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ABSTRACT

Using a sample of 123 X-ray clusters and groups drawn from the XMM Cluster Survey first
data release, we investigate the interplay between the brightest cluster galaxy (BCG), its black
hole and the intracluster/group medium (ICM). It appears that for groups and clusters with a
BCQG likely to host significant active galactic nuclei (AGN) feedback, gas cooling dominates
in those with Tx > 2keV while AGN feedback dominates below. This may be understood
through the subunity exponent found in the scaling relation we derive between the BCG mass
and cluster mass over the halo mass range 10" < M5y < 10! My and the lack of correlation
between radio luminosity and cluster mass, such that BCG AGN in groups can have relatively
more energetic influence on the ICM. The Lx—Tx relation for systems with the most massive
BCGs, or those with BCGs co-located with the peak of the ICM emission, is steeper than
that for those with the least massive and most offset, which instead follows self-similarity.
This is evidence that a combination of central gas cooling and powerful, well fuelled AGN
causes the departure of the ICM from pure gravitational heating, with the steepened relation
crossing self-similarity at T'x = 2 keV. Importantly, regardless of their black hole mass, BCGs
are more likely to host radio-loud AGN if they are in a massive cluster (Tx = 2keV) and again
co-located with an effective fuel supply of dense, cooling gas. This demonstrates that the most
massive black holes appear to know more about their host cluster than they do about their host
galaxy. The results lead us to propose a physically motivated, empirical definition of ‘cluster’
and ‘group’, delineated at 2 keV.

Key words: galaxies: active — galaxies: clusters: intracluster medium — galaxies: elliptical
and lenticular, cD.
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1 INTRODUCTION

Galaxy clusters and groups are important probes of cosmology as
they trace the densest regions of the Universe, which are the descen-
dants of the first overdensities to collapse after the big bang. They
can be parametrized by the X-ray emission properties of their hot
intracluster medium (ICM), with both the luminosity of the X-ray
emission (Lx) and the temperature of the gas (T'x) scaling with the
total mass of the system (e.g. Pratt et al. 2009). Lx also scales with
the integral of the square of the gas density while T'x indicates the
virial temperature of the system. For a self-similar relation, where
gravitational heating is the only source of energy, Lx o Ty (Kaiser
1986) although the observed slope is typically 2-3 (Mushotzky
1984; Edge & Stewart 1991; Markevitch 1998; Arnaud & Evrard
1999; Pratt et al. 2009; Mittal et al. 2011) which demonstrates that
secondary and non-gravitational effects are influencing the ICM
(Allen & Fabian 1998; Muanwong et al. 2002; Randall, Sarazin
& Ricker 2002; Rowley, Thomas & Kay 2004; Magliocchetti &
Briiggen 2007; Hartley et al. 2008).

As both Lx and T'x are used to calculate cluster mass but probe
different physical properties of the gas, it is possible to assess the
state of the ICM by studying the relation between them for a sample
of clusters. It is important to understand this Lx—Tx relation and any
definable subsamples within it, as X-ray mass scaling relations are
used to derive cluster masses and are employed as complementary
probes of cosmology to those derived from other methods (Borgani
et al. 2001; Stanek et al. 2006; Allen et al. 2008; Sahlén et al. 2009;
Vikhlinin et al. 2009). A further motivation is to explore the physical
processes that act within the ICM itself. For example, we seek to
understand the process that provides an entropy excess to stop the
gas in the centres of clusters from catastrophically overcooling
via the classical cooling flow model (Fabian 1994). The leading
candidate for this is the energy output by active galactic nuclei
(AGN; Tucker & David 1997; McNamara & Nulsen 2007; Gitti,
Brighenti & McNamara 2011). This is also often invoked in one
form or another to reconcile the dark matter mass function with the
galaxy luminosity function (Best et al. 2006; Bower et al. 2006;
Croton et al. 2006) and is thus a cosmologically important energy
source across a range of mass scales.

In terms of gas cooling, for dynamically relaxed clusters that have
a cool-core present (i.e. the cooling time is significantly less than a
Hubble time) the central density of gas and thus Ly will be relatively
high (Fabian 1994). This manifests itself in part through an offset
or steepening of the Lx—T'x relation for cool-core clusters relative
to the whole population (Fabian et al. 1994; Mittal et al. 2011).
However when corrected using both X-ray spectra and imaging or
ignoring the central regions, the self-similar result can be recovered
for some clusters (Allen & Fabian 1998; Maughan et al. 2012).
In contrast, unvirialized systems, for example those undergoing a
cluster—cluster merger, will have disturbed X-ray emission and a
Tx that is less indicative of the total mass of the system (Randall
et al. 2002; Rowley et al. 2004).

As mentioned above, the galaxies themselves can influence the
gas through non-gravitational processes due to the presence of AGN
which can heat and even blow the gas out of the central regions of
clusters and groups, and their progenitors. The effect of radio-loud
AGN activity on the ICM has been seen in a number of detailed
X-ray and radio observations of local clusters and groups where
the radio lobes of the AGN are found to inflate large cavities in the
X-ray emitting gas, demonstrating the power of this process (Chu-
razov et al. 2001; Birzan et al. 2004). In the cluster mass regime the
power in these AGN cavities matches the luminosity of the central

cooling ICM, whereas in low-mass clusters and groups the cavity
power is found to exceed that of the ICM, and thus the energy in-
jection from AGN can dominate in the core (Gitti et al. 2011). AGN
processes such as these can lower the central gas density of clus-
ters, and therefore Ly, while the Tx is less affected, as is the case in
simulations (Puchwein, Sijacki & Springel 2008; McCarthy et al.
2010). Alternatively this can be thought of as heating the gas for a
given Ly as has been reported observationally (Croston, Hardcastle
& Birkinshaw 2005).

There is further observational evidence connecting the galaxy
scale to the cluster scale, as the broad-band optical and near-infrared
properties of the central galaxies in groups and clusters (hereafter
BCGs) have been found to correlate with the X-ray luminosity (Lx)
and X-ray temperature (7'x) of the hot ICM of their hosts, albeit with
significant scatter (Edge 1991; Collins & Mann 1998; Lin & Mohr
2004; Popesso et al. 2007; Brough et al. 2008; Stott et al. 2008;
Whiley et al. 2008; Mittal et al. 2009). As these X-ray properties
correlate to first order with the total mass of the system, BCG stellar
mass must correlate with the dark matter halo mass of the cluster.
This may be indicative of the hierarchical build up of the galaxies
and their host haloes over cosmic time, as these masses are also
found to correlate in theoretical models (De Lucia & Blaizot 2007).

We may therefore ask, are the BCGs influenced by and influenc-
ing the ICM, and if so how? We can infer from the Mpy—o rela-
tion, in which black hole mass is found to correlate with the host
galaxy velocity dispersion (Ferrarese & Merritt 2000; Gebhardt
et al. 2000), and the relationship between black hole mass and
galaxy bulge mass (Mpu—Mpue; Magorrian et al. 1998), that all
BCGs contain supermassive black holes. However because of the
duty-cycle of supermassive black hole accretion, only a certain frac-
tion are AGN at any one instant. Observationally, cluster galaxies
and BCGs in particular are more likely to host AGN and these
are more likely to be powerful radio sources, having the highest
duty-cycles of any class of galaxy, with duty-cycle correlating with
stellar mass (Best et al. 2007; Lin & Mohr 2007). Clustering and
environment studies of radio-loud AGN consistently find that they
typically reside in haloes of mass >10"* M (e.g. Best 2004; Wake
et al. 2008; Hickox et al. 2009; Mandelbaum et al. 2009; Donoso
et al. 2010), precisely the haloes with virialized hot atmospheres
for which AGN heating is required in cosmological models. There
is also a correlation between BCG stellar mass and the maximum
radio luminosity observed for that mass of galaxy, albeit with large
scatter (Lin & Mohr 2007). This can be understood in terms of the
Mpy—Mpy,. relation, and the fact that AGN power output corre-
lates with black hole accretion rate, which is a function of black
hole mass (e.g. Eddington or Bondi accretion; Bondi 1952). The
significant scatter is due to observing the AGN at different stages
of the accretion cycle between observationally quiescent and radio-
loud AGN. One might therefore expect that the most massive BCGs
will have supermassive black holes able to inject the most energy
into their surroundings and thus most strongly influence the ICM.

This may imply that clusters and groups containing the most
massive central galaxies will have a lower Ly for a given Tx, as
they will be those that possess black holes able to inject the most
energy into the ICM. However, the process of AGN accretion and
then energy injection into its surroundings is often described as a
feedback process that regulates its own accretion rate by heating
and/or mechanically removing its own fuelling gas supply (Best
et al. 2006; Bower et al. 2006; McNamara & Nulsen 2007; Booth &
Schaye 2010). In-falling gas fuels the accreting black hole, produc-
ing radiation driven winds from the accretion disc or mechanical
jets of radio emitting material, that act to stop the gas from the
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surrounding medium from cooling on to the accretion disc. This
requires the energy output to be coupled in some way to the gas
cooling rate. So well-fuelled AGN should be more powerful than
those with less available gas, but these well-fuelled AGN will nec-
essarily be in higher gas density environments, potentially setting
up a balance between AGN feedback and gas cooling sufficient
to stop the overcooling predicted from radiative processes (Fabian
1994). Evidence for the co-location of a central AGN with a cold
gas fuel supply comes from CO detections in BCGs at the centres of
cool-cores that display both radio and optical line emission (Edge
2001).

Previous work has provided tantalizing clues on the interrelation
between the ICM and the galaxy population. For example looking
at the Lx—T'x relation for clusters that contain radio emission, those
that have extended radio structure have a significantly steeper rela-
tionship than those that are unresolved (Magliocchetti & Briiggen
2007). In terms of cool-core clusters, as mentioned above, Mittal
et al. (2011) find that those with strong cool-cores have a signif-
icantly steeper Lx—T'x than those lacking a cool-core and that the
presence of a cool-core indicates a radio-loud central galaxy. There
is clearly a relationship between both of these observations, in that
it seems that to guarantee a central AGN requires a strong cool-core,
and cool-cores and/or AGN lead to a steepening of the Lx—Tx rela-
tion. This demonstrates perhaps that cool-cores can dominate over
AGN feedback in the cluster environment, while AGN become more
significant in the group regime. Further evidence for this picture is
presented in Lin & Mohr (2007) who find that the ratio of energy
injected by AGN to the thermal energy of the ICM decreases with
increasing cluster mass and recent observations of the radio heating
of the X-ray gas around individual early-type galaxies (Danielson
et al. 2012).

In this paper we perform the first comprehensive study of the
interplay between the stellar population of the BCG, its supermas-
sive black hole and the ICM by investigating the optical and radio
properties of BCGs within the context of the cluster/group Lx—T'x
relation. The sample used consists of 123 z < 0.3 clusters taken from
the XMM Cluster Survey (XCS; Romer et al. 2001; Lloyd-Davies
etal. 2011; Mehrtens et al. 2011), a serendipitous survey of clusters
from the XMM-Newton archive, a large sample which contains a
range of systems from the group scale up to massive clusters, which
is key for this study. The combination of both optical and radio ob-
servations means we can assess both the time averaged (through the
assumption of the Mpy—Mpug. relation) and instantaneous effect
of AGN feedback on the ICM. The results of this paper are dis-
cussed assuming that all BCGs contain supermassive black holes,
obeying the Mpy—Mp,g. relation, that are potential AGN but whose
duty-cycle means that we can observe only a fraction of them to be
accreting at any one time. Where appropriate we compare our results
to those from the OverWhelmingly Large Simulations (OWLS) run
which incorporates AGN feedback (McCarthy et al. 2010; Schaye
et al. 2010).

We begin the analysis in Section 3.1 with BCG-cluster X-ray
scaling relations, in order to derive a BCG mass to host dark matter
halo mass relation. With the assumption of the Mpy—Mpyg. relation,
this allows us to assess the relative significance of the BCG black
hole to that of the entire system. In Section 3.2 we study the effect of
BCG mass, and thus the time averaged effect of its black hole, on the
ICM through the location of the cluster within the Lx—7Tx relation.
Under the assumption that black holes also require an effective
supply of fuel for accretion, in Section 3.3 we also investigate the
effect of the projected distance of the BCG from the peak surface
brightness of the ICM on the Lx—Tx relation. We then move on to
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investigate the instantaneous effect of AGN in Section 3.4, to look
for the key factors affecting the BCG radio-loud fraction and the
effect of radio loudness on the Lx—T'x relation. Finally, in Section 4.1
we use simple energetic arguments to explain our findings.

A A cold dark matter (ACDM) cosmology (2, = 0.27, Q, =
0.73, Hy = 70kms~! Mpc™') is used throughout this work.

2 SAMPLE AND DATA

The galaxy cluster sample and the associated X-ray properties are
taken from the XCS first data release (Mehrtens et al. 2011), with
the data analysis techniques described in Lloyd-Davies et al. (2011)
and we therefore point the reader to those papers for the sample
details. In order to compare the optical and radio properties of
these systems, the additional selection criteria are that the clusters
lie within the Sloan Digital Sky Survey Data Release 8 (SDSS
DRS) footprint and, where appropriate in this paper, also within
the Faint Images of the Radio Sky at Twenty centimetres (FIRST)
survey (Becker, White & Helfand 1995), which has a footprint very
similar to SDSS. A redshift cut of z < 0.3 is also imposed to ensure
good optical photometry and completeness of radio detections. The
former XCS—SDSS sample consists of 123 clusters and the latter
XCS—SDSS-FIRST subsample consists of 103 clusters. The XCS
has a complicated selection function because of its serendipitous
nature and heterogeneous data depths, but Fig. 1 (upper panel)
demonstrates there is no evidence for a strong trend between Lx and
redshift due to a flux limit and, importantly, that we find a similar
dynamic range in Lx over the entire redshift range considered here.

The key advantages of the XCS first data release are the
sample size and its sensitivity, providing a large range in Ly
(0.007—14.0 x 10*ergs™" for our subsample) and thus an ex-
cellent dynamic range in a property related to gas density, essential
to probe the effects of AGN on the ICM. The wide range in T'x (0.3—
10keV for our subsample), and therefore mass, allows us to analyse
a significant number of group scale systems, where AGN become
more energetically important. Importantly, for a study of clusters
that may also harbour X-ray bright AGN, the X-ray data have had
any detectable point sources removed, as they were detected within,
or in the vicinity of, ~25 per cent of the z < 0.3 sample. These are
dealt with using the xapa vision model described in Lloyd-Davies
etal. (2011), that can detect and remove point sources embedded in
extended sources and differentiate between blended point sources
and genuine extended sources. The X-ray properties and their asso-
ciated errors can be found in Mehrtens et al. (2011) but we illustrate
the X-ray errors in the appendix Fig. Al. The X-ray luminosities
(Lx) quoted throughout the paper are bolometric and are calculated
within Rso, the radius at which the cluster mean gravitational mass
density drops to 500 x that of the critical density. The temperatures
are also calculated within Rsy, using spectral fitting carried out
with xspec and the maximum likelihood Cash statistic (Cash 1979).
The models used in the fitting include a photoelectric absorption
component (WABS; Morrison & McCammon 1983) to simulate the
nH absorption and a hot plasma component (MEKAL; Mewe, Lemen
& van den Oord 1986) to simulate the X-ray emission from the ICM
(for full details see Lloyd-Davies et al. 2011).

We calculate M5y, masses for the clusters using an evolving
mass—Tx scaling relation as described in Sahlén et al. (2009) and
the virial mass-to-Msy, conversion from Hu & Kravtsov (2003),
with the average conversion from virial mass to Mgy being a factor
of 0.79 £ 0.02. The M-Tx relation is normalized using Highest
X-Ray Flux Galaxy Cluster Sample (HIFLUGCS) data for the local
cluster population (Reiprich & Bohringer 2002). Implicit in the
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Figure 1. Upper: the cluster/group bolometric X-ray luminosity plotted
against redshift for the XCS—SDSS sample. The radio-loud BCGs are plotted
as open diamonds. This demonstrates that Lx does not strongly depend on
redshift. Middle: BCG SDSS i-band luminosity plotted against redshift.
The radio-loud BCGs are plotted as open diamonds. The sample shows
no L;_spss—redshift dependence. Lower: BCG central radio luminosity
(LRadio—cen) plotted against redshift for all radio detections in the sample.
The horizontal line at Lradio—cen = 2 X 102> WHz ! represents the cut we
introduce to ensure there is no redshift-dependent selection in the sample.
Throughout this paper we only consider the radio properties of BCGs with an
LRadio—cen greater than this (the radio-loud BCGs). The dotted line represents
the 1 mJy threshold of the FIRST catalogue.

mass determination is also the assumption of a Navarro—Frenk—
White (NFW) halo profile with a concentration parameter of 5
(Navarro, Frenk & White 1995). As the redshift range is relatively
small, the result of this derived Ms0—T'x scaling is well fit by the
relation

log (Mso) = 1.432(£0.011) log (Tx) + 13.722(£0.005), 1

with M50 in M and T in keV. The XCS subsample in this paper
covers the mass range 10" < My < 10",

The BCG optical properties are extracted from the SDSS DRS i-
band model magnitude photometry which assumes a de Vaucouleurs
profile fit to obtain a total magnitude. Such a fit is appropriate for
the BCGs in our sample as we find the median Sérsic n = 4.0 £+
0.4 for a sample of X-ray selected clusters at z ~ 0.2 observed with
the Hubble Space Telescope (Stott et al. 2011). The magnitudes
are converted to a luminosity (L;-spss) using k and passive evo-
lution corrections from a Bruzual & Charlot (2003) simple stellar
population (SSP) with a Chabrier initial mass function (IMF), a
formation redshift, zy = 3 and solar metallicity, a model appropriate
for BCGs (Stott et al. 2010). A correction for Galactic extinction
using the dust maps of Schlegel, Finkbeiner & Davis (1998) is
used. We also calculate a stellar mass for the BCGs using an i-band
mass-to-light ratio of 1.91 derived from the same SSP. Fig. 1 (middle
panel) demonstrates that optical incompleteness is not an issue out to
z=10.3.

The radio data are taken from the FIRST survey catalogue, which
has a detection threshold of 1 mJy. From catalogue matching and
visual inspection of the FIRST imaging we obtain the flux from the
radio source centred on the BCG and also sum the flux from all
radio sources associated with the BCG (i.e. central point source and
extended lobes). We note that all of our radio sources have more
than just a central component and can therefore all be classified
as extended. The 1.4 GHz radio luminosity of the central and total
components (Lradio-cen A0d LRadio-tot) Of the BCGs is calculated with
a k correction assuming a spectral slope where flux, S, o« v and
o = 0.72 (Coble et al. 2007). To ensure the radio detected fraction
of the XCS-SDSS-FIRST sample is complete to z = 0.3, we plot
LRadio-cen against redshift in Fig. 1 (lower panel) and implement a
luminosity limit such that Lg,gio—cen > 2 % 102> W Hz ™! to account
for the flux limited nature of the sample. Hereafter Lragio—cen >
2x 10 W Hz ! defines the ‘radio-loud” sample, with the remaining
XCS—SDSS-FIRST clusters being ‘radio-quiet’. We note, that this
is similar to the lower limit used in Best et al. (2007) and Lin
& Mohr (2007) (1 x 102> WHz™ ') with the former finding that
the contamination of the radio-loud BCG sample with star-forming
galaxies is minimized to <1 per cent using this criterion. The most
luminous source in the sample is the cluster associated with the well-
studied radio galaxy 4C 4+55.16 with Lggi-o = 1.4x 10”7 W Hz™!
atz = 0.24.

The BCG selection for a cluster is usually obvious from visual
inspection of the images as they are the prominent galaxy closest
to the X-ray centroid and often have a cD-like profile. However we
choose to formalize this by studying the tip of the red sequence in
the colour—magnitude relation. For each cluster we identified the
red sequence with g — r colour and selected the brightest galaxy
from the r-band magnitudes of all the red sequence galaxies within
a projected distance of 500 kpc from the cluster X-ray centroid as
for approximately 95 per cent of clusters the BCG lies within this
radius (Lin & Mohr 2004).

A table of optical and radio data from this paper can be found at
http://www.astro.dur.ac.uk/jps/Stott2012/Stott2012.cat.
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2.1 OWLS comparison simulations

For comparison with theory we compare the results in this paper
with simulations from the OWLS project (McCarthy et al. 2010;
Schaye et al. 2010) that are ideal for this study as they include the
relevant physics, and output values for cluster mass, Ly, Tx, galaxy
stellar mass and photometry. The simulated 7'x we choose for com-
parison with our observations is emission weighted rather than spec-
troscopic like, although for OWLS the difference between these is
small with a median offset of 0.1 keV. The volume-limited nature of
the simulations means that they do not contain the massive clusters
found in the XCS sample, but there is a significant crossover regime
between the two (10" < Msp9 < 10 M). The two OWLS simula-
tions we use are both high resolution, hydrodynamical, cosmolog-
ical simulations that include radiative cooling (Wiersma, Schaye
& Smith 2009a), star formation (Schaye & Dalla Vecchia 2008),
feedback from supernovae-driven winds (Dalla Vecchia & Schaye
2008) and full chemodynamics (Wiersma et al. 2009b), but only
one of the simulations includes feedback from supermassive black
holes (AGN feedback; Booth & Schaye 2009). While the efficiency
of the AGN feedback was set to reproduce the normalization of
the M—o relation, the model was not tuned to reproduce any other
observables. As demonstrated by McCarthy et al. (2010, 2011), in
the AGN feedback simulation the low-entropy gas, which would
otherwise condense to form stars, is removed or heated at high
redshift (z > 1) by energy input from AGN in typical L* galaxies.
This needs to happen at high redshift as the gravitational binding
energies are easier to overcome in the lower mass progenitors of the
z =0 groups. Subsequent to the ejection of the low-entropy gas, the
injection of further energy by the AGN of the central galaxy stops
the remaining gas from overcooling in the centre of the group and
thus stops the gas from causing significant star formation.

Fig. 2 illustrates the effect of this AGN feedback on the Lx—T'x
relation within the OWLS simulations, as was also demonstrated

T
*  OWLS AGN run ,/ X

1.000F ®m OWLS non—AGN run {"» k=

C = ) |

F £S ]

~ i |

» L _

o 0.100F 3

g £ k|

3 r ]

o [ i

S0 |

0.010F 3
0.001

T, (keV)

Figure 2. A plot showing the effect of AGN feedback on the X-ray
luminosity—temperature relation in the OWLS simulation (as demonstrated
in McCarthy et al. 2010). To help illustrate this point the temperatures here
are cool-core corrected. Blue squares are the non-AGN feedback run, and
red stars are with AGN feedback included. The connecting lines show where
each individual cluster is moved to by the feedback process. The low-entropy
gas, which would otherwise condense to form stars, is removed or heated at
high redshift (z > 1) by energy input from AGN in typical L* galaxies. The
ejection of low-entropy gas and the injection of energy by the AGN in the
central galaxy stops the remaining gas from overcooling in the centre of the
group and thus stops the gas from causing significant star formation in the
central galaxy at late times.
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in McCarthy et al. (2010). Here, the lines on the plot connect the
same haloes from the non-AGN feedback run to those with AGN
feedback included. We see that when comparing the AGN and non-
AGN runs the effect of the AGN, to first order, is to lower the Lyx
for a given T'x. This is because the simulated AGN are heating and
removing the low-entropy gas, lowering the central density and thus
Lx which depends on the integral of the square of the gas density.
The influence of the AGN is more pronounced in the lowest T'x,
and therefore lowest mass, groups as these systems have shallower
gravitational potential wells and are therefore less able to hold on
to their central gas. Similar predictions for the Lx—T'x relation have
been made by other groups (e.g. Puchwein et al. 2008; Fabjan et al.
2010).

As in McCarthy et al. (2010, 2011), groups/clusters are selected
on the basis of halo mass. Haloes are identified using a friends-
of-friends (FOF) algorithm and we select only those haloes with
Moo > 1013 M. Self-gravitating subhaloes are identified in each
FOF system using the SUBFIND algorithm of Dolag et al. (2009),
which is modified version of that originally developed by Springel
et al. (2001). The BCG is defined as the stellar component asso-
ciated with the most massive subhalo in a FOF system. Since our
observations do not include ICL, we only quote the total stellar
mass/luminosity of the BCG within a radius <30 kpc. We find that
the AGN feedback in the OWLS simulation reduces the stellar mass
of the BCG by a factor of ~20 to bring them into agreement with val-
ues derived from observation. As a consistency check, we compare
our derived mass-to-light ratio (1.91) used in Section 2 to obtain the
stellar masses for our observed BCGs and find the median value of
that in the simulations to be in excellent agreement at 1.95 4 0.03.
The OWLS output data, presented as comparison throughout, is at
z=0.

3 RESULTS

3.1 BCG X-ray and mass scaling relations

The optical properties of BCGs are known to correlate with the
X-ray properties of their host clusters (Edge 1991; Collins & Mann
1998; Lin & Mohr 2004; Popesso et al. 2007; Brough et al. 2008;
Stott et al. 2008; Whiley et al. 2008; Mittal et al. 2009). These
relations have been studied for large samples of massive clusters but,
owing to the wide mass range of the XCS, we can now probe them
for a consistently analysed sample of groups and clusters, spanning
over three decades in Lx. A summary of the scaling relations is
presented in Table 1.

Fig. 1 demonstrates that there is no evidence for a strong corre-
lation in either Lx or L;_spss with redshift due to either an X-ray or
optical flux limit (which could perhaps be present if cluster confir-
mation relied on bright BCGs). Satisfied that any correlations will
not be due to a selection effect, in Fig. 3 (upper and middle panels)

Table 1. BCG—cluster scaling relation summary of the form logY =
alogX + b.

Y X a b
BCG Li_spss (Le)  Tx (keV) 0.99+£0.05  10.74 £+ 0.03
BCG Li—spss L)  Lx (10%ergs™') 044 +£0.04 11.36 +0.03
OWLSBCG L; (L)  Tx (keV) 0.814+0.04  10.74 +0.03
OWLSBCG L; (L)  Lx (10%ergs™")  040+0.02 11.42+0.05
Mspcg M@) Mspo (101 M) 078 £0.06  11.19 £0.06
OWLS M+gcg M@)  Mspo (10¥M@) 076 £0.04  11.47 £0.04
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BCG SDSS i-band luminosity plotted against cluster/group X-ray temper-
ature for the XCS—-SDSS sample. Lower: BCG stellar mass plotted against
cluster mass.

we plot the L;,_spss of the BCG against the Lx and Tx of the
host clusters. This is the first time such relations have been
produced for a large sample of BCGs over such a wide range
in Lx and Tx. There is clearly a positive relationship between
BCG L;_spss and both Lx and Tx. We quantify this by per-
forming a linear regression, BCES bisector fit (Isobe et al. 1990;
Akritas & Bershady 1996) to the logged data, accounting for
the errors in both quantities and the intrinsic scatter, finding
that

log (Li-spss) = (0.44 £ 0.04) log (E(z)™" Lx) + (11.36 & 0.03),
@

log (L;-spss) = (0.99 £ 0.05) log (Tx) + (10.74 £ 0.03), 3)

where L;_gpss is in units of L, Lx is in units of 10*ergs™!, Ty is
inkeV and E(z) = [Qm(l + 2)° + QA]1Y2.

We compare these findings with the OWLS AGN feedback run,
plotting its output in the panels of Fig. 3 (crosses). In general the
OWLS simulation covers a lower cluster mass (Lx and T'x) range
than the observations due to the volume-limited nature of the sim-
ulations. As discussed in Section 2.1, the simulated BCG photom-
etry and stellar mass give an average mass-to-light ratio consistent
with that of our observed photometry and SSP derived masses. The
30kpc radius aperture used to extract the simulated magnitudes
is appropriate for comparison with the SDSS model magnitudes
as BCGs typically have effective radii of 30—40kpc (Stott et al.
2011). The plots show that the OWLS simulations are in good
agreement with both of the observed X-ray—-BCG luminosity data,
as where there is an overlap, the L;_spss values agree and if taken
together the two samples appear to form a continuous distribution.
To quantify this we also perform fits to the OWLS data which
yield BCG L;_owrs o LY %5022 and BCG L; owis o« Ty Sm9%,
with the former in excellent agreement with its observational
counterpart.

The relations seen in Fig. 3 (upper and middle panels) demon-
strate that BCG stellar mass correlates with the total mass of the
cluster. To quantify this, we study the derived BCG stellar masses
and cluster M5y values calculated in Section 2 and compared to the
OWLS output. In Fig. 3 (lower panel) we plot BCG stellar mass
against the cluster M5y, value and perform fits to the observations
and simulations. For the observations we find that the BCG stellar
mass:

log (M,scg) = (0.78 £ 0.06) log (Ms00) + (11.19 £ 0.06), “4)

with M in units of 10'* M. This is important as in a cosmologi-
cal context it gives a relation between the stellar mass of the central
galaxy and its dark matter halo mass over the range 10" < M5y <
10 Mg.

For the OWLS simulations M,pc_owrs o< MOre“ 04, again in
excellent agreement with observation. The offset between the fit
zero-points is most likely due to the uncertainties involved in both
deriving physical quantities from observables such as L;_gpss and
Tx and the difficulty in simulating realistic baryon physics.

We compare our BCG cluster mass scaling relation to that found
in other studies. Haarsma et al. (2010) find that studies with photom-
etry calculated in fixed metric apertures typically observe shallower
relations between BCG luminosity/mass and cluster mass than those
that use isophotal magnitudes, with those using Sérsic profile de-
rived masses, as is the case in this study, found to be the steepest
(Mittal et al. 2009). However, we also note that the large fixed
30 kpc radius aperture from the OWLS simulation does not appear
to give a shallower slope. In the comparisons that follow we assume
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a linear relationship between BCG luminosity and BCG mass for
the studies that only provide the dependency of BCG luminosity
on cluster mass. The exponent « = 0.78 £ 0.06 in the relation
M.gcg ¢ MG, found in this study is indeed similar to the @ =
0.62 4+ 0.05 found by extrapolating Sérsic profiles in Mittal et al.
(2009) (who also use a BCES fitting routine). For the isophotal
and fixed metric aperture studies « is significantly less (e.g. Lin &
Mohr 2004 find @ = 0.26 & 0.04; Popesso et al. 2007 find o = 0.25;
Whiley et al. 2008 find @ = 0.12 £ 0.03; Brough et al. 2008 find
o = 0.11 £ 0.10). The reason for this may be that the Sérsic-like
photometry gives brighter total magnitudes and perhaps therefore
raise the value of o.

BCGs can be described as galaxies at the centres of their dark
matter haloes and thus we compare to mass scaling relations derived
from clustering and halo occupation modelling. For example, Yang
etal. (2005) find L, o< My, where oo = 0.25 for halo masses above
1083 p! M@ when studying the halo occupation statistics of central
galaxies in groups and o = 0.28 inferred by Vale & Ostriker (2004)
from matching the galaxy luminosity function to a theoretical halo
mass function. It is clear that our « is significantly higher than these
alternatively derived values, however, Zheng et al. (2009) find o ~
0.5 from the clustering of central luminous red galaxies (LRGs) at
z = 0.3 which is closer to that found here and a more appropriate
comparison sample.

3.1.1 BCG colours

We also investigate BCG colours to look for those that are especially
blue or red by seeing how the g — r colour evolves with redshift.
Blue colours may indicate star formation, perhaps linked to cool-
core activity (O’Dea et al. 2008). Instead, we find that BCGs are
remarkably uniform in colour with an rms scatter of 0.09 mag across
the entire redshift range, which is consistent with the photometric
uncertainty. The colour evolution is in excellent agreement with the
Bruzual & Charlot (2003) SSP used throughout the paper (Fig. 4)
demonstrating that the stellar populations in BCGs are consistent
with being formed at z = 3. We note that there is no correlation
between colour and any other BCG or cluster property discussed
throughout this study.
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Figure 4. BCG SDSS g — r colour plotted against redshift for the XCS—
SDSS sample (filled points). A Bruzual & Charlot (2003) SSP with a
Chabrier IMF, a formation redshift, zr = 3, and solar metallicity is plot-
ted as the dashed line. The radio-loud BCGs are plotted as open diamonds.
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3.2 The effect of BCG mass on the Lx—Tx relation

As discussed in the introduction, the Lx—T'x relationship is used to
understand the physics of the ICM with, to first order, Lx correlating
with the integral of the gas density squared and Tx correlating with
the virial mass of the system. In Fig. 5 we plot the Lx—T'x relation
for the groups and clusters in the XCS—SDSS sample. Indicated on
the plot are the most luminous (red stars) and the least luminous
(blue squares) 30 per cent of BCGs (37 clusters in each). A linear
regression fit to the logged Lx—T'x data, accounting for the errors
in both quantities (see Mehrtens et al. 2011 for error values) and
the intrinsic scatter, is performed for these two subsamples and the
whole sample assuming the form log(E(z)~! Lx) = alog(Tx) + b,
with Ly in units of 10%ergs™' and Tx in keV. As in Section 3.1
the fitting routine used is the BCES bisector method with errors
derived from bootstrapping (Isobe et al. 1990; Akritas & Bershady
1996). We note that the results are not affected if we instead use
the BCES orthogonal method which gives fit parameters consistent
to within the 1o error of the preferred bisector method. The XCS
selection function is not taken into account in these fits; however,
there is little redshift dependence in the Ly limit over the redshift
range considered (Fig. 1, upper panel) and so we assume selection
effects will not have a significant impact on our results (although
see Section 4.2 for a discussion on Malmquist bias). For the whole
XCS-SDSS sample these best-fitting parameters are a = 2.67 £+
0.19 and b = —1.54 4 0.07 (see also Hilton et al., in preparation).’
This is typical of group and cluster samples with a > 2 indicating a
break from self-similarity (Mushotzky 1984; Edge & Stewart 1991;
Markevitch 1998; Arnaud & Evrard 1999; Pratt et al. 2009; Mittal
etal. 2011).

For the luminous BCG L;_gpss subsample these parameters are
Alum—30 = 3.69 4+ 0.49 and b]um,y) = —2.02 & 0.24 and for the
faint BCG L;_gpss subsample they are agin—30 = 1.92 £+ 0.33 and
bpaini—30 = —1.45 £ 0.11. The Lx—T relation for the most massive
BCGs is steeper than for the lowest mass BCGs to a significance
of 30, with a cross-over at Tx ~ 2keV. There is therefore good
evidence that above Tx ~ 2keV, the most massive BCGs live in
clusters with a higher Lx value for a given Tx than those that host
the least massive BCGs, with the fits to the two populations crossing
at Tx ~ 2keV. Clusters that host the least massive BCGs seem to
follow a relation in agreement with the self-similar, a = 2, case.
These results are summarized in Table 2.

This steepening of the Lx—Tx relation is also found in other
subpopulations, with Mittal et al. (2009) finding strong cool-core
clusters have Ly o T§'33io'15 and Magliocchetti & Briiggen (2007)
finding Lx T)‘(“Oio'2 for those containing BCGs with extended ra-
dio emission. Both these properties may be associated with clusters
that contain the most massive BCGs, as we discuss in Section 4.

For a theoretical point of view, we plot the Lx—T'x relation for
the OWLS simulation and find a qualitatively similar situation,
albeit over a different range in T'x/cluster mass owing to the lim-
ited volume of the simulation (see Fig. 6). With a and b repre-
senting the same fit parameters as above, aowrs = 1.88 & 0.16
and bOWLS = —1.70 £ 007, AOWLS—lum—30 = 2.54 + 0.21 and
bOWLsflum,y) = —1.45 £ 0.06 and AOWLS—faint—30 = 1.24 +£0.13
and bowrs—faint—30 = —1.98+0.08. Although the slopes are system-
atically shallower, these fits still show the same relative behaviour,
analogous to the observations.

I Hilton et al. (in preparation) will present the XCS Lx—Tx relation for the
entire sample and its evolution with redshift.
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and the solid line is fit to all (see also Hilton et al., in preparation). The luminous population is found to have a steeper slope than the faint population. The

error bars for the X-ray data can be found in Fig. Al.

Table 2. Lx—Tx relation summary of the form log Lx = alog Tx + b, with Lx in units

of 10* ergs™!, and T in keV.

Sample a b

XCS-SDSS ALL 2.67+£0.19 —1.5440.07
XCS-SDSS Tx < 2.1keV 2474052 —1.394+0.08
XCS-SDSS 30 per cent most luminous BCGs 3.69+049 —2.024+0.24
XCS-SDSS 30 per cent least luminous BCGs 1.92+033 —145+0.11
XCS-SDSS 30 per cent most offset BCGs 219+£0.19 —-130+0.19
XCS-SDSS 30 per cent least offset BCGs 329+051 —1.72+0.18
XCS-HARRISON 30 per cent most dominant BCGs ~ 3.72 +1.30 —1.90 +0.44
XCS-HARRISON 30 per cent least dominant BCGs ~ 2.71 £0.47 —1.64 £0.15
XCS-SDSS-FIRST ALL 273£020 —1.534+0.08
XCS-SDSS-FIRST radio-loud 291+045 —1.50+0.21
OWLS ALL 1.88+0.16 —1.70+0.07
OWLS 30 per cent most luminous BCGs 254+£021 —1.45+0.06
OWLS 30 per cent least luminous BCGs 124 £0.13 —1.98 £0.08

3.3 Dynamical state of the cluster

One way of testing whether a cluster is relaxed is to investigate
the projected offset of the BCG from the X-ray centroid of the
cluster in units of Rsg, the idea being that in the least disturbed,
most virialized systems one would expect both the peak in the
gas density and the BCG to be co-located at the centre of mass
of the cluster (Sanderson, Edge & Smith 2009). To measure this
offset correctly we note that the XCS and SDSS astrometry are
matched (Mehrtens et al. 2011) and that the optical centroiding of
the BCG from SDSS is known to ~1-2 kpc. However, the XCS is
a serendipitous survey and as such many of the sources are off-axis
and affected by the strongly varying point spread function (PSF)

over the XMM-Newton field of view, which has to be corrected for
(Lloyd-Davies et al. 2011). We therefore expect the main source of
error will be the centroiding of the extended X-ray emission found
by the XCS xapa software. Because the XCS is serendipitous we
can make use of the fact that a number of our sources are multiply
imaged, some even being the on-axis main target in one exposure
but off-axis in others. There are 13 such multiply imaged clusters
in the redshift range of our sample and we report no correlation
between off-axis angle and centroid offset, so this is clearly not an
issue. However, there is a scatter in the centroid positions of the
same clusters when measured from different exposures, which has
a median offset of 3.3 arcsec, corresponding to an average offset for
the sample of 11 kpc or ~0.01Rs.
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The median offset between the BCG and the X-ray centroid for
the XCS-SDSS sample presented here is found to be 0.030 £
0.010 Rso. Fig. 7 shows that there is no significant correlation
between this offset and the luminosity of the BCG (L;_spss o
BCG offset %9*095) This is surprising as one might expect that
BCGs at the centre of clusters would have had more opportunity
to accrete mass at the centre of the potential well, although, it is
interesting to note that there are few low-luminosity BCGs with
small (<0.01Rs¢) offsets from the X-ray centroid.

For comparison with other work, when we analyse the tabulated
data of Haarsma et al. (2010), we find no correlation between BCG
offset and BCG luminosity for their sample of X-ray luminous
clusters. They find that for 90 per cent of their clusters the BCGs
lie within 0.035 of the Rsqy with all cool-core clusters within this
distance. However, for our sample this number is only 54 per cent
with 90 per cent found within 0.10Rsqo. The reason for this differ-
ence may relate to the relative flux limits of the samples, with the
Haarsma et al. (2010) sample containing only massive M jyser >
10" M, high Ly systems. Lin & Mohr (2004) find that 95 per cent
of BCGs in their sample lie within 500 kpc of the X-ray centroid

© 2012 The Authors, MNRAS 422, 2213-2229
Monthly Notices of the Royal Astronomical Society © 2012 RAS

BCG AGN feedback and the ICM 2221

and we find this number to be 99 per cent but this is to be expected
as our clusters probe down to the group scale where 500 kpc is
comparable to the virial radius.

In Fig. 8 (the equivalent of Fig. 5) we plot the Lx—Tx rela-
tion for the XCS—-SDSS sample. Fits of the form log(E(z)™' Lx) =
alog(Tx) + b, with Ly in units of 10*ergs™' and Ty in keV,
are performed to the most offset 30 percent of BCGs, with
Agist—30 = 2.19+£0.19 and bgis—30 = —1.30 £0.19 and least offset,
with dpear—30 = 3.29 £ 0.51 and byear—30 = —1.72 £ 0.18.

In a situation mirroring that of the stellar mass of the BCG, the
Lx—Tx relation for the least offset BCGs appears steeper than for
the most offset BCGs to a significance of 2.1¢. There is therefore
some evidence that above Tx ~ 2keV the least offset BCGs live in
clusters with a higher Lx value for a given T'x than those that host
the most offset BCGs, again the fits to the two populations cross at
Tx ~ 2keV. Clusters that host the most offset BCGs seem to follow
a relation in agreement with the self-similar, a = 2, case. These
results are summarized in Table 2.

We speculate that the influence of the dynamical state is con-
nected with strong cool-core clusters as they are also found to have
BCGs co-located with their X-ray centroids (Sanderson et al. 2009;
Haarsma et al. 2010; Zhang et al. 2011) and have a steeper Lx—T'x
relation than the non-cool-core systems, with Lx o TQ‘”iO'lS for
strong cool-cores and Ly o Tf“iml for non-cool-cores, in agree-
ment with our findings for BCG offset (Mittal et al. 2011). The XCS
is a serendipitous survey, it is based on cluster images taken over a
wide range of off-axis angles (i.e. offsets from the instrument aim
point) and so has degraded spatial resolution compared to a cluster
survey based on targeted XMM follow-up (the PSF is strongly off-
axis dependent). Therefore, we are unable to determine which of
the 123 clusters in our study have cool cores, using spatial fitting.
However, it seems a good assumption that a significant fraction of
the least offset BCGs will be in cool-core clusters, given the findings
of Sanderson et al. (2009) and Haarsma et al. (2010).

A further signature of the dynamical state of the cluster is the
luminosity gap between the BCG and the next brightest galaxy
in the cluster (e.g. Smith et al. 2010, see Harrison et al. 2012,
for a detailed study of the luminosity gap in the XCS clusters).
This luminosity dominance of the BCG over its neighbours should
provide clues as to the merger history of the cluster, as a cluster
with more than one ‘BCG’ may have undergone a recent merger,
whereas one that is dominant over its satellites may be in a more
relaxed system. We perform an analysis of the most dominant and
least dominant 30 per cent of BCGs in the Harrison et al. (2012)
sample within the context of the Lx—T'x relation, as above. There is
a hint of an effect in that the most dominant BCGs have a steeper
relation but it is not statistically significant. With the fit parameters
a and b as above, we find for the most dominant 30 per cent of BCGs
Agom—30 = 3.72 £ 1.30 and bgom-30 = —1.90 & 0.44 and for the
least dominant this is @pon—dom—30 = 2.71 £ 0.47 and b,on—dom—30 =
—1.64 £0.15.

3.4 Radio-loud BCGs

As described in Section 2, we study the radio properties of the
BCGs in our sample, considering ‘radio-loud” BCGs to be those
with Lragio—cen > 2 X 102 WHz™!, due to the flux limited nature
of the FIRST survey (see Fig. 1, lower panel). The fraction of
radio-loud BCGs in our sample is 0.24 + 0.05, which is similar
to the fraction found in the X-ray selected sample of Lin & Mohr
(2007) (0.33) and in the optically selected sample of Best et al.
(2007) (0.21 £ 0.02 for clusters with velocity dispersions o, >
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Figure 9. The radio luminosity distribution for the radio-loud sample
(LRadio—cen > 2 X 10% WHZil).

500kms~"). As noted in Section 2 these two similar samples define
radio-loud at a fainter limit of Lgagio = 1 x 102 W Hz ™! but in the
high stellar mass regime this fraction is unaftected by such a small
change in the radio luminosity limit (Best et al. 2005), therefore, we
do not expect this to significantly affect any comparisons. In Fig. 9
we plot the distribution of radio luminosities of the sample which,
due to the flux limit, peaks around Lgagio_ioc = 10** WHz ™! with a
maximum value of Lragio—tor = 1.2 x 102 WHz .

There is no evidence for a correlation between the total radio
luminosity of the BCG and its optical luminosity or the mass of the
cluster (Fig. 10). One might expect to find a correlation between

BCG L,_spss and radio luminosity as stellar mass is thought to cor-
relate with black hole mass via the M—o relation and the accretion
rate could thus be higher. In other studies of AGN in BCGs the
maximum radio luminosity for a given stellar mass is a function of
mass, but the relation for the entire sample has a large scatter, due
to the duty-cycle (Lin & Mohr 2007). In Fig. 11 (upper panel) we
plot the fraction of radio-loud BCGs against BCG stellar mass but
find only a weak dependence. We note that Best et al. (2007) find
the BCG radio-loud fraction fr; o« M when lower BCG masses
are included and then a flattening off at high mass. So we can say
that for our sample, BCG radio-loud fraction does not correlate with
stellar mass but this is still consistent with the measurements of Best
et al. (2007), because of the high stellar mass range considered. If
we compare the radio-loud fractions above and below the median
stellar mass of the sample (2.3 x 10" M) then the most massive
BCGs have frp. = 0.27 4 0.07 and the least massive BCGs have a
radio-loud fraction of 0.21 £ 0.06 so again there is no significant
difference, demonstrating that stellar mass has very little influence
on radio-loud fraction at these high stellar masses.

There is also no correlation between the total radio luminosity of
the BCG and its distance from the X-ray centroid. This is perhaps
surprising as one might expect BCGs in relaxed clusters, being
located closest to the centre of the cooling gas reservoir, would
have more opportunity for fuel to be effectively fed to the black
hole, but the duty-cycle may again be responsible for this result.
However, in Fig. 11 (middle panel) we plot radio-loud fraction
against distance from the cluster X-ray centroid and find an excess
towards the centre, suggesting a higher fraction of AGN hosting
BCGs, in line with the hypothesis above. The fraction of radio-loud
BCGs with an offset less than the median offset of 0.03Rs0y frL =
0.37 £ 0.09 compared to 0.14 4 0.05 above this, a difference with
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Figure 10. BCG radio luminosity plotted against BCG SDSS i-band lumi-
nosity (upper) and cluster mass (lower), both showing a lack of significant
correlation.

a significance of 2.30 which indicates there is some connection
between the two.

Fig. 12 shows the Lx—T'x relationship for the XCS—-SDSS-FIRST
sample and we find a fit to this relation of the form log(E(z) ! Lx) =
alog(Tx) + b, where a = 2.73 £ 0.20 and b = —1.53 £+ 0.08 in
agreement with the fit to the XCS—-SDSS sample in Fig. 5. For
the radio-loud sample we find that ag;, = 2.91 £ 0.45 and bg. =
—1.50 £ 0.21 in agreement with that of the entire sample. These
results are summarized in Table 2. We include a dividing line at
Tx = 2.1keV which corresponds to the median T'x of the sample.

The fraction of radio-loud BCGs in clusters with 7x < 2.1keV
is fre = 0.10 £ 0.04 and for Tx > 2.1keV it is frr = 0.38 +
0.09, a difference of 30, demonstrating that cluster mass is an
indicator of BCG radio loudness (see Fig. 11, lower panel). We
note that from scaling relations such as that in Xue & Wu (2000)
this value of Tx = 2.1keV (from the Tx—M 5 scaling relation used
throughout this paper, M5y = 1.4 x 10'* M) roughly corresponds
to o, =500kms~', the value of cluster velocity dispersion used by
Best et al. (2007) to separate their sample into high- and low-mass
clusters and the Moo = 1.6 x 10'* M division used by Lin & Mohr
(2007). The latter also find a significant increase in BCG radio-
loud fraction with cluster mass as fr;, = 0.36 £ 0.03 in high-mass
clusters and fr = 0.13 = 0.05 in low-mass systems, in excellent
agreement with our findings. However, Best et al. (2007) do not
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Figure 11. Upper: the fraction of radio-loud BCGs per stellar mass bin for
the XCS—-SDSS-FIRST sample. The dashed line represents the correlation
and subsequent flattening from Best et al. (2007), which is in good agreement
with our findings. Middle: the fraction of radio-loud BCGs per bin in BCG
offset from the X-ray centroid of the cluster for the XCS-SDSS-FIRST
sample, which indicates that BCG radio-loud fraction increases when the
BCG is co-located with the peak in the ICM surface brightness. Lower:
the fraction of radio-loud BCGs per cluster mass bin for the XCS-SDSS-
FIRST sample. The BCG radio-loud fraction increases significantly with
cluster mass.



2224  J. P. Stott et al.

- @ Radio—loud
10.00 £
o i
%) L
o
L 1.00F
© F
iy I
N
< 0.10g
preg r
0.01¢

10

T, (keV)

Figure 12. X-ray luminosity plotted against X-ray temperature for the XCS—SDSS—FIRST sample. Large black points are radio-loud (LRradio—cen > 2 X
102 W Hz~!) whereas small black dots are below this threshold. The dashed line is a fit to the radio-loud sample and the solid line to the whole sample. The
vertical dotted line represents the median 7'x of the sample. The error bars for the X-ray data can be found in Fig. Al.

Table 3. BCG radio-loud fractions above and below median (X).

X Median frRL < median  frp > median
X) X X)

BCG stellar mass (Mp) 2.3 x 10" 0.214+0.06 0.27 + 0.07

BCG offset (Rs00) 0.03 0.37 +0.09 0.14 £ 0.05

Cluster Tx (keV) 2.1 0.10 £ 0.04 0.38 £+ 0.09

find a significant difference between the radio-loud fractions in their
high- and low-mass cluster samples. The most probable reason for
this discrepancy is that the Best et al. (2007) sample is optically
rather than X-ray selected. This may mean that their sample includes
a number of clusters which are perhaps underluminous in X-rays
for their optical richness and as such do not make it into our sample.
Alternatively, as their clusters are selected on optical richness, in
order to measure a velocity dispersion, they are potentially only
selecting the richest of the low-mass systems which are perhaps
more likely to host AGN. We note that we find no evolution in the
AGN fraction with redshift, as for the low redshift half of our sample
7<0.2frL =0.18 £ 0.06 whereas at z > 0.2 this number becomes
fre = 0.31 £ 0.08, a difference of only 1.3¢. Table 3 summarizes
the radio-loud fraction dependencies.

To crudely transform these radio-loud fractions into estimates of
AGN lifetimes using the method of Lin & Mohr (2007), we can
say that we know there is compelling evidence that BCGs are fully
formed by z = 1.5 (Stott et al. 2010) making them 6.9 Gyr old at
the median redshift of the survey, z = 0.2. This may be conservative
as the BCG stellar populations formed at z 2 3 (Stott et al. 2010),
although potentially in separate subunits (De Lucia & Blaizot 2007)
and the AGN fraction in clusters, and perhaps therefore duty-cycle,
increases with redshift (Martini, Sivakoff & Mulchaey 2009). The

low-mass Tx < 2keV (Msp < 10" Mgy, 0, S 500kms™"), clusters
therefore have lifetime estimates of 0.7 Gyr and the high-mass T'x 2
2keV (Msy > 10 M@, o, 2 500km s~1) clusters have lifetimes

~

of 2.7 Gyr. And for the entire population the lifetime is 1.7 Gyr.

4 DISCUSSION

4.1 BCG AGN energy input into ICM

To study the influence of the AGN on the ICM, we can compare
rough estimates of the energy output of the AGN with the ther-
mal energy of the ICM, following a similar prescription to that
described in Birzan et al. (2004) and Lin & Mohr (2007). We see
no significant correlation between BCG radio luminosity and clus-
ter mass (Fig. 10) so, with the caveat of the lower duty-cycle (see
Section 3.4), we may expect that AGN outbursts will be more influ-
ential on group scales. The mechanical power of the radio jet which
causes ‘bubbles’ in the ICM is given by 400vn Lradio—tor, Where v is
the frequency (1.4 GHz), 1 is the efficiency coefficient and 400 is a
factor that comes from the assumption that the gas contained in the
outflows is relativistic and adiabatic (Birzan et al. 2004). This power
can be multiplied by the lifetime of the AGN to give the integrated
energy input over its history, Eagn. For the average radio-loud AGN
in our sample with median Lgygio—1or = 2.1 X 10*WHz ! and a
lifetime of 1.7 Gyr, Eagn = 6.37 X 10°27.
The thermal energy of the ICM is given by

Eiem = (3/2)kgTx fiemMsoo / emy, Q)

where ficy is the ICM mass fraction, the mean molecular weight
n = 0.59 and m, is the proton mass. For the median cluster
in our sample Msy, = 1.4 x 10" Mg which corresponds to an
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fiem ~ 0.09 of Gonzalez, Zaritsky & Zabludoff (2007) giving
Eicem = 8.6 x 1054 J.

The ratio of the energy input of the AGN to the thermal energy in
the whole system for an average cluster in our sample is therefore
Eacn/Eicm = 0.007n which means that fora ~1 x 10" M cluster
the AGN has little effect on the extended ICM. However, this value
can be a factor of ~2.5 higher in the centres of clusters (10 per cent
of virial radius) and the value of 1 can also vary from 1/30 to 20 and
may change with time (Birzan et al. 2004; Lin & Mohr 2007). The
energy input of the AGN can potentially be a significant fraction of
the thermal energy of the ICM at the centre of such a cluster.

For a typical massive, Msp = 1 x 10" M, cluster containing
a BCG with the median Lrygio—tor = 2.1 x 10* WHz™' of our
sample (as there is no evidence for an Lg,gio—1ot—Ms00 dependency,
Fig. 10) but with the enhanced lifetime of our high cluster mass
sample, found in Section 3.4 to be 2.7 Gyr, and with a corresponding
Tx ~ 8.0keV and ficm = 0.13 (Gonzalez et al. 2007) we have
Eaon/Ercm = 0.0003n. This is a factor of ~20 smaller than the
AGN effect on the median mass cluster stated above.

Alternatively, for a typical low mass, M5y = 1 x 1013 M@, group
again containing a BCG with the median Lg,gjo—w Of our sample
but with the lower lifetime of our low cluster mass sample found in
Section 3.4 to be 0.7 Gyr and with a corresponding Tx ~ 0.3keV
and ficm = 0.07 (Gonzalez et al. 2007) we have Eagn/Eicm = 0.47.
This is comparable to the thermal energy of the entire ICM and
thus the AGN can have a major influence on the gas physics of the
group.

The results of this oversimplified analysis are plotted for illustra-
tion in Fig. 13. From this plot we can see that a central radio source
with the same radio luminosity in all clusters has significantly more
effect on group scales than in massive clusters, with the AGN able
to inject a significant fraction of the thermal energy of the ICM
in the lowest mass systems. A similar trend is also found by Ma
et al. (2011) when studying the energetics of AGN over a range of
redshifts.

If we consider the transition from AGN feedback to cooling
dominated clusters in the Lx—T'x relations, discussed in Sections 3.2
and 3.3, that appears to take place at Tx ~ 2keV (see Section 4.2)
in the context of Fig. 13, then an average value of n = 5.5 takes
Eacn/Eicm to 20.04 at the corresponding mass ~1-2 x 10" M.
If the value is boosted by a factor of ~2.5 in cluster cores (Lin &
Mohr 2007), then Exgn/Ercm > 0.1 at masses below this and AGN
feedback can start to contribute significantly to the core energetics,
with Eagn/Erem > 1.0 in the cores of Msgy < 4 x 1013 Mg (Tx <
0.8 keV) systems which could remove the central gas entirely. This
simple energetic argument may explain the transition from cooling
to AGN feedback dominance seen in Sections 3.2 and 3.3 and
discussed in Section 4.2.

4.2 Time averaged effect of AGN

The scaling relations between the BCG stellar properties and the
X-ray properties of the ICM demonstrate that central galaxy mass
correlates with the mass of its host dark matter halo over the range
10" < Msyp < 10 M. The steep relation we find is similar
to that found by Mittal et al. (2009) who use an almost identical
definition of magnitude and the same fitting method. The agreement
between our observed BCG—cluster scaling relations and those from
the OWLS simulation with AGN feedback (McCarthy et al. 2010)
may mean that AGN feedback, invoked to regulate gas on both the
galaxy and cluster scales, is indeed the dominant baryonic feedback
process at work in dense environments. We note that the OWLS
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Figure 13. This plot is provided as an illustration of the energetics derived
from our simplified version of the model taken from Birzan et al. (2004) and
Lin & Mohr (2007). The black points are the ratio of integrated AGN energy
to the thermal energy of the ICM plotted against cluster mass, assuming the
same radio luminosity (LRradio—tot = 2.1 X 1024 WHZ_I) across all masses.
n is the efficiency coefficient and the dashed line is a fit to the points. We
speculate that when the energy injection from the AGN reaches 10 per cent of
the thermal energy in the core, it can begin to have a significant influence on
the ICM and assume this value is reached at T'x ~ 2keV which corresponds
to the crossover between the steepened and self-similar-like relations in
Sections 3.2 and 3.3. We therefore estimate that  ~ 5.5 on average so that,
when in combination with a ~2.5 x heating enhancement in the central
region (Lin & Mohr 2007), EagNn/Eicm > 0.1 at Tx < 2keV. Therefore the
lower horizontal dotted line represents an estimate of where Eagn/Ercm >
0.1 in cluster cores. The upper horizontal dotted line represents an estimate
of where Eagn/Ercm > 1.0 in cluster cores, which may lead to a significant
disruption of the ICM at Tx < 1keV. The shaded regions represent where
ICM cooling dominates and where AGN feedback becomes influential, for
this simple treatment.

simulations indicate that ejection of low-entropy gas at high redshift
from L* galaxies is key to producing the dramatic change in the Lx—
T relation seen in Fig. 2, with the cooling of the gas at late times
regulated by feedback from the BCG AGN.

The lack of a significant correlation between BCG stellar mass
and its distance from the X-ray centroid adds weight to the obser-
vation that BCGs form early z >> 1 (Collins et al. 2009; Stott et al.
2010, 2011) and that subsequent disturbances to the cluster, perhaps
via cluster—cluster merging, thus have little influence on BCG mass.

The interrelation between the BCG properties and the ICM is
highlighted in the fits to the Lx—T'x relation for different subsamples.
Fits to clusters which host the most and least massive BCGs are
discrepant to a significance of 30. The most massive BCGs live
in clusters with a steepened relation, such that above Tx ~ 2keV
Mspo ~ 1 x 10" M) they reside in clusters with relatively high
Lx compared to those with the lowest mass BCGs and below this
they occupy the same region of the Lx—Tx plot. This is also seen in
the OWLS simulations, albeit over a different cluster mass range,
further demonstrating that simulations that model AGN feedback
are broadly able to recreate observable properties. The offset of the
BCG from the X-ray centroid of the cluster has a similar effect on
the Lx—Tx relation, with the BCGs co-located with their clusters’
X-ray centroid seemingly having a steeper slope than their more
offset counterparts.

From the literature, other populations that have steepened Lx—
Tx relation slopes are those with extended AGN radio emission
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and those with a strong cool-core (Magliocchetti & Briiggen 2007;
Mittal et al. 2011). In a time averaged sense we expect the most
massive BCGs in our sample to harbour the most powerful AGN,
even if they are not currently accreting. This is because BCG mass
correlates with black hole mass through the Mpy—Mapyee relation
and black hole mass governs the accretion rate which is coupled
to the AGN energy output (e.g. Booth & Schaye 2010). Having a
BCG co-located with the X-ray centroid is also associated with AGN
activity and the presence of a cooling core (Sanderson et al. 2009;
Haarsmaetal. 2010; Mittal etal. 2011; Zhang et al. 2011), confirmed
for this sample by the decrease in BCG radio-loud fraction with
distance from X-ray peak (Fig. 11, middle panel).

As Ly is a proxy for the density of the cooling gas, this steep-
ening of the Lx—Tx relation means that in the cluster mass regime
(Tx > 2keV) the most massive BCGs, or those co-located with
the cluster X-ray centroid, live in systems where gas cooling domi-
nates, whereas in the group mass regime they live in systems where
AGN feedback dominates. To explain this, we note that we showed
in Section 3.1, that BCG mass depends on cluster mass through a
subunity exponent and that radio luminosity does not correlate with
cluster mass (Section 3.4). Therefore, the effect of AGN feedback
will not be self-similar. In Section 4.1 we see this in action as, as-
suming the same radio luminosity of AGN at each cluster mass, we
find that its energy becomes increasingly significant with decreas-
ing cluster mass, despite the lower duty-cycle, simply because the
gravitational potential well is shallower and the gas mass is lower in
groups, making it easier to disturb the ICM and raise its temperature.
BCGs co-located with the cluster X-ray centroid, and therefore with
the peak in ICM density, will have a more effective supply of gas
to feed their central black hole and as such the energetics argument
is the same as that for the most massive BCGs.

The clusters with the lowest mass BCGs, or those most offset
from their X-ray centroid, have Lx—T'x relations that are consistent
with the self-similar situation of Lx o T)f. So in clusters where
there is little evidence that cool-cores and non-gravitational effects
such as AGN feedback have an influence on the ICM, the X-ray
observables show that this is indeed the case.

The apparent lack of a departure from self-similarity in the low
BCG mass/large BCG offset systems may give insight into their
formation or recent merger history. Recent cluster—cluster mergers
may have disrupted the potential, removing the opportunity for a
cool-core to form, so the BCGs will look underluminous as they
originate from one of the merging clusters and thus do not follow the
average BCG mass—cluster mass trend from Section 3.1. A recent
disturbance would also explain the offset of the BCG from the
X-ray gas centroid. However, we find no correlation between BCG
mass and BCG offset in Section 3.3. Furthermore, when analysing
the effect of the luminosity gap of the BCG down to the next
brightest members, there is no evidence that clusters with several
‘BCGs’ follow different Lx—T'x relations. Alternatively, ignoring
cluster—cluster merging, perhaps these are systems where a strong
mechanical or heating mechanism removed the low-entropy gas at
an early epoch (e.g. AGN feedback from L* galaxies at z 2 1;
McCarthy et al. 2011) and this has been regulated ever since by
AGN feedback from the BCG, making both the ICM and BCG
underluminous, in the massive (Tx > 2keV) clusters, due to the
lack of cooling gas available for star formation.

We note here that a fit to the group Lx—T'x relation (Tx < 2.1keV),
gives a slope consistent with that of the whole population (Lx o
7247032y in contrast with the steepened slope found by Helsdon
& Ponman (2000) (Lx o Tx?). We speculate that this difference is
because that sample is optically selected, unlike the X-ray selected

sample presented here. This lack of slope change on the group
scale can be reconciled with the above results as, even though the
gravitational potential is easier to overcome in groups, strong AGN
feedback still only occurs in systems where it is required to stop gas
overcooling.

A caveat is that our results are likely affected by selection biases,
although our sample has an Lx limit reasonably constant with z. If
a lower portion of the group Lx range is missing at low T'x below
this limit, then we may expect a shallower slope in this regime (i.e.
see fig. 5 of Allen, Evrard & Mantz 2011), which would particu-
larly affect the Lx—Tx relation of those with low-mass BCGs. We
attempt to test this with the volume-limited OWLS simulation as
this is qualitatively similar to the observed data. By cutting the data
at a Ly = 3 x 10* ergs™! to remove the 30 percent lowest Ly
groups and refitting the Lx—Tx relation for the whole sample and
the luminous and faint BCG subsamples. As one might expect the
slopes all become shallower but are still consistent with the values
from Section 2.1 within 1o except for the slope of the faint BCG
sample which changes by ~1.5¢ and thus does not affect the con-
clusions. From this we conclude that the faint BCG sample will be
affected most by selection bias, although it is difficult to estimate the
magnitude of the effect, particularly with the complicated selection
function due to the serendipitous nature of the XCS.

4.3 Instantaneous effect of AGN

The Lx—Tx relation fit to the radio-loud AGN is in agreement with
that of the whole sample, although we do not have the statistics
to go further and say whether this is associated with any of the
optically selected subsamples described in Section 4.2. We find the
result that AGN radio luminosity does not correlate with either the
stellar mass of the BCG, its offset from the X-ray centroid, or cluster
mass. As discussed in the results section, this is most likely due to
the AGN duty-cycle which means that AGN are switched on and
accreting intermittently and therefore any correlations of this nature
are washed out. To understand how AGN relate to their host galaxy
and cluster, the AGN fraction is a more useful measure (Best et al.
2007).

We find that the AGN fraction for the BCGs in our sample is
only weakly dependent on BCG mass for the limited range of high
galaxy masses we observe. One might expect to see a correlation as
black hole accretion rate is thought to be correlated with the mass
of the black hole (Bondi 1952) and thus the mass of the host galaxy
through the Mgy—Mpy,. relation (Magorrian et al. 1998). Best et al.
(2007) do find a correlation with stellar mass but this is for a sample
that encompasses BCGs down to a mass of 4 x 10'" M whereas
only 8 per cent of our sample have stellar mass less than 10'! Mg.
The lack of correlation may indicate that in the cluster environment
where all BCGs are massive, the mass of the black hole is not what
is driving the AGN activity.

The AGN fraction correlates most strongly with the cluster T'x
and therefore cluster mass (and similarly with Lx). The AGN
fraction in clusters below the median halo mass (Tx ~ 2keV,
~10" M) being lower by 30 than those in clusters with a halo
mass greater than this. An enhancement in radio-loud fraction is also
found for BCGs within the projected median distance from the X-
ray centroid compared to those outside this radius (0.03Rs¢). Both
of these phenomena relate to the amount of cooling gas available
as Lx correlates with gas density so as in Section 4.2, this suggests
that the black hole needs an environment with significant amount
of cooling gas available to fuel it. The fact that the small number
of radio-loud BCGs in the lowest mass (Tx < 1keV) clusters are
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found in those with average to relatively high Lx may back this
claim (see Fig. 12). As radio-loudness is an indicator of ongoing
AGN feedback we may expect these clusters to perhaps lower in Lx
or increase in T'x over the duty-cycle of the feedback process.

From the above relations between AGN fraction and both galaxy
and cluster properties it seems that the key parameters that govern
the presence of AGN in BCGs are primarily the cluster mass/T'x/Lx
and to a lesser extent the BCG offset from the cluster X-ray cen-
troid, but not BCG mass. A picture is therefore emerging that the
supermassive black holes at the centres of BCGs in cluster cores
know more about their host cluster than they do about their host
galaxy. While this is consistent with some simulations (Booth &
Schaye 2010; Gaspari et al. 2011) and results from the clustering
of radio-loud, luminous red galaxies (Wake et al. 2008), it is per-
haps puzzling as it means that the sub-pc scale is governed by the
100s kpc scale and not the kpc scale. We conclude that the con-
nection must be due to the amount of fuel available and thus what
drives AGN activity in the central galaxies of clusters is the avail-
ability of a large, cooling gas supply that can be effectively fed to
the central black hole. This explains the cool-core AGN connection
and the break from self-similarity for these subpopulations. How
this cooling gas on kpc scales is funnelled down into the accretion
disc of the black hole remains an open question.

The correlations found in this paper imply that we can use com-
plementary information about the component galaxies to charac-
terize subsamples in current and future cluster surveys such as
the XCS which compromise on X-ray integration time in favour of
large area coverage, in order to improve constraints on cosmological
parameters.

5 SUMMARY

The XCS first data release (Mehrtens et al. 2011) is key to this study
as it provides an ideal sample of groups and clusters that span a large
range in both Lx and Tx, which is essential to probe the effects
of AGN feedback on the ICM in a large, statistically significant,
sample. The results lead us to conclude that T'x ~ 2keV (Mspo ~
10 Mg, Lx ~ 10% erg s, 0,~500kms™!)is an important mass
scale which delineates the boundary between the cooling dominated
systems above this mass and the AGN feedback dominated systems
below. We propose that this is an excellent empirical demarcation
between what is referred to as a ‘group’ and what is a ‘cluster’ in
agreement with previous, perhaps ad hoc, definitions (e.g. Bower
& Balogh 2004) and similar to the break in the entropy-at-a-radius-
enclosing-a-given-mass versus temperature relations of Ponman,
Sanderson & Finoguenov (2003). Recent results indicate that AGN
cavity power exceeds the luminosity of the cooling ICM at a similar
mass scale (Gitti et al. 2011; O’Sullivan et al. 2011).
We summarize our key findings as follows.

(1) The Lx—Tx relation for the clusters with the most massive
BCGs is significantly steeper than for those with the least massive
BCGs, with a similar story for those least and most offset from
the peak in the ICM emission. This must relate to both AGN and
cool-core phenomena as similarly steep relations are found for these
subsamples in the literature.

(2) Clusters without a massive, centrally located BCG instead
follow self-similarity, confirming that it is the complex interplay
between cooling gas and the central AGN that leads to the departure
from simple gravitational heating. We speculate that the self-similar
clusters may have a different feedback, formation or recent merger
history which stops gas from cooling on to the BCG’s black hole.
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(3) The steepened and self-similar Lx—T'x relations described in
points (1) and (2) cross at Tx = 2keV and thus we conclude that
gas cooling dominates above this mass scale and AGN feedback
dominates below.

(4) We derive BCG—cluster scaling relations over the mass range
10" < Mspy < 101 M@ . The M,pcG—Msoo relation has an expo-
nent <1, implying that BCGs do not grow at the same rate as their
host dark matter haloes. The X-ray scaling relations can be success-
fully reproduced by cosmological hydrodynamical simulations that
include AGN feedback, such as OWLS.

(5) A quarter of the BCGs in our sample are radio-loud, in agree-
ment with similar studies, but we find a strong dependence on
environment, in that those in clusters with Tx > 2keV are four
times more likely to host a radio-loud AGN than those with Tx <
2keV. The radio-loud fraction also increases for BCGs closest to
the peak in the ICM emission but the stellar mass of the BCG has
little effect. This indicates that it is the availability of a fuel supply
of cooling gas from the halo environment that governs AGN activity
in the most massive galaxies.

(6) From a crude calculation of the energetics to explain points
(1), (2) and (3), itis easier for AGN to affect the group scale systems
than the cluster scale, which may be as a direct result of point (4),
the subunity exponent in the relationship between BCG mass (and
therefore black hole mass) and the mass of its host cluster combined
with the lack of correlation between BCG radio luminosity and
cluster mass.

(7) The XCS sample shows no evidence for the group scale Lx—
Tx slope being different from that of the cluster scale. This can be
reconciled with the above results as, even though the gravitational
potential is easier to overcome in groups, strong AGN feedback still
only occurs in systems where it is required to stop gas overcooling.
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APPENDIX A: ERRORS ASSOCIATED WITH
THE X-RAY PROPERTIES.

L XCS—SDSS sample X—ray errors ,
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Figure Al. The X-ray luminosity plotted against X-ray temperature for the XCS—SDSS sample to illustrate their associated errors.
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