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ABSTRACT
The growth of brightest cluster galaxies is closely related to the properties of their
host cluster. We present evidence for dry mergers as the dominant source of BCG
mass growth at z . 1 in the XXL 100 brightest cluster sample. We use the global red
sequence, H� emission and mean star formation history to show that BCGs in the
sample possess star formation levels comparable to �eld ellipticals of similar stellar
mass and redshift. XXL 100 brightest clusters are less massive on average than those
in other X-ray selected samples such as LoCuSS or HIFLUGCS. Few clusters in the
sample display high central gas concentration, rendering ine�cient the growth of BCGs
via star formation resulting from the accretion of cool gas. Using measures of the
relaxation state of their host clusters, we show that BCGs grow as relaxation proceeds.
We �nd that the BCG stellar mass corresponds to a relatively constant fraction 1% of
the total cluster mass in relaxed systems. We also show that, following a cluster scale
merger event, the BCG stellar mass lags behind the expected value from the Mcluster
- MBCG relation but subsequently accretes stellar mass via dry mergers as the BCG
and cluster evolve towards a relaxed state.

Key words: galaxies: cluster: general - galaxies: evolution - galaxies: interactions -
galaxies: elliptical and lenticular, cD - X-rays: galaxies: clusters

1 INTRODUCTION

Due to their dominance and location near the centre of clus-
ters, brightest cluster galaxy (BCG) evolution is of great
interest. In the current paradigm, BCGs are formed hier-
archically by mergers with other cluster members. Observa-
tions of z . 0:1 BCGs have shown that they follow a steeper
size-luminosity scaling relation than other early-type galax-
ies. For their luminosity, BCGs are larger than expected
from the bulk of early-type galaxies, indicating that dissipa-
tionless mergers play an important role in their formation
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(e.g.: Bernardi et al. 2007; Liu et al. 2008). Around z � 1,
BCGs gain their identity as they unambiguously emerge
as the dominant galaxy within a cluster (De Lucia et al.
2006). Although early theoretical (e.g.: Merritt 1984; Mer-
ritt 1985; Schombert 1987) and more recent observational
work (Collins et al. 2009; Stott et al. 2010) favour a sce-
nario where BCGs were almost entirely assembled at z � 1,
work by McIntosh et al. (2008), Liu et al. (2009) and Ed-
wards & Patton (2012) indicate that BCGs are still growing
at the present epoch. Other work by Lidman et al. (2012),
Burke & Collins (2013) and Liu et al. (2015) indicate that
BCGs at z < 1 still undergo major merger events and grow
by a factor of � 2 from z � 1 to the present epoch. Simu-
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lations have shown that most of the mass probably comes
from a small ( . 10) number of merging events (De Lucia
& Blaizot 2007, Ruszkowski & Springel 2009). Observation
of mass segregation in clusters (Dressler et al. 1997; Adami
et al. 1998; Biviano et al. 2002; Lidman et al. 2013) and
the presence of multiple bound companions around BCGs
(Burke & Collins 2013) show that clusters and the BCG en-
vironment are dynamically evolving in a way that readily
makes stellar material available to BCGs.

BCG evolution is intimately linked to the host clus-
ter evolution as BCG growth requires an inux of material
from the cluster. There are two possible growth channels for
BCGs: the accretion of stars via gas-poor, or dry, mergers
and the formation of new stars in situ from accreted gas
brought to the BCG by cooling ows or from a gas-rich, or
wet, merger event. Mass growth via dry mergers can only
be a major contributor to BCG mass evolution if kinematic
processes in the cluster such as dynamical friction (Chan-
drasekhar 1943) make that mass available for accretion on
to the BCG in timescales less than the Hubble time. Fabian
(2012) report that most of the UV and IR luminosity of
BCGs in cool core clusters seems to come from vigorousin
situ star formation, presumably fuelled by residual cooling
ows. BCG growth via such in situ star formation requires
the host cluster to exist in a relaxed or undisturbed state as
the formation of cooling ows could be easily disrupted by
cluster merging events (e.g. Ricker & Sarazin 2001).

Feedback from a central active galactic nucleus can also
disrupt cooling ows via the injection of energy into the intra
cluster medium. The duty cycle of radio-mode feedback can
be more than 60%, suppressing the amount of gas actually
reaching the BCG (e.g. B̂�rzan et al. 2012). Star formation
resulting from cooling ows also requires a BCG to be situ-
ated close to the centroid of the X-ray emission in clusters
for the gas to actually be accreted (Edwards et al. 2007;
Bildfell et al. 2008; Ra�erty et al. 2008).

Recent work also indicate that BCGs dominant growth
source changes aroundz � 1. Webb et al. (2015) show that
very IR-luminous BCGs are only found at z > 1 and Mc-
Donald et al. (2016) �nd that star formation in BCGs is
more signi�cant at z > 1, even in dynamically disturbed
clusters. Both papers, in addition to work done by Vulcani
et al. (2016) and Liu et al. (2013) indicate that in situ star
formation seems to dominate stellar mass growth at z & 1
before being replaced by dry mergers atz . 1. Determining
the source of BCG mass growth provides not only a direct
indication of its own evolution but also of the history of its
cluster environment.

To understand the relationship between BCGs and their
host clusters requires a large sample of such systems, ideally
drawn from a range of cluster mass and redshift, and se-
lected according to a simple set of physical criteria. In this
paper we investigate the properties of a large sample of clus-
ters and BCGs drawn from the XXL survey. At more than
6 Ms total exposure time over two 25 deg2 �elds, XXL is
the largest XMM-Newton programme to date (Pierre et al.
2016, hereafter XXL paper I). The two XXL survey �elds
are referred to as XXL-N, centred on the XMM-LSS and
CFHTLS W1 �eld, and XXL-S, centred on the Blanco Cos-
mology Survey �eld. Each consists of an overlapping mosaic
of 10 ks XMM exposures.

The XXL survey o�ers a unique perspective on the evo-

lution of low-to-intermediate mass X-ray clusters. Clusters
and BCGs are not homogeneous, either at �xed mass or
redshift. There are considerable variations in their proper-
ties which makes necessary the study of a numerically large
sample. The large amount of optical, infrared and spectro-
scopic data available or obtained by XXL makes it possible
to study a large and well-de�ned X-ray cluster sample up to
z � 1. More importantly, it enables us to relate photometric
and spectroscopic measures of BCGs to the relaxation state
of the clusters. We use the sample of the 100 brightest XXL
clusters1 for our work (XXL-100-GC; Pacaud et al. 2016,
hereafter XXL paper II) and �nd that the relaxation state
of clusters is very powerful tool to help follow and under-
stand BCG growth.

The paper is organized as follows: in Section 2 we de-
scribe the 100 brightest clusters sample and the multi- � data
used; in Section 3 we present the BCG selection criteria
and �nal sample; we present the various measurements per-
formed on the sample in Section 4; we discuss our results
in Section 5. A WMAP9 cosmology is used unless otherwise
stated.

2 XXL-100-GC BRIGHTEST CLUSTERS
SAMPLE

2.1 Clusters

Galaxy clusters are identi�ed from processed XMM images
in the following manner: source extraction is performed by
applying SExtractor (Bertin & Arnouts 1996) to wavelet-
�ltered XMM images. Surface photometry is then per-
formed on selected sources using the customXamin pipeline
with sources characterized by maximum-likelihood values
of extent , extent likelihood and detection likelihood
(Pacaud et al. 2006). The application of appropriate cuts
through this detection parameter space generate respec-
tively the C1 cluster sample, which is uncontaminated by
misclassi�ed sources or artefacts (Pacaud et al. 2006; Pacaud
et al. 2007; Clerc et al. 2012; Clerc et al. 2014) and the C2
sample which displays 30-50% contamination (Pierre et al.
2006; Adami et al. 2011). The survey cluster selection func-
tion is expressed in terms of the surface brightness of model
clusters realized within XMM images (Pacaud et al. 2006). A
growth curve analysis is used to measure uxes for the 200
brightest clusters within the XXL survey footprint (Clerc
et al. 2012). The analysis employs local background estima-
tion, nearby-source masking and interactive cluster centring.
XXL-100-GC clusters are selected from this list with uxes
quoted in a 10 radius circular aperture. The sample contain
51 clusters located in XXL-N and 49 in XXL-S (XXL pa-
per II).

Cluster X-ray temperatures for the XXL-100-GC sam-
ple are presented in Giles et al. (2016) (hereafter XXL pa-
per III). X-ray spectra of each cluster were extracted using
an aperture of radius 300 kpc with a minimum of 5 counts
per spectral bin in the 0.4-7.0 keV band. Temperatures are

1 Available on CDS in catalogue IX/49/xxl100gc and via the
Master Catalogue Database in Milan at: http://cosmosdb.iasf-
milano.inaf.it/XXL/

c 2015 RAS, MNRAS 000 , 1{16

http://cosmosdb.iasf-milano.inaf.it/XXL/
http://cosmosdb.iasf-milano.inaf.it/XXL/


Dry merger driven BCG growth in XXL-100-GC 3

not core excised due to the limited PSF of XMM-Newton
and lie mostly in the 1 KeV 6 T300 kpc < 6 KeV range.

Figure 1. Normalized mass distribution obtained from X-ray
scaling relations for XXL-100-GC. The dashed vertical line in-
dicate the average XXL-100-GC cluster mass of just over 2 �
1014 M � .

Cluster weak lensing masses for the XXL-100-GC sam-
ple are presented in Lieu et al. (2016) (hereafter XXL pa-
per IV). Masses are computed from an internal weak-lensing
M � T scaling relation. calibrated using a shear pro�le anal-
ysis of 38 XXL-100-GC clusters located within the foot-
print of the CFHTLenS shear catalog. Following Miller et al.
(2013) and Velander et al. (2014), the authors build a shear
pro�le from the ellipticity analysis of galaxies found to be
behind the individual clusters in the CFHTLenS shear cat-
alog. A Navarro, Frenk and White (NFW; Navarro et al.
1997) pro�le is �t to the shear pro�le and integrated out
to r 500 ;W L

2 to obtain the values of weak lensing masses
M500 ;W L for the clusters. The average M 500 ;W L � T300 kpc

scaling relation is then used to get both r 500 ;MT and
M500 ;MT , the mass within r 500 , for all XXL-100-GC clus-
ters so that all masses are based on the scaling relation. For
the sake of simplicity, we shall use r500 and M500 respectively
to denote r500 ;MT and M500 ;MT .

Figure 1 shows the normalized distributions of cluster
masses for XXL-100-GC as obtained from the XXL paper IV
M � T relation. 3 . The average mass within r500 of XXL-
100-GC clusters is � 2 � 1014 M � , a value which is gen-
erally lower when compared to the average mass of other
X-ray cluster samples such as REXCESS (� 3 � 1014 M � ,
Haarsma et al. 2010), LoCuSS4 (� 4 � 1014 M � , Smith et
al. 2017, in preparation), CLASH ( � 6 � 1014 M � , Merten

2 De�ned as the radius within which the average total mass den-
sity of a cluster equals 500 times the critical density of the Uni-
verse at the cluster redshift as obtained from the weak lensing
analysis
3 Most colours used in �gures in this work were op-
timized for readability using the ColorBrewer tool from
www.ColorBrewer.org by Cynthia A. Brewer, Geography, Penn-
sylvania State University.
4 http://www.sr.bham.ac.uk/locuss/home.php

et al. 2015) or HIFLUGCS ( � 6 � 1014 M � , Reiprich &
B•ohringer 2002). Some care must be exercised when com-
paring XXL-100-GC to samples, not just of di�ering mass,
but also of di�ering sample selection criteria. In this sense,
comparing the properties of XXL-100-GC to an existing,
yet lower redshift, ux-limited cluster sample such as HI-
FLUGCS ( z < 0:1; Reiprich & B•ohringer 2002) is of inter-
est as it reproduces many of the selection biases inherent in
ux- as compared to luminosity-based selection.

2.2 Multiwavelength data

XXL has been constructed as a multiwavelength survey and
the complete list of XXL-PI and external programmes can
be found in XXL paper I. The present work primarily em-
ploys optical and near-infrared photometric data as well as
photometric and spectroscopic redshifts. The XXL-N �eld
overlaps the W1 �eld from CFHTLS wide MegaCam sur-
vey (Gwyn 2012). All but �ve of the XXL-N clusters have
ugriz photometry from MegaCam with a point-source i -
band depth of � 25 AB. The remaining �ve clusters are
located in a northern extension of the CFHTLS W1 �eld
known as the ABC �eld and have grz MegaCam photome-
try to the same depth as CFHTLS.

Galaxy magnitudes are taken from the i -band selected
CFHTLS Wide catalogue (Gwyn 2012) 5 . MAGAUTOmagni-
tudes in the catalogue are computed with SExtractor 2.5.0
using the adaptative aperture described in Bertin & Arnouts
(1996). Extensive testing by Bertin & Arnouts has shown
that this aperture produces very consistent results for galax-
ies of any shape or ellipticity, missing on average 6% of the
ux with only 2% variations rms. We correct for the missing
ux and combine the variations with photometric errors to
obtain consistent �nal total magnitudes in both CFHTLS
and ABC �elds.

W1 source photometric redshifts are taken from the lat-
est CFHTLS-T0007 release (Ilbert et al. 2006; Coupon et al.
2009) and have a typical error of � W 1 = 0 :04 for i 6 22.5.

Few sources in the ABC �eld have spectroscopic red-
shifts. Instead we combine grz photometry with the large
number of sources with spectroscopic redshifts in the W1
�eld to train a Generalized Linear Models code in the ABC
�eld (Elliott et al. 2015). The photometric redshifts are
found by passing the grz photometry to the Python package
CosmoPhotoz6 together with the photometry and spectro-
scopic redshifts of about a thousand sources in W1. This re-
sults in photometric redshifts with � ABC = 0 :065 for sources
with z6 23.0 in the ABC �elds.

The XXL-S �eld is located in the sky area covered by
the Blanco Cosmology Survey (BCS) with griz photometry
(Desai et al. 2012). Although BCS data is shallower than
CFHTLS with a point-source i -band depth of 24, the area
is also part of the deeper Dark Energy Survey7 (DES), a
5000 deg2 �eld observed with the Dark Energy Camera (DE-
Cam; Flaugher et al. 2015) in grizY . While the coverage is
still incomplete in the i -band, it is supplemented by deeper

5 http://www.cadc-ccda.hia-iha.nrc-
cnrc.gc.ca/en/megapipe/cfhtls/uc.html
6 http://cosmophotoz.readthedocs.org
7 http://www.darkenergysurvey.org/survey/des-description.pdf
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