1604 galaxies, co-additions were performed
for each subset separately and EW measurements were com-
bined in the manner described in Lemaux et al. (2012). Since
the majority of the BCGs/MMCGs in Cl1604 were observed
with DEIMOS, and because of the similarity of the LRIS
co-additions, only the DEIMOS co-addition of the Cl1604
BCGs/MMCGs is shown in the right panel of Figure 11. In
the inset of the left panel of Figure 11 we plot a zoom in of
the coadded SDSS spectrum over the same rest-frame range
as that covered by the Cl1604 DEIMOS observations. The
SDSS spectra of all MCXC BCGs/MMCGs were inspected
and only those free from reduction artifacts were included in
the coaddition. In addition, since a large number of BCGs
went untargeted in SDSS due to previously measured spec-
troscopic redshifts, these galaxies were excluded due to lack
of SDSS spectra. The final MCXC/SDSS sample was com-
prised of 68 BCGs/MMCGs.
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Figure 11. Left: Rest-frame unit-weighted “coadded” spectrum of the 69 BCGs/MMCGs in the MCXC/SDSS sample with usable
SDSS spectra. Important spectral features are marked with vertical dashed lines. The inset shows the portion of the coadded SDSS

spectrum which spans the same rest-frame wavelength coverage of the Cl1604 coadded spectrum. Right: Rest-frame unit-weighted

coadded spectrum of the 11 Cl1604 BCGs/MMCGs observed with DEIMOS. In addition to these galaxies, six BCGs/MMCGs were
observed with two different epochs of LRIS observations and were coadded separately. These coadds are not shown here, though they

appear qualitatively and quantitatively similar to the Cl1604 DEIMOS coadd. As in the left panel, important spectral features are

marked with vertical dashed lines. The spectral location of many of the higher order Balmer absorption lines is also marked. While the
average MCXC BCG/MMCG shows no signs of either ongoing or recent (. 1 Gyr) star formation, the average Cl1604 BCG/MMCG

shows strong signs of both.

Visually, the average spectrum of the low- and high-
redshift BCGs/MMCGs appear drastically different. While
the spectrum of the average MCXC BCGs/MMCGs appears
similar to other typical red, quiescent galaxies observed at
low redshift (e.g., Bernardi et al. 2003; Eisenstein et al.
2003; Dressler et al. 2004), the average Cl1604 BCG/MMCG
does not appear to be dominated by an old stellar popula-
tion. Rather, both the appearance of strong Balmer absorp-
tion features (〈EW (Hδ)〉 = 3.27 ± 0.13) and the relatively
weak continuum break at 4000Å (〈Dn(4000)〉=1.43±0.01),
a rough proxy of mean stellar age, observed in the Cl1604
BCG/MMCG coadd indicate that significant star forma-
tion has occurred in the average z ∼ 0.9 BCG/MMCG
within the last Gyr. Additionally, the presence of relatively
strong [OII] emission in the average spectrum of the Cl1604
BCGs/MMCGs (〈EW ([OII])〉Cl1604 = −4.53 ± 0.15) sug-
gests that star formation is ongoing in these galaxies. In
contrast, the Hα feature is not observed significantly in emis-
sion in the MCXC coadd (〈EW (Hα)〉MCXC = 0.32± 0.03),
consistent with no ongoing star-formation activity. It is en-
couraging to observe the lack of significant emission in [OII]
(〈EW ([OII])〉MCXC = 0.22± 0.08) in concert with the lack
of significant Hα emission. This suggests that the types of
AGN or other processes that mimic star formation via the
[OII] line are not prevalent at least amongst the low-redshift
BCGs/MMCGs. The rest-frame EWs of important spectral
features as measured on the coadded spectra of the MCXC
and Cl1604 samples is given in Table 3.

With this encouragement, we calculate the average
SFR of the Cl1604 BCGs/MMCGs in the following man-
ner. First, the HST/ACS F606W & F814W of each of the
Cl1604 BCGs and MMCGs were transformed into an ab-
solute U−band magnitude (MU ) using the conversion of
Homeier et al. (2006) and the absolute U−band flux den-
sity was used to calculate a population average MU . This
average MU was then used in conjunction with the average

[OII] EW to calculate the average [OII]-derived SFR us-
ing a methodology nearly identical to that of Lemaux et al.
(2013) but with a change of IMFs from Salpeter (1955) to
Chabrier (2003) to match the IMF used for our stellar mass
measurements. An additional slight correction was made to
this method to account for the different filter curves of the
SDSS u′ and the Johnson-Cousins U band:

SFR(L[OII]) = (1.03± 0.26)× 1010(10
−(〈MU 〉+48.6)

2.5 )

−〈EW ([OII])〉M�yr−1 (2)

The constant of proportionality is adopted from the [OII]
SFR formula of Kewley et al. (2004) and adapted for the
purposes of Equation 2. The change of IMFs was performed
using the methods of Magnelli et al. (2013). This [OII]-
derived SFR was corrected for extinction using a Calzetti
et al. (2000) reddening law and adopting Es(B−V ) = 0.25,
the average value of all Cl1604 member galaxies as de-
rived from our SED fitting. While EW values are gener-
ally relatively insensitive to internal extinction (see discus-
sion in Lemaux et al. 2010), this correction is necessary to
correct the MU values calculated from the observed ACS
magnitudes and was applied at the effective wavelength of
the Johnson-Cousins U band of 3650 Å. To this average
extinction-corrected [OII]-derived SFR we incorporate 24µm
observations from the Multiband Imaging Photometer for
Spitzer (MIPS; Rieke et al. 2004) described in detail in Ko-
cevski et al. (2011a). Three of the Cl1604 BCGs/MMCGs
were detected at a significant level at these wavelengths and
their total SFRs were corrected for their infrared luminosi-
ties using the method described in Kennicutt et al. (2009)
and subsequently incorporated into the population average.
For those galaxies with MIPS detections the [OII]-derived
SFR was not corrected for extinction. The resulting aver-
age SFR of the Cl1604 galaxies is 〈SFR〉 = 10.1± 0.5 M�
yr−1. Even at the relatively large stellar masses of the Cl1604
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Table 3. Spectral Properties of the Cl1604 and MCXC BCGs and MMCGs

Sample N EW ([OII])1 EW (Hδ)1,2 EW (Hα)1 Dn(4000) 〈MU 〉 〈SFR〉
[Å] [Å] [Å] [M� yr−1]

Cl1604 BCGs 8 -5.92±0.25 3.45±0.23 —5 1.440±0.008 -20.72±0.02 15.9±0.9

Cl1604 MMCGs 14 -4.13±0.15 3.26±0.17 —5 1.395±0.008 -20.47±0.03 12.1±0.6

Cl1604 Combined3 17 -4.53±0.15 3.27±0.13 —5 1.410±0.005 -20.53±0.02 10.5±0.5

Cl1604 Passive4 11 -1.43±0.22 2.07±0.15 —5 1.730±0.009 —6 —6

MCXC BCGs 58 0.35±0.08 -1.32±0.05 0.35±0.02 1.866±0.003 —7 —7

MCXC MMCGs 57 0.16±0.08 -1.17±0.05 0.32±0.02 1.845±0.003 —7 —7

MCXC Combined3 68 0.22±0.08 -1.19±0.05 0.32±0.01 1.853±0.003 —7 —7

1: Negative EWs correspond to features observed in emission, positive to those in absorption

2: Corrected for infill using the method of Lemaux et al. (2012)
3: Combined samples were created such that BCGs that were also MMCGs were not counted twice

4: Passive galaxies were defined as those with SSFR < 1× 1011 yr−1. BCGs and MMCGs were not counted twice
5: The rest-frame wavelength coverage of DEIMOS and LRIS spectra do not allow for the measurement of Hα

6: These quantities were not calculated for the passive Cl1604 BCGs/MMCGs

7: These quantities were not calculated for the MCXC/SDSS sample as the Hα feature was consistent with zero

BCGs/MMCGs (〈log(Ms)〉 = 11.26 ± 0.23), the large SFR
observed for the Cl1604 BCGs/MMCGs allows for a sub-
stantial percentage of stellar mass to be built up when inte-
grated over several Gyr. In other words, if the average SFR
observed at z ∼ 0.9 is a “typical” value for a BCG/MMCG
over the redshift range z ∼ 0.9 to z ∼ 0.1, the time that
it takes for the Cl1604 BCGs/MMCGs to double their en-
semble stellar content simply through in situ star formation

(i.e.,
n∑
i=1

MS,i/
n∑
i=1

SFRi) is 12.9+4.0
−2.5 Gyr, where the errors

on this quantity are derived through a combination of the
SFR errors and the adopted errors on the stellar mass de-
scribed in §2.1. This value is mildly consistent within the
errors of the difference in cosmic time between the two red-
shifts. This argument does not change if the Cl1604 BCG
and MMCG samples are instead coadded separately (see Ta-
ble 3).

Instead of considering the samples in the method pre-
sented above, it is also possible to calculate the SFR and the
specific SFR (SSFR) of each of the galaxies in the Cl1604
sample using the formalism of Equation 2. While this results
in larger errors, as measurements on individual galaxy spec-
tra are much noiser than those on coadded spectra, it serves
the purpose of allowing the observation of the distribution of
these quantities amongst the Cl1604 BCGs/MMCGs. This
exercise is not performed for the MCXC BCGs and MMCGs
as nearly all of the individual spectra have SFRs consistent
with zero (see Table 2). Plotted in Figure 12 is the SFR
and SSFR distributions for the Cl1604 BCGs and MMCGs.
Both sets of galaxies exhibit a wide range of star-formation
properties, spanning nearly four orders of magnitude in both
quantities. Such a spread in properties over a relatively small
sample of galaxies is suggestive of a sporadic process which
induces or quenches star formation, though it is impossible
to draw definitive conclusions from this number of galaxies.
As we will show in the next section, wet or mixed merg-
ing between the Cl1604 BCGs/MMCGs and their massive
companions provides a plausible candidate for this process.
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Figure 13. Rest-frame unit-weighted coadded spectrum of the
six Cl1604 “passive” BCGs/MMCGs observed with DEIMOS.

Passive BCGs/MMCGs are defined as those galaxies with a SSFR
< 1 × 1011 yr−1 as measured by the methods described in the
text. In addition to these galaxies, five passive BCGs/MMCGs

were observed with two different epochs of LRIS observations

and were coadded separately. These coadds are not shown here,
though they appear qualitatively and quantitatively similar to the

Cl1604 DEIMOS coadd. Important spectral features are marked.
The average spectral properties of passive Cl1604 BCGs/MMCGs
depart considerably from the ensemble average shown in the right

panel of Figure 11, with the average passive BCG/MMCG ex-

hibiting less [OII] emission and a redder color than the average
Cl1604 BCG/MMCG. However, relatively strong Balmer features

are still observed in the average spectrum of the passive Cl1604
BCGs/MMCGs, which indicates the presence of a component of
moderately young stars.

The average doubling time of the Cl1604 BCGs and MMCG
candidates calculated from the mean SSFR in Figure 12 is
6.5+1.5
−1.0 Gyr and 8.6+1.7

−1.2 Gyr, also consistent within the er-
rors of the difference in cosmic time from z ∼ 0.9 to z ∼ 0.1.

Given the inhomogeneity observed in Figure 12,
ensemble-averaged SFR and SSFR properties of the Cl1604
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Figure 12. Left: Distribution of extinction corrected [OII]-derived SFRs supplemented by MIPS 24µm observations for the eight Cl1604

BCGs (blue hashed histogram) and 14 Cl1604 MMCG candidates (orange hashed histogram). The average 1σ error bar is shown in

the top left corner for each sample. For those galaxies undetected at 24µm, extinction corrections were made to the SFRs using an
Es(B−V ) = 0.25, which is the average value for Cl1604 member galaxies as derived from our SED fitting. Right: Distribution of specific

SFRs (SSFRs) of the Cl1604 BCGs and MMCG candidates. The colors and symbols have identical meanings to those in the left panel.

Both the BCG and MMCG samples exhibit a wide range in SFR and SSFR, suggestive of the existence of a stochastic process driving the
star formation in these galaxies. The high level of SFR observed in many of the Cl1604 BCGs/MMCGs in addition to the strong starburst

features observed in their average spectra indicate that significant stellar mass growth can occur in situ in high redshift BCGs/MMCGs.

BCG/MMCG sample provides only part of the picture.
While there are several Cl1604 BCGs/MMCGs which ap-
pear to be forming stars prodigiously (i.e., & 10M� yr−1),
the majority of the Cl1604 BCG/MMCG sample is esti-
mated to be forming stars at rates of 1 M� yr−1 or lower.
Such galaxies do not necessarily fit into the picture derived
from the average properties of the Cl1604 BCGs/MMCGs.
However, if the process driving star formation in these galax-
ies is a stochastic one, as suggested above, one would still
expect to see signs of recent star formation in such galaxies.
To differentiate BCGs/MMCGs that were actively forming
stars from those passive with respect to star formation pro-
cess (hereafter “passive” BCGs/MMCGs), we adopted the
SSFR threshold of SSFR < 1 × 1011 yr−1 (see Ilbert et al.
2013 and references therein). In total, 11 of the 17 combined
Cl1604 BCG/MMCG sample fell below this threshold. Plot-
ted in Figure 13 is the coadded spectrum, generated in the
same way as in Figure 11, of the six passive BCGs/MMCGs
in Cl1604 observed by DEIMOS. As before, the five re-
maining galaxies observed with LRIS were coadded sepa-
rately and their measurements combined with the DEIMOS
coaddition. Given in Table 3 are the combined EW ([OII]),
EW (Hδ), and Dn(4000) measurements from these coadds.
While it is clear that an older stellar population dominates
the average passive Cl1604 BCG/MMCG, as evidenced by
the strong CaII and G-band features and the strong 4000Å
break, there remains significant Balmer absorption. While
this absorption is qualitatively and quantitatively weaker

than that in the spectrum shown in the right panel of Fig-
ure 11, it is strong enough to imply either moderate levels of
star formation which ended in the recent past or higher lev-
els of star formation within the last ∼2 Gyr in the average
passive Cl1604 BCG/MMCG.

The implied significant buildup of stellar mass of the
Cl1604 BCGs/MMCGs through star formation is in broad
agreement with the results of Kaviraj et al. (2008), in which
rest-frame UV-optical colors were used to reveal the preva-
lence of low- to moderate- star formation events in elliptical
galaxies over the redshift 0.5 < z < 1. Of course, given
the plethora of physical mechanisms hostile to star forma-
tion in cluster environments, the average SFR in the Cl1604
BCGs/MMCGs is likely to decline with decreasing redshift
rather than plateau (though the presence of cooling flows
into the BCG could result in increased and possibly sus-
tained levels of high star formation, see Pipino et al. 2009).
Additionally, as we will show in the next section, even a
doubling of the stellar mass of the Cl1604 BCGs/MMCGs
cannot account for the observed difference in stellar masses
between the MCXC and Cl1604 samples. Still, the fact re-
mains that in situ star formation appears to contribute sub-
stantially to the buildup of mass in BCGs and MMCGs from
z ∼ 0.9 to the present day.
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3.5 Stellar mass radial distribution

In this section we compare the concentration of stellar bary-
onic mass contained in galaxies around the MCXC and
Cl1604 BCG/MMCG samples in an attempt to determine
how much stellar mass these galaxies could accrete through
merging processes over the last 7 Gyr. In order to make valid
comparisons between the galaxy populations of MCXC clus-
ters and those of the Cl1604 clusters an important consid-
eration is necessary which has been eluded to in previous
sections. It has been observed that correlations between the
stellar mass of the BCG and the total halo mass of the clus-
ter in which it resides (e.g., Edge 1991) exist across a wide
variety of clusters and redshifts. The reason it is necessary
to account for this correlation here is, unlike other sections,
the quantities being compared in this section, stellar mass of
the BCG/MMCG and the total stellar mass of the clusters,
are inherently linked to mass of the parent cluster in a way
that the previous properties are not. In addition, the large
homogeneity of the properties investigated in the previous
sections of the MCXC BCGs/MMCGs resulted in invariance
in our results with respect to the sample being chosen. In
this section we are now studying the relationship between
the BCG/MMCG and the cluster population as a whole and,
as such, we no longer have the luxury of this invariance.

Corrections for the correlation between the stellar mass
of a BCG and the total mass of the cluster in which it re-
sides were explored in great detail by Lidman et al. (2012)
in a study of 160 BCGs observed over a large redshift range
(0.03< z < 1.63). The general approach used in Lidman
et al. (2012) was to evolve the total mass of each of the
high-redshift clusters in their sample to the epoch of their
low-redshift samples using the mass evolution of clusters ob-
served by Fakhouri et al. (2010) in the Millennium (Springel
2005) and Millennium-II (Boylan-Kolchin et al. 2009) N -
body simulations. The evolved total masses of the high-z
clusters were then compared to the observed total masses
of the low-z clusters and a variety of methods were utilized
to account for the observed disparity. Here we rely heavily
on the philosophy of Lidman et al. (2012). All Cl1604 clus-
ters and groups were evolved to the mean redshift of the
MCXC clusters in a method identical to that of Lidman et
al. (2012) using the virial mass estimated from σv as the
starting point of the evolutionary model. The resulting av-
erage increase in total (virial) cluster mass was found to be
a factor of ∼ 2.5 between z ∼ 0.9 and z ∼ 0.1. The av-
erage evolved virial cluster mass of the Cl1604 clusters and
groups (〈log(Ms)〉 = 14.67) is, however, slightly higher than
the mean observed virial mass for the MCXC/SDSS sam-
ple. To correct for this, we began cutting the MCXC/SDSS
sample starting with the lowest virial mass cluster until the
mean observed MCXC cluster virial mass equaled that of
the evolved Cl1604 clusters and groups. The final MCXC
comparison sample comprised a large fraction of the original
sample; of the sample of 53 MCXC clusters defined for this
analysis in §3.1, the 48 most massive were retained as the
MCXC comparison sample (hereafter simply “comparison
sample”). In addition to the high level of similarity between
the average mass of the MCXC comparison sample and the
evolved Cl1604 clusters and groups, it is important to note
that the evolved virial mass range of the Cl1604 clusters
and groups essentially spans the entire virial mass range of

the observed MCXC clusters (i.e., those in Figure 4 with
log(Ms) & 13.6), thereby sampling the sample variance in-
herent in the MCXC cluster sample. The minimal difference
in the observed virial masses of the z ∼ 0.1 clusters and
the evolved virial masses of the z ∼ 0.9 Cl1604 clusters and
groups will also be important when we discuss the morpho-
logical evolution of the Cl1604 BCGs/MMCGs in the next
section using a sample of all 81 MCXC clusters.

Plotted in Figure 14 is the radial cumulative stellar
mass distribution surrounding Cl1604 BCGs/MMCGs and
those of the comparison sample. For each cluster/group in
each sample, the radial distribution was normalized to the
virial radius of that cluster/group in order to average the
samples at a common scaled physical scale rather than an
absolute (projected) radial distance. As will be true for the
remainder of this section, only those galaxies which are spec-
troscopically confirmed members of each cluster/group are
used in this analysis. The high level of spectroscopic com-
pleteness of the Cl1604 and MCXC clusters ensures that
a large fraction of the true members, including all of the
brightest, and, therefore, most massive members in each
cluster are represented in the radial distributions. For the
Cl1604 groups, the level of spectroscopic completeness is not
as high as that of the Cl1604 clusters and varies considerably
from group to group. While it is still true that nearly all of
the most massive member galaxies in the groups will be rep-
resented in this plot, the groups were combined into an aver-
age sample to mitigate the effects of differing completeness.
This sample is further combined into a full Cl1604 average in
Figure 14 (black line) whose spectroscopic completeness (by
construction) is identical to that of the comparison sample.

Several observations can be made from this plot. The
first is the steep inner slope of the radial cumulative stellar
mass distribution for the average Cl1604 clusters/groups, a
phenomenon not observed for the average BCG/MMCG in
the comparison sample. This point will be returned to later
in this section. From this plot it is also possible to directly
determine the average growth in stellar mass of the average
BCG/MMCG from z ∼ 0.9 to z ∼ 0.1. The BCGs in Cl1604
are deficient in mass by an average factor of 2.51±0.71 rel-
ative to the comparison sample, where the errors on this
quotient are calculated by a combination of the Cl1604 stel-
lar mass errors given in §2.1 and the sample variance of the
comparison sample. This result is in direct contradiction to
previous results that utilized a large sample high-redshift
clusters from the European Distant Cluster Survey (EDisCS;
White et al. 2005) to probe the stellar mass growth of BCGs
over the same redshift range (Whiley et al. 2008). In that
study, no stellar mass growth of BCGs was observed be-
tween redshift z ∼ 1 and z ∼ 0. It is unclear whether this
contradiction arises due simply to cosmic variance or to some
differential bias induced by different methods of comparison
between BCGs high- and low-redshift. However, a more re-
cent study by the same group of people (Valentinuzzi et al.
2010) in which a factor of two growth in BCG stellar mass
is observed using a similar sample over the same redshift
range strongly suggests that it is the latter. The factor of
stellar mass growth derived for the Cl1604 BCGs is similar
to that derived in other recent works that combine data from
a large number of clusters over similar redshift ranges (Lid-
man et al. 2012; Lin et al. 2013). In addition, the Cl1604
MMCGs also appear to grow in stellar mass appreciably
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Figure 14. Cumulative stellar mass distribution as a function of viral radius centered on the BCG (left panel) and the MMCG (right
panel) for the MCXC/SDSS comparison sample and for the Cl1604 clusters and groups. The blue solid line indicates the average

cumulative stellar mass distribution for the 48 most massive MCXC clusters with well-measured velocity dispersions. This number was

chosen such that the average Mvir of the MCXC/SDSS sample used was matched to the average evolved virial mass of the Cl1604 groups
and clusters (shown in the bottom right of each panel, see text). The shaded region surrounding the blue solid line denotes the 1σ sample

variance of the MCXC clusters. The cumulative mass distribution of the members of the individual Cl1604 clusters, a combined Cl1604

group sample, and a combined Cl1604 sample is also plotted. On average, there is a rapid increase in cumulative stellar mass surrounding
the z ∼ 0.9 Cl1604 BCGs/MMCGs at low (virial) radii that is not observed in the MCXC/SDSS sample at z ∼ 0.1. This indicates the

presence of massive companions surrounding these galaxies. The amount of stellar mass in all galaxies within R < 0.2Rvir of the average

Cl1604 BCG/MMCG is sufficient to equal the stellar mass of the average MCXC BCG/MMCG.
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Figure 15. Normalized radial cumulative stellar mass distribution centered on the BCG (left panel) and the MMCG (right panel) for
the MCXC/SDSS comparison samples and for the Cl1604 clusters and groups. The normalization in all cases is by the total amount of

stellar mass contained within 1 Rvir of the BCG (left panel) and MMCG (right panel). The samples plotted and the meaning of the
lines and shaded region are identical to Figure 14. Notice that the fraction of stellar mass contained in the average high-redshift Cl1604
BCG/MMCG relative to the total amount in the cluster at 6 1 Rvir is identical to that of the average BCGs/MMCG at z ∼ 0.1. The
presence of massive companions to the Cl1604 BCGs/MMCGs is still apparent in this representation.

over this redshift, suggesting that, at the very least, band-
induced selection effects are largely negligible with regard to
the binary question of whether or not BCGs/MMCGs have
grown in stellar mass over this redshift range. However, the
stellar mass growth of MMCGs is milder, with the Cl1604
MMCGs being deficient on average by a factor of 1.78±0.45
relative to their low-redshift counterparts. The main differ-
ence between this quotient and the one determined for the
BCGs is the large difference in stellar mass of the Cl1604

MMCGs with respect to the BCGs, as the MCXC BCG
and MMCG samples are largely the same. Regardless, both
growth factors are (to varying degrees) consistent with the
mass growth of the cluster as a whole over the same redshift
range as derived from N -body simulations (a factor of ∼ 2.5
in total mass), which suggests that the stellar mass growth
of BCGs/MMCGs occurs in lockstep and with the growth
of the total mass of the cluster.

Exploring this relationship in more detail, the depen-
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dence between the stellar mass growth within Rvir and the
total mass of the cluster growth is parameterized with γRvir

through:

SMMCXC(R < Rvir)

SMCl1604(R < Rvir)
= (

Mvir,MCXC

Mvir,Cl1604
)γRvir (3)

and the BCG stellar mass growth and the total mass of the
cluster growth with γBCG:

SMMCXC(BCG)

SMCl1604(BCG)
= (

Mvir,MCXC

Mvir,Cl1604
)γBCG (4)

In this work, we obtain a value of γRvir = 0.87 ± 1.27 and
γBCG = 1.05± 1.46, These values can be directly compared
to the slope of the stellar halo mass relation estimated from
simulations and optical data (∼ 0.2−0.5; Moster et al. 2010;
Behroozi et al. 2010) or weak lensing (∼ 0.2; Leauthaud et
al. 2012). While our results are compatible within the er-
rors, we notice that our average value is significantly higher
than those found by other works. Several effects can justify
this difference. First, we are assuming no evolution in the
stellar halo mass relation. Although different works (Con-
roy & Wechsler 2009; Moster et al. 2010) support little evo-
lution with redshift at the massive end, small evolutionary
corrections might vary those quantities. Furthermore, the-
oretical works (e.g.: Behroozi et al. 2010) have extensively
discussed the wide range of uncertainties in modeling this re-
lation which can lead to 0.25 dex or even more. In addition,
Fig. 10 in Leauthaud et al. (2012) shows that, to date, there
exist few samples able to constrain the high mass regime, in
particular the range of halo (virial) masses spanned by the
Cl1604 and MCXC structures (i.e., 13.6 < logMvir < 14.5).
We note that the sample by Leauthaud et al. (2012) in the
halo mass range 13 < logM < 14 appears to agree well with
both the γRvir and γBCG derived from our observations in
that the average halo-to-stellar mass ratio of the MCXC and
Cl1604 structures appears to simply extend the trend ob-
served in these structures. Higher than this threshold there
exists a significant departure from this trend. However, for
such clusters halo masses are measured via weak lensing and,
consequently, the estimation of the dark matter haloes and
their errors are not directly comparable to the kinematically-
derived halo masses in this work. This exercise, however,
serves to illustrate the large uncertainty in the high end of
this relation. Unfortunately, it is observationally difficult to
improve these results at present. The main contributor to
the errors in γRvir and γBCG are the errors on the high-z
virial masses (∼ 60% of the errors) and the systematic un-
certainties in the high-z stellar mass estimates (∼ 25% of
the error). The first source of error depends directly on the
spectroscopic sampling of the cluster as well as the overall
number of clusters to be averaged over, while the second de-
pends on the depth of the rest-frame NIR imaging. Given
that the high-z sample in this work is one of the most com-
plete dataset in terms of spectroscopy coverage available at
z ∼ 0.9, a larger sample of clusters spectroscopic covered
down to at least the same limiting magnitude as the ob-
servations of Cl1604 are necessary to constrain these slopes
more accurately through observations. This will perhaps be
possible through an inclusion of the full ORELSE dataset.

In Figure 15 we again plot the radial cumulative stel-
lar mass distribution of galaxies surrounding the Cl1604
and comparison sample BCGs/MMCGs. This time, how-

ever, the distribution is normalized by the total stellar mass
in each cluster. It is apparent from the nearly identical frac-
tion of total stellar mass observed at low radii in the com-
bined Cl1604 and comparison samples that not only does
the stellar mass of BCG/MMCG grow in lockstep with the
mass of the cluster as a whole, but it also evolves in tandem
with the total stellar mass content of the cluster. It appears
that the stellar mass of the BCG is fundamentally linked
with the growth of both the baryonic and dark matter mass
of the cluster as a whole, though, as discussed previously,
there exists a large uncertainty on these growth factors. In
both the case of the average Cl1604 BCG and MMCG, it
can again be seen that the inner profile of the normalized
radial cumulative stellar mass distribution is steeper than
that of the comparison sample. This is recast in Figure 16
in which we plot the ratio of the Cl1604 and comparison
sample (un-normalized) radial cumulative stellar mass dis-
tributions (hereafter “cumulative mass ratio”). The value
of the cumulative mass ratio increases when there is more
stellar mass within a given radius (normalized by the virial
radius) surrounding the Cl1604 BCGs/MMCGs relative to
the low-z comparison sample and drops in the reverse case.
In the left panel of Figure 16 we plot the cumulative mass
ratio centered on the BCGs samples. In this light, the steep
inner slope of the Cl1604 radial cumulative stellar mass dis-
tribution relative to the comparison sample becomes obvi-
ous. At very low projected radii (Rproj < 0.05Rvir) there is
a sharp increase in the cumulative mass ratio, which implies
a extremely nearby, massive companion or companions sur-
rounding the Cl1604 BCGs that are largely absent in the
low-z comparison sample. This ratio continues to increase
nearly monotonically from Rproj = 0 to Rproj ∼ 0.3Rvir,
meaning the number or stellar mass (or both) of compan-
ions surrounding the average Cl1604 BCG at low projected
radii far exceeds those of the low-z comparison sample. The
large number of massive companions surrounding the BCGs
of the Cl1604 clusters and groups is largely consistent with
observations of “BCGs” in a large sample X-Ray selected
groups that span a large redshift range (0.4 < z < 1.1; Jel-
tema et al. 2007, 2008, 2009). In the right panel of Figure 16
the same exercise is performed for the MMCGs. Though the
same signature of extremely nearby massive companion or
companions is seen surrounding the average Cl1604 MMCG,
the profile of the cumulative mass ratio remains largely flat
beyond these radii.

Now that we have firmly established the close proxim-
ity of a substantial amount of stellar mass surrounding both
the high-z BCGs and MMCGs, the plausibility of significant
stellar mass buildup through merging processes increases
considerably. In order to quantify this possibility further, the
merging timescale of each galaxy within ∆Rproj < 0.3Rvir of
each Cl1604 BCG and MMCG was calculated using Equa-
tion 3 of Burke & Collins (2013), which is based on the
method presented in Binney & Tremaine (1987). Under this
formalism, the merging timescale increases as ∆R2

proj and
linearly with the difference in line-of-sight velocities (dv) and
decreases linearly with the mass of the companion galaxy.
Here we define major merging candidates as those galaxies
which have a stellar mass ratio with respect to the BCG
or MMCG of 4:1 or lower and minor merging candidates
as those galaxies with stellar mass ratios between 4:1 and
25:1 (the upper limit being set by the rough stellar mass
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Figure 16. The ratio of the Cl1604 to the MCXC radial stellar mass cumulative distribution using the BCG (left panel) and the MMCG
(right panel) as centers. The blue line shows the average ratio between the the cumulative stellar mass distribution in the average Cl1604

cluster/group and that of the average MCXC cluster in the comparison sample. The gray shaded region denotes the sample variance
at each radius. The projected radial distance of members of all clusters and groups are normalized by the virial radii of their parent

structures. An increase in the ratio in either panel indicates an excess in stellar mass surrounding the average BCG/MMCG in the

high-redshift clusters and groups relative to that surrounding the average low-redshift BCG/MMCG. The average BCG at high redshift
shows a decided excess of stellar mass at a relatively low (normalized) radius increasing steadily out to R ∼ 0.3Rvir. The average MMCG

at high redshift also shows a sharp excess of stellar mass in its immediate surroundings relative to the average low-redshift MMCG,

but only at very small (normalized) radius (R < 0.05Rvir). This excess indicates the presence of extremely massive companions of the
high-redshift MMCGs that are not present at low redshift.

Figure 17. Left: Three-dimensional plot of the (projected) spatial and differential velocity distribution of galaxies surrounding the
Cl1604 BCGs. All Cl1604 clusters and groups are combined into a single plot, with the spatial axes normalized by the virial radius of

each structure and the velocity axis normalized by 3σv for each cluster/group. The color of each sphere denotes whether a galaxy is in
the blue cloud or the red sequence for a particular cluster or group and the size of each sphere is scaled (logarithmically) with the stellar

mass of each galaxy. The BCGs, comprised of both blue-cloud and red-sequence galaxies, are shown as a green sphere, with the size
of the sphere set by the most massive BCG (that of cluster B). In this plot, BCGs are placed at the center of the spatial and velocity
dimensions, with the differential velocity and spatial offsets of all galaxies calculated with respect to the BCGs. Right: Identical to the
left panel except that the spatial and differential velocity distribution is show with respect to the Cl1604 MMCGs. The Cl1604 MMCG

sample is denoted by a green sphere with the size of that sphere again set by the mass of the most massive MMCG (that of cluster B).
Notice the large numbers of massive galaxies surrounding both the BCGs and MMCGs and the relative paucity of lower mass galaxies.
Though many of the more massive galaxies surrounding the BCGs/MMCGs belong to the red sequence, the high incidence of dusty

starbursts, spiral morphologies, and high star formation rates of both the BCG/MMCG samples as well as the galaxies surrounding
the BCGs/MMCGs suggest that a large fraction of the eventual mergers will be wet (i.e., between two gas-rich galaxies) or mixed (i.e.,

between a gas-rich and gas-depleted galaxy).
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completeness limit of the Cl1604 spectroscopy, see Lemaux
et al. 2012), definitions which are similar to those of other
studies (e.g., Lidman et al. 2013). Within this projected
radius, a total of 47 and 41 merging candidates surround
the Cl1604 BCGs and MMCGs, respectively. These galax-
ies are represented in Figure 17, where ∆Rproj and dv is
plotted for all spectroscopically confirmed member galaxies
within ∆Rproj < Rvir surrounding the BCGs and MMCGs
of all Cl1604 clusters and groups. Of the merging candi-
dates within Rproj < 0.3Rvir, 51.0% and 31.7% for the BCG
and MMCG samples, respectively, are major merging can-
didates. The high incidence of major merging candidates at
surrounding the Cl1604 BCGs/MMCGs can be seen in Fig-
ure 17, as many of the galaxies at low ∆Rproj and low dv
are of reasonably large stellar mass. However, because of
the way we have chosen to represent the galaxies in Figure
17, with the size of the sphere of all BCGs/MMCGs repre-
sented by the most massive BCG/MMCG, and because the
definition of major merger is dependent on stellar mass ra-
tios rather than the absolute magnitude of the stellar mass
of the BCG/MMCG or its companion, it is not immediately
obvious which companion galaxies are of the major merg-
ing candidate flavor. Regardless, it is sufficient to say that a
large fraction of the galaxies at close (projected) spatial dis-
tances and small differential velocities with respect to the
Cl1604 BCGs/MMCGs are massive and are comprised of
nearly all the most massive galaxies in the entire Cl1604
clusters/groups sample.

For the 47 and 41 merging candidates surrounding the
Cl1604 BCGs and MMCGs, respectively, we now make the
assumption that all galaxies which have merging timescales
lower than the difference in cosmic time between the aver-
age redshift of the Cl1604 and MCXC/SDSS samples (e.g.,
. 6.5 Gyr) merge with their BCG/MMCG companion. This
assumption leads to an average increase in BCG stellar mass
of a factor of 2.23±0.73 and an average increase in MMCG
stellar mass of a factor of 1.35±0.31. Of the 15 merging
candidates with a small enough timescale to have merged
by z ∼ 0.1, all but one has a mass ratio lower than 4:1
(i.e., 14/15 are major mergers). This high incidence of ma-
jor merging candidates is similar to that recently found in
amongst the BCGs of ten z ∼ 1 clusters Lidman et al.
(2013), which suggests this phenomenon is not unique to
the BCGs/MMCGs of the Cl1604 supercluster, but is rather
common at these redshifts. It is important to note, how-
ever, that the merging events that result from the compan-
ion galaxies of the Cl1604 BCGs/MMCGs are typically not
dry; a majority of the major merging candidates have mor-
phologies or colors or 24µm detections that imply, along
with the properties of the BCG/MMCG, a mixed or wet
merging event (see, e.g., Lin et al. 2008 for the definitions of
dry, mixed, and wet merging as they are applied here). Such
events subsequently lead to increased star formation activity
(see, e.g., Hopkins et al. 2008 for a theoretical view and Ko-
cevski et al. 2011a for an observation of this phenomenon in
the Cl1604 supercluster), which will in turn increase the re-
sultant stellar mass beyond the simple addition of the stellar
masses of the two galaxies. In conjunction with the analysis
presented in the previous section, the combination of in situ
star formation, major merging, and merging induced star
formation appears more than sufficient to buildup the stellar
mass in BCGs/MMCGs from z ∼ 0.9 to z ∼ 0.1. As will be

discussed in the subsequent section, however, these results
do not preclude the possibility of additional minor merging,
as substantial stellar mass of the BCG can be lost to the clus-
ter medium in major merging events. In the next section we
attempt to contextualize these results in terms of paramet-
ric morphological evolution between the BCGs/MMCGs of
the two samples.

3.6 Evolution of Structural Parameters

Comparing BCG/MMCG structural parameters over cos-
mic time can, in conjunction with stellar mass and spectral
evolution, constrain evolutionary scenarios and differentiate
scenarios which solely involve merging from those involving
solely adiabatic expansion (Hopkins et al. 2010; Ascaso et
al. 2011). To this end, we fit the two dimensional surface
brightness (SB) profiles of all the BCGs/MMCGs in both
the Cl1604 and MCXC/SDSS samples using GALFIT 3.0
(Peng et al. 2002, 2010), with a single Sérsic model (Sersic
1968). A single Sérsic profile is usually sufficient to describe
the profiles of “typical” elliptical galaxies (Gonzalez et al.
2005; Seigar et al. 2007; Bernardi et al. 2007; Donzelli et al.
2011; Ascaso et al. 2011) though BCGs with large haloes,
also called dominant (cD) galaxies, sometimes require an
extra component to describe its light (Bernardi et al. 2007;
Donzelli et al. 2011). Many of the BCGs/MMCGs in our
sample exhibit large haloes, primarily in the MCXC/SDSS
sample. While a second component can, in principle, be used
to model some portion of the halo light, modeling in this
manner introduces degeneracies between the different pa-
rameters (Peng et al. 2002; Häussler et al. 2007; Barden et al.
2008; Peng et al. 2010). Furthermore, most of the halo light
likely falls below even the SDSS surface brightness limit,
confounding the interpretation of this second component in
terms of a physical picture (e.g., Gonzalez et al. 2005). Thus,
in the rest of this subsection, structural parameters are de-
rived utilizing only a single Sérsic profile model for the fit-
ting.

The fitting procedure was as follows. First, the postage
stamps of BCGs and MMCGs from the full sample of the 81
MCXC clusters which defined our full sample were created
from the SDSS g′ imaging. The same process was followed
for the Cl1604 BCGs/MMCGs using the ACS F814W imag-
ing. The g′-band SDSS imaging was used for the generation
of the MCXC postage stamps because this band roughly
samples the same rest-frame wavelength range at z ∼ 0.1 as
the ACS F814W band at z ∼ 0.9. The size of the gener-
ated postage stamps were 200 and 100 h−1

70 kpc on a side for
the MCXC and Cl1604 samples, respectively, considerably
larger than those shown in §3.3. These sizes were chosen in
order to allow for the measurement of the total profile of the
BCG/MMCG in addition to enough “blank” sky coverage to
make a proper determination of the noise properties of each
image. Following the generation of the postage stamps, point
spread function (PSF) images were created following the
procedure explained in the Postage Stamp Pipeline (PSP;
Stoughton et al. 2002) for the SDSS images and Jee et al.
(2007) for the ACS images. We then ran SExtractor (Bertin
& Arnouts 1996) on the postage stamps with a twofold ob-
jective: to create masks of the surrounding objects and to
obtain initial positions, orientation angle, and sizes of the
central galaxy to be used as initial conditions for GALFIT.
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Figure 18. Nine examples of the 1D-surface brightness profile for the MCXC/SDSS sample. The left panels show fits to MCXC BCGs

and the right panels to MMCGs. Only those MMCGs which were not selected as BCGs are shown. The plus signs indicate the measured,
azimuthally-averaged surface brightness radial profile of the galaxy as measured from the SDSS g′ imaging and the curved solid red line

shows the best-fit single Sérsic profile. The blue vertical dashed line indicates the effective radius for each galaxy.

Figure 19. The same as Figure 18 but for the Cl1604 BCGs/MMCGs. The meanings of the symbols and lines are identical to Figure
18. In the right panels, only those galaxies selected as (potential) MMCGs which were not already selected as BCGs are shown. Note

that the features associated with late-type morphologies or disturbances coming from interactions are common amongst the Cl1604
BCGs/MMCGs, which results into very different profiles with respect the MCXC/SDSS sample.
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Finally, GALFIT was run on the all the masked SDSS and
ACS postage stamps.

As alluded to earlier, the SDSS sample is approxi-
mately four times deeper than the ACS in limiting sur-
face brightness in terms physical units (i.e., 23.5 L�/pc

2

vs. 94.0 L�/pc
2, respectively). In order to determine the ef-

fect that this differing surface brightness limit might have
on our fitting results we performed the following test. A
random subsample of five MCXC BCGs was selected and
noise was added to the masked SDSS postage stamps to cre-
ate 7 “noise-added” SDSS postage stamps for each MCXC
BCG. The noise was added such a way that the surface
brightness limit of the noise-added SDSS images, in physical
units, ranged between the nominal SDSS limit and a limit
shallower than that of the ACS imaging in equally spaced
steps. At each step, the fitting process was repeated. Over
the relatively large range of surface brightnesses tested here
we found essentially no difference in the best-fit parameters;
the variation of the best-fit effective radius and Sérsic in-
dex was < 2% and ∼6%, respectively. This is also seen in
other works using similar tests (e.g., Häussler et al. 2007;
Barden et al. 2008). The results presented in this paper are
robust to a change of this level on either parameter and
we, therefore, take no account of the difference in physical
surface brightness depths between the two samples for the
remainder of the paper. For illustration, we plot in Figures
18 and 19 the 1D-surface brightness profiles of the MCXC
and Cl1604 BCGs/MMCGs, respectively, with the results of
the single Sérsic model overplotted. Note that the fits per-
formed in this work are made in two dimensions, while we
represent in these Figures the one dimensional azimuthally-
averaged surface brightness radial profiles including possible
satellite galaxies, which are excluded from the fit. The one
component Sérsic profile sufficiently describes the low- and
high-redshift samples in almost all cases.

In Figure 20, the distributions of the best-fit main struc-
tural parameters, effective radius (re) and Sérsic index (n),
derived from the Sérsic fit are plotted for both the BCGs
and MMCGs of the low- and high-redshift samples. It is
apparent from this figure that the BCGs/MMCGs in the
low-redshift MCXC/SDSS sample are both larger and have
increased Sérsic indices relative to their high-redshift coun-
terparts. In Table 4 the average values, along with their
errors, of the main structural parameters are given for all
samples of BCGs/MMCGs. A factor of 3.07 ± 0.01 growth
in re is observed from z ∼ 0.9 to z ∼ 0.1 in the aver-
age BCG and an evolution of the average Sérsic index of
n(z = 0)−n(z) = 0.45±0.03 is observed over the same red-
shift range. For the MMCG sample the observed evolution
in both parameters is similar, with an increase in re of a fac-
tor of 3.33±0.01 and an increase of the average Sérsic index
of n(z = 0) − n(z) = 0.63 ± 0.03. As mentioned earlier in
this section, these numbers are derived from the full sample
of 81 MCXC clusters defined in §2.2. It was shown in §3.1
that there was not an appreciable difference in cluster prop-
erties between the 81 MCXC clusters we selected, the full
MCXC cluster sample and the 53 MCXC clusters used as a
basis for the sample in §3.5. Regardless, the average values
of the Sérsic index and size of the BCGs/MMCGs were also
calculated from the comparison sample defined in §3.5. No
significant difference in either of the median structural pa-
rameters relative to those derived from our full sample of 81

Figure 20. Distribution of the BCG Sérsic indices (top left
panel), BCG effective radius (top right panel), MMCG Sérsic in-

dices (bottom left panel) and MMCG effective radius (bottom

right panel) for the one Sérsic component fit. The low−z sample
is shown in white and the high−z sample in black. The verti-

cal solid dotted and red dashed line refers to the median value

for each sample. The low−z BCGs/MMCGs have both a higher
effective radius and Sérsic index, on average, than the high−z
BCGs/MMCGs. These results are quantified in the text.

MCXC clusters were found. Thus, the results presented in
this section are broadly applicable to the results presented
in other sections.

The factor of ∼ 3 evolution in size for both the BCGs
and MMCGs between z ∼ 0.9 and z ∼ 0.1 is consistent with
evolutionary factors found in other cluster studies (Nelson
et al. 2002; Bernardi 2009; Ascaso et al. 2011) over a variety
of redshift ranges. Conversely, in the field “typical” massive
elliptical galaxies have been observed to increase their size
by only a factor of ∼ 2 from z ∼1 to the present day (Daddi
et al. 2005; Trujillo et al. 2006; Ryan et al. 2012; Huertas-
Company et al. 2013). Given our previous results, it is likely
that the Cl1604 BCGs/MMCGs will accrete stellar mass
faster than similar galaxies in the field (primarily through
major mergers), which would in turn cause a differential
increase in size relative to comparable field ellipticals

However, the evolution in the Sérsic index from z ∼ 0.9
to z ∼ 0.1 is moderate (∼ 0.45). This evolution is smaller
than that expected from many similar measurements for
massive field ellipticals (van Dokkum et al. 2010; López-
Sanjuan et al. 2012). The magnitude of this evolution, how-
ever, still remains an open question, and the evolution ob-
served amongst the samples presented here are in broad
agreement with a measurement of the evolution amongst
field and group ellipticals from z ∼ 1 to the present day (see
Fig. 19 in Huertas-Company et al. 2013). Environmental ef-
fects may play a large role in this evolution and, indeed,
in a study of BCGs across a redshift baseline of z ∼ 0.5 to
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Table 4. Sérsic indices and Sizes from 1-component Sérsic fit

Low − z High− z

< n > < re(kpc) > < n > < re(kpc) >

BCGs 1.86± 0.02 8.92± 0.06 1.41± 0.02 2.90± 0.02
MMCGs 1.86± 0.02 8.92± 0.06 1.23± 0.02 2.68± 0.02

z ∼ 0, Ascaso et al. (2011) found no redshift evolution of the
Sérsic index. Thus, in order to attempt to understand the
moderate evolution of the Sérsic index of the BCG/MMCG
in our sample, we compared our results with numerical sim-
ulations by Hopkins et al. (2010), who considered different
scenarios, such as adiabatic expansion and major or minor
merging, to explain the evolution of structural parameters
in massive galaxies. Through these simulations, the authors
of this study claimed that major and minor mergers will
cause both the size and the Sérsic index of ellipticals to
grow in time, while adiabatic expansion could serve to soften
the change in the Sérsic index induced by merging events.
Hence, a pure analysis of the structural parameters makes it
plausible that the Cl1604 BCGs/MMCGs evolve through a
mixture of different mechanisms, with major/minor merging
and adiabatic expansion contributing at different levels and
at different times than for massive field ellipticals. In the re-
mainder of the paper we continue this discussion, using all
of our results to contextualize and constrain the prevalence
and significance of such mechanisms.

4 DISCUSSION

4.1 Major/minor mergers

Throughout this work we have shown different lines of evi-
dence, based on the spectral properties, morphological prop-
erties, and the radial stellar mass distribution around high-
and low-redshift BCGs/MMCGs, that wet or mixed major
merging events in tandem with merger induced star forma-
tion appears more than sufficient to explain the buildup of
the stellar mass from z ∼ 0.9 to z ∼ 0.1 (see §3.5). We
now attempt to contextualize these results in terms of semi-
analytic and hydrodynamical simulations.

In a seminal study, De Lucia & Blaizot (2007) used
the Millenium simulation to study the formation and evo-
lution of BCGs from a hierarchical point of view. Here we
compare our results with their merger tree predictions. In
section §3.5, we determined that the mean mass quotient of
the BCGs is z ∼0.9 and those at z ∼ 0.1 was a factor of
∼ 2.51±0.71. Also in that section it was determined that
the stellar mass growth of the BCGs over the same redshift
range through major mergers alone was 2.23±0.73 which is
perhaps the more fundamental quantity when comparing to
a hierarchicalN -body simulation. This value is similar to the
stellar mass growth found in recent observational works over
similar redshift ranges (e.g. Lidman et al. 2012; Lin et al.
2013 find a factor of ∼ 1.8 since z ∼ 0.9). In the simulations
of De Lucia & Blaizot (2007) a large fraction (∼ 70%) of the
stellar mass buildup in BCGs is a result of major merging
events, which is in broad agreement with our observational
results. The expected accretion rate estimated from hierar-
chical merging in De Lucia & Blaizot (2007) over redshift
range of our sample is ∼3.3. This value is higher than either

of the values determined from our observational sample and
other observational works (Lidman et al. 2012; Lin et al.
2013), though the difference is only marginally significant.

However, many works have presented evidence of large
intracluster light (ICL) fractions in local clusters (e.g., Gon-
zalez et al. 2005; Krick et al. 2006; Gonzalez et al. 2007).
Predictions from N -body simulations (e.g., Conroy et al.
2007; Murante et al. 2007; Rudick et al. 2011) show that
anywhere from 25−80% of the stellar matter accreted onto
BCGs from major merging events ends up lost to the ICL.
In the previous sections this effect was not taken into ac-
count. Thus, it possible that additional stellar mass buildup
is necessary in excess of what is added to the BCGs/MMCGs
through the major merging events discussed in §3.5. As is
also discussed in that section and in §3.4, the large number
of mixed or wet major merger candidates around the Cl1604
BCGs/MMCGs will likely increase or at least serve to main-
tain the already high level of in situ star formation observed
in the average high-redshift BCG/MMCG (e.g., Hopkins et
al. 2008; Kocevski et al. 2011a). Because of the large poten-
tial of these galaxies, such stellar mass buildup would likely
not be lost to the intracluster medium through supernovae
winds or other processes associated strictly with star forma-
tion. However, even with the relatively large star formation
rate of the average Cl1604 BCG/MMCG and assuming a
continuous rate from z ∼ 0.9 to z ∼ 0.1, a large stellar mass
loss (i.e., > 25%) during major merging processes still leaves
some room for additional stellar mass buildup through other
means. This is true both when comparing to the observed
quotient in BCG stellar mass from the MCXC and Cl1604
samples (2.51±0.71) and to the predictions of De Lucia &
Blaizot (2007).

In the case of significant mass loss of satellite galaxies
during major merging processes, it is possible that minor
merging could, at least in small part, contribute to the stel-
lar mass buildup of the Cl1604 BCGs/MMCGs over cosmic
time. The introduction of subsequent minor mergers to ma-
jor mergers events could also help reconcile the observed
evolution in the structural parameters, as minor mergers
inflate re more quickly for a given evolution in the Sérsic
index than do major mergers (Hopkins et al. 2010). How-
ever, such minor merging candidates are not detected in our
Cl1604 spectroscopy, meaning candidate galaxies would have
to have extreme mass ratios relative to the BCGs/MMCGs,
i.e., > 25 : 1. Depending on the amount of stellar mass lost
to the ICL in each major and minor merging event (but
requiring that at least 25% is lost) and assuming a con-
stant SFR of the Cl1604 BCGs/MMCGs, anywhere from
∼10 to ∼ 100 25:1 minor mergers are allowed by the differ-
ence in mass observed between the MCXC and Cl1604 sam-
ples. Given that many galaxies in the Cl1604 supercluster
have high-quality redshifts and stellar mass measurements
at magnitudes fainter (and stellar masses lower) than our
formal completeness limit, the complete lack of such galax-
ies observed in the data rules out a large number of minor
merging events of this magnitude. This result is supported
by other works, which also find evidence for a very high inci-
dence of major merging candidates in z ∼ 1 clusters (Lidman
et al. 2013). Still it is not inconsistent with our data that
a few minor merging events with extreme mass ratios could
help to build up the stellar mass in high-redshift BCGs.
Given the wealth of lower mass blue, gas-rich galaxies still
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remaining in the cluster and group environments of Cl1604,
such events could also aid stellar mass buildup through star-
bursting events subsequent to cannibalization.

4.2 Adiabatic expansion

A different mechanism arises when merging events ignite
AGN activity. Such merging events can be the mixed or wet
major merging events, events which we have shown that the
Cl1604 BCGs/MMCGs are fated to undergo, or the canni-
balism of low-mass, gas-rich galaxies discussed in the previ-
ous section. Such processes are typically characterized by a
galaxy losing mass from its central regions in an adiabatic
manner producing a response of the stars and dark matter
to “puff up”. The effects of this mechanism, known as adi-
abatic expansion, have been observed and characterized by
a variety of different observational studies (Fan et al. 2008;
Collins et al. 2009; Stott et al. 2011; Ascaso et al. 2011).
As mentioned earlier, this mechanism is also studied in de-
tail by Hopkins et al. (2010), in which numerical simulations
were used to study the effect of this mechanism on measured
structural parameters.

In this work, we have found strong evidence of on-
going or impending major merging amongst the Cl1604
BCGs/MMCGs. This observation should be accompanied by
a strong evolution of the Sérsic index between the Cl1604
and MCXC/SDSS samples. An evolution of the Sérsic in-
dex is seen from z ∼ 0.9 to z ∼ 0.1 in our samples, but
that evolution is more moderate, only approximately 50%
of that expected from simulations. However, observational
work on BCGs (Ascaso et al. 2011) in two separate samples
spanning from z ∼ 0 to z ∼ 0.5 found no evolution in the
Sérsic index between the two samples, with an increase in
re similar to what is found in the study presented here. Ac-
cording to Hopkins et al. (2010), a small decrease of Sérsic
index is expected under adiabatic expansion. Thus, a signifi-
cant amount of adiabatic expansion occurring in conjunction
with major (and possibly minor) merging events amongst
the Cl1604 BCGs/MMCGs could provide a means to miti-
gate the increase in the Sérsic index from merging alone. In
other words, if the Cl1604 BCGs were to evolve only through
some combination of major and minor merging events from
z ∼ 0.9 to z ∼ 0.1 an increase in Sérsic parameter of a
factor between two and four is expected. However, as we
have shown, the major merging candidates surrounding the
Cl1604 BCGs/MMCGs will predominantly result in mixed
or wet merging events. The merging events that are observed
to be already underway amongst the Cl1604 BCGs/MMCGs
also appear predominantly in late-type hosts. Such events
are commonly thought to ignite AGN activity (e.g., Hop-
kins et al. 2008), which can lead to subsequent adiabatic
expansion and a subsequent decrease in the Sérsic index as
measured by the light profile of the galaxy. The difference
between the expected and observed evolution of the Sérsic
index, a difference that is statistically relevant at � 3σ for
both subsamples, strongly suggests that at least some level
of adiabatic expansion must occur in BCGs/MMCGs over
the last 7 Gyr.

5 CONCLUSIONS

In this study we have analyzed the properties of bright-
est and most massive cluster and group galaxies at high
(z ∼ 0.9) and low (z ∼ 0.1) redshift. At high redshift,
the properties of the BCGs/MMCGs of the eight groups
and clusters of the Cl1604 supercluster were considered.
These were compared to a sample of BCGs/MMCGs of 81
low-redshift clusters drawn from a cross-correlation of the
MCXC catalog of X-Ray clusters and SDSS. The constituent
structures of the MCXC and Cl1604 samples were matched
in total virial mass and dynamical states using a variety of
techniques and comparisons between the BCGs/MMCGs of
the two samples were primarily made in a common rest-
frame wavelength range. Using enormous spectroscopic and
imaging databases provided at low redshift by the SDSS and
at high redshift by ORELSE, we investigated the evolution
of color, morphological, stellar mass, and spectral proper-
ties of BCGs/MMCGs over the past ∼ 7 Gyr. Our main
conclusions are as follows.

• Color and luminosity evolution: A large fraction (∼
35%) of the combined Cl1604 BCG/MMCG sample were
observed with colors blueward of the red sequence for its
parent cluster or group. In contrast, only a small fraction
(∼ 2%) of the BCGs/MMCGs at low redshift were observed
to be similarly offset of the red sequence. The gap in magni-
tude between the BCG and the next brightest cluster/group
galaxy in the average Cl1604 cluster/group was found to be
less than half that of the average MCXC cluster.
• Morphology evolution: Exactly half of the Cl1604 BCG

sample were galaxies classified with late-type morphologies
and a large fraction (∼ 40%) of had signs of interaction. In
contrast, only 2.5% the BCGs at low redshift were classified
as late-type and the fraction of those undergoing interactions
was less than half of that of the Cl1604 sample. In addition,
the Cl1604 BCGs were observed in some stage of a merging
event greater than five times more frequently than the low-z
BCGs. These numbers did not change appreciably when the
MMCGs of the two samples were considered.
• Spectral evolution: A majority (∼53%) of the combined

Cl1604 BCG/MMCG sample show significant ongoing star
formation. In contrast, only a small fraction ∼ 4% of the
MCXC BCGs/MMCGs were observed with ongoing star
formation. From a stacked spectrum of galaxies, the aver-
age star formation rate of the Cl1604 BCGs/MMCGs was
found to be 〈SFR〉 = 10.5 ± 0.5 M� yr−1. This value
is in stark contrast with the average SFR of the MCXC-
SDSS BCG/MMCG, which was consistent with zero. In
addition, strong Balmer absorption features and weak fea-
tures associated with older stellar populations were observed
in the Cl1604 BCG/MMCG stacked spectrum, which in-
dicated a considerably younger mean luminosity-weighted
stellar age as compared to the MCXC/SDSS sample. Even
those Cl1604 BCGs/MMCGs considered passive (SSFR <
1011yr−1) showed signs of a moderately young stellar pop-
ulation.
• Stellar mass evolution: The average z ∼ 0.9 Cl1604

BCG was observed to be deficient in stellar mass by a fac-
tor of 2.51±0.71 relative to a (cluster total mass) matched
sample of z ∼ 0.1 MCXC BCGs. The average MMCG in
Cl1604 was found to be deficient in stellar mass by a fac-
tor of 1.78±0.45 relative to the MMCGs same matched low-
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redshift sample. Surprisingly, this growth factor is consistent
with both the increase in total mass and increase of total
stellar baryonic mass of the clusters over the same redshift
interval. This result strongly suggested that the growth of
the stellar mass of a BCG/MMCG is intimately linked with
both the total stellar (contained in galaxies) and dark mat-
ter growth of the clusters.

• Radial distribution of stellar mass: A comparison
was made between the stellar mass surrounding the
BCGs/MMCGs at low and high redshift in the form of
companion galaxies. A marked increase of stellar mass at
low (projected) radii Rproj < 0.3Rvir was observed sur-
rounding the Cl1604 BCGs/MMCGs relative to the MCXC
BCGs/MMCGs. Merging timescales were calculated for all
companion galaxies to the Cl1604 BCGs/MMCGs that had
the possibility of merging within .7 Gyr. Of the 15 merger
candidates surrounding the Cl1604 BCGs/MMCGs with
small enough merging timescales, 14 would result in a major
merging event (64:1 mass ratio). These potential merging
events are primarily comprised of the mixed or wet variety.
From these merging events alone, the average Cl1604 BCG
will increase in stellar mass by a factor of 2.23±0.73 and the
average Cl1604 MMCG by a factor of 1.35±0.31 under the
assumption of 100% retention of stellar matter.

• Structural parameter evolution: By fitting the surface
brightness profiles of all BCGs/MMCGs in both the high-
and low-redshift samples to a single Sérsic profile, we
found an increase of a factor of ∼ 3 of the size (re) of
BCGs/MMCGs over the past ∼ 7 Gyr. The factor of this
size increase was invariant with respect to which low-redshift
sample we chose to compare the Cl1604 BCGs/MMCGs
to. An increase in the average Sérsic index was also mea-
sured over the same redshift range, though its evolution was
milder, with an observed increase of n(z = 0)− n(z) ∼ 0.5.

From our observational data alone, we strongly favored
a scenario in which BCGs/MMCGs grow through a combi-
nation of in situ star formation and major merging events,
the latter likely causing subsequent increases in star forma-
tion activity. Though we could not completely rule out the
involvement of minor mergers in building up at least a small
fraction of the stellar mass of the BCGs/MMCGs over the
past ∼ 7 Gyr, the aforementioned scenario is wholly consis-
tent with all of the results in this study. These observational
results were then compared to a variety of hydrodynamical
simulations and semi-analytic models chosen from the lit-
erature. Through these comparisons we found that the ob-
served prevalence of (potentially) impending major merging
events amongst the Cl1604 BCGs/MMCGs was sufficient
to explain the evolution in the size of BCGs/MMCGs from
z ∼ 0.9 to z ∼ 0.1. However, the observed evolution in the
average Sérsic index was not as dramatic as that predicted
from a large number of major merging events. In order to
explain this mild evolution, we appealed to adiabatic ex-
pansion, a process which will serve to soften the evolution
of Sérsic indices of galaxies and a process which naturally
follows from the ignition of an AGN as a result of a wet or
mixed merging event.

This study represents one of the most comprehensive
studies of the evolution of BCGs/MMCGs over cosmic time
to date in terms of the sheer amount of spectroscopic and
imaging data utilized for the galaxy populations of clus-

ters at both high and low redshift. From this study we
were able to draw a definitive picture of the evolution of
BCGs/MMCGs in the Cl1604 supercluster. However, the
sample of BCGs/MMCGs used here, especially at high red-
shift, remains somewhat small, and given the large amount
of intrinsic variance amongst galaxy cluster populations ob-
served at all redshifts, it is not entirely clear how applica-
ble this picture is to the evolution of an “average” BCG
over the past ∼ 7 Gyr. It is encouraging that our results,
or at least those which can be directly compared, show
broad agreement with similar samples of BCGs taken from
other surveys. However, future work remains to utilize data
from the ∼ 50 high-redshift clusters and groups of the full
ORELSE sample, as well as datasets available from other
high-redshift cluster surveys (e.g., EDisCS, GCLASS), to
determine if the mode of evolution observed here amongst
the Cl1604 BCGs/MMCGs is fully representative of that of
typical BCGs observed across the universe.
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Barden, M., Jahnke, K., Häumlußler, B. 2008, ApJS, 175,
105

Behroozi, P. S., Conroy, C., & Wechsler, R. H. 2010, ApJ,
717, 379

Bernardi, M., Sheth, R. K., Annis, J., et al. 2003, AJ, 125,
1817

Bernardi, M., Hyde, J. B., Sheth, R. K., Miller, C. J., &
Nichol, R. C. 2007, AJ, 133, 1741

Bernardi, M. 2009, MNRAS, 395, 1491
Bertin, E., & Arnouts, S. 1996, A&AS, 117, 393
Binney J., Tremaine S., 1987, Princeton University Press,
747 p.

Biviano, A., Murante, G., Borgani, S., et al. 2006, A&A,
456, 23

Boylan-Kolchin, M., Springel, V., White, S. D. M., Jenkins,
A., & Lemson, G. 2009, MNRAS, 398, 1150

Brinchmann, J., Charlot, S., White, S. D. M., et al. 2004,
MNRAS, 351, 1151

Brown, M. J. I., Zheng, Z., White, M., et al. 2008, ApJ,
682, 937

Bruzual, G., & Charlot, S. 2003, MNRAS, 344, 1000
Buitrago, F., Trujillo, I., Conselice, C. J., et al. 2008, ApJ,
687, L61

Burke, C., & Collins, C. A. 2013, arXiv:1307.1702
Calzetti, D., Armus, L., Bohlin, R. C., Kinney, A. L.,
Koornneef, J., & Storchi-Bergmann, T. 2000, ApJ, 533,
682

Carlberg, R. G., Yee, H. K. C., & Ellingson, E. 1997, ApJ,
478, 462

Cavaliere, A., & Fusco-Femiano, R. 1976, A&A, 49, 137
Chabrier, G. 2003, PASP, 115, 763
Cohn, J. D., & White, M. 2005, Astroparticle Physics, 24,
316

Collins, C. A., Stott, J. P., Hilton, M. et al. 2009, Nature,
458, 603

Conroy, C., Wechsler, R. H., & Kravtsov, A. V. 2007, ApJ,
668, 826

Conroy, C., & Wechsler, R. H. 2009, ApJ, 696, 620
Croston, J. H., Pratt, G. W., Böhringer, H., et al. 2008,
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APPENDIX A: DYNAMICAL STATES OF THE
MCXC AND CL1604 CLUSTERS AND GROUPS

The nature of the dynamical states of the Cl1604 clusters
is somewhat ambiguous. From various lines of evidence, the
second most massive cluster in Cl1604 (A) appears largely
relaxed (Rumbaugh et al. 2013), with a galaxy population
reflective of a cluster that has fully virialized (Lemaux et
al. 2012). The most massive cluster in Cl1604 (B) shows
significant departures from its less massive counterpart, ex-
hibiting both a younger and more active galaxy population
and ICM properties which appear inconsistent with a high
degree of virialization, a trend that is continued for the least
massive cluster in Cl1604 (D). The dynamical state of the
Cl1604 groups is even more ambiguous. With 50ks of ACIS-I
observations over the entire supercluster, the Chandra ob-
servations are simply not deep enough to detect the presence
of a hot intragroup medium (IGM), nor deep enough to put
meaningful limits. While we are able to probe the dynam-
ics of the group galaxies, and do not observe any evidence
for significant velocity substructure (with the possible ex-
ception of Group C), without deep X-Ray observations it is
impossible to determine definitively the level of virialization
of the Cl1604 groups.

It has been shown in simulations that massive galaxy
clusters which virialize tend to remain in that state, with
only minor stochastic fluctuations that cause short-lived de-
partures from virialization (e.g., Cohn & White 2005; Araya-
Melo 2008; Ludlow et al. 2012). The situation is, however,
much more complicated for lower mass objects (i.e., the
Cl1604 groups), which show a larger spread in dynamical
states at every epoch and are easier to significantly disturb
due to their shallower potential wells. Though it is likely that
the Cl1604 clusters and groups will be largely virialized by
z ∼ 0.08 (the mean MCXC cluster redshift), given the inho-
mogeneity of the Cl1604 sample and our ignorance of their
current dynamical states and in the evolution of these states
to the redshifts of the MCXC clusters, we required that a
fraction of the clusters in the low-redshift sample depart in
some way from virialization. In such a way, we can allow for
the possibility of at least some fraction of the consitituent
clusters and groups of Cl1604 to depart from from virializa-
tion as they evolve to the present day.

Because of the large number of inhomogeneous sam-
ples that were drawn upon to create the MCXC catalog,
the authors of this catalog chose not to list TX values. In
the absence of X-Ray temperatures, we are limited to one
point of comparison to infer the level of virialization of the
MCXC clusters: the relationship between the X-Ray lumi-
nosity of the ICM and the dynamics of the cluster galaxies.
From large samples of local groups and clusters there ex-
ists a broad swath of literature discussing the relationship
between these two quantities at low redshift, though there
has been a dearth of systematic studies of such structures
within the last decade. This relationship is nearly always
measured using X-Ray luminosities that are bolometric and
are aperture corrected to infinity using a model-dependent
correction (typically a β-model Cavaliere & Fusco-Femiano
1976; Arnaud & Evrard 1999). The X-Ray luminosities avail-
able in this study through the MCXC catalog are measured
(or modeled) in a fixed aperture of R500 and are measured
(or modeled) over an energy range of 0.1-2.4 keV. While we
later adopt the cluster “self-similarity” relationship of Xue
& Wu (2000), we first discuss the possible implications of
the differences in X-Ray luminosity measurements.

Using XMM observations of a representative sample of
low-redshift clusters from the REXCESS (Pratt et al. 2009)
survey, Croston et al. (2008) measured ICM density profiles
for each of the clusters in their sample. In that study, the
authors found that the ICM density measured at R500 was
lower by a factor of ∼ 500 − 1000 from the value in the in-
ner regions of their clusters, suggesting that the integrated
X-Ray flux originating from the ICM at R < R500 is an ac-
curate approximation of the total integrated X-Ray output
of the ICM. This claim was further supported by Piffaretti
et al. (2011), in which only minor differences (∼ 5 − 10%)
were observed between LX,500 and LX measured at much
larger radii. Thus, the difference in spatial measurements be-
tween the MCXC catalog and LX values used to derive “self-
similar” relations between clusters is negligible. Bolometric
corrections to observed X-Ray luminosities are typically re-
alized through the models of Raymond & Smith (1977). In
these models, a large fraction of the luminosity of the ICM
(& 90%) is observed in the rest-frame 0.1-2.4 keV band, es-
sentially independent of temperature for a reasonable range
of values. Since the MCXC clusters are at all at reasonably
low redshifts, the k-correction on LX for any given cluster
is small, meaning that a large fraction of the bolometric lu-
minosity is recovered by the MCXC LX . Taking both the
spatial and energy range differences into account, the differ-
ence between the LX,500,0.1−2.4keV measured in the MCXC
catalog and the LX,∞,bol measured in Xue & Wu (2000)
is, at maximum, 20%, and likely significantly less for most
of clusters in the MCXC/SDSS sample. Because we cannot
constrain this value for any individual cluster in our sam-
ple, we chose to ignore this effect and adopt the self-similar
relationship of Xue & Wu (2000) without correction.

In Figure A1 we plot the relationship between
LX,500,0.1−2.4keV as given in the MCXC catalog and the
galaxy velocity dispersions for the 81 low-redshift clusters
with well-measured velocity dispersions (see §3.1). This is
plotted against the backdrop of a best-fit relation for low-
redshift virialized clusters (Xue & Wu 2000). Also plotted
are lines which show a ±20% deviation from the best-fit rela-
tion, which encompasses the maximum possible fluctuation
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of an individual MCXC cluster simply resulting from the
different methods of calculating LX in Xue & Wu (2000)
and Piffaretti et al. (2011). In addition, as mentioned in
§3.1, some of the MCXC “clusters” technically fall under
the auspices of the term “groups”. As such, also plotted in
Figure A1 is the best-fit relationship determined for groups
of galaxies as derived by Xue & Wu (2000). However, the two
relationships (clusters vs. groups) have a high level of simi-
larity in the area of this phase space where the majority of
our sample lies. Because of this we do not comment on which
of these two relationships is more appropriate to adopt for
each individual MCXC structure other than to say that the
group self-similar relationship may be used to explain some
of the MCXC structures that deviate significantly from the
cluster relationship, structures whose presence in our sam-
ple does not significantly affect our analysis regardless (see,
e.g., §3.2). As such, we have simply refered to the MCXC
structures as “clusters” throughout the study and continue
to do so here.

The 81 galaxy clusters plotted in Figure A1 are broadly
representative of the 53 MCXC galaxy cluster adopted for
use in some analyses in this paper (see 3.5); a KS test of the
X-Ray luminosities of the two sampled show the samples to
be statistically indistinguishable. In addition, the fractions
presented here are invariant with respect to which sample
is chosen. A large fraction of the selected MCXC clusters
appear consistent with the Xue & Wu (2000) self-similar re-
lationship. However, a small fraction (∼17%) of the MCXC
clusters deviate significantly (> 3σ) from this relationship,
implying that at least some fraction of the sample is still
undergoing virialization at z ∼ 0.1. This fraction remains
essentially unchanged if we apply the 20% correction dis-
cussed above. The measured fraction is roughly equivalent
to the fraction of virialized clusters at z ∼ 0 in halo masses
greater than the evolved virial mass of the least massive
Cl1604 structure (group I) in simulations (e.g., Araya-Melo
2008) and observations of local Abell clusters (Popesso et al.
2007). In the case of the latter, the data derived from that
study were re-analyzed to calculate an equivalent quantity to
the one explored here resulting in a fraction of 22.7%. Thus,
it appears that the MCXC/SDSS sample loosely exhibits a
representative distribution of dynamical states potential de-
scendants of the Cl1604 clusters and groups. Without fur-
ther knowledge of the true dynamical states of the Cl1604
clusters and groups and their evolution, it is sufficient for
the purposes of this study that the potential descendants of
these clusters which serve as the points of comparison for
this study span dynamical states which are broadly repre-
sentative of galaxy clusters in the local universe.
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Figure A1. Cluster galaxy line-of-sight velocity dispersions for
the 81 cluster in the MCXC/SDSS sample with well-measured

dispersions plotted against LX,500,0.1−2.4keV drawn from the
MCXC catalog. The method used to calculated velocity dis-

persions and their errors is given in §3.1. Because of the origi-

nal inhomogeneity of the X-Ray data used for the MCXC clus-
ters and the complicated method of transformation, errors on

LX,500,0.1−2.4keV are not given for each object, though they are

roughly∼ 15−20% on average. The blue solid line is adapted from
Xue & Wu (2000) and shows the expected relation between the

two quantities for virialized clusters. The gray dashed lines repre-

sent a ±20% departure from this relationship, which is likely the
maximum possible correction to the relationship resulting from

the differing methodology used to derive the X-Ray luminosity

values of the clusters in Xue & Wu (2000) and those of the MCXC
catalog. The green dotted line shows the same relation for groups
of galaxies adapted from Xue & Wu (2000). While a large ma-

jority of the MCXC clusters are consistent with virialization, a
non-negligible fraction appear to be still in the process of relaxing.
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