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Zusammenfassung

Galaxienhaufen sind die größten und massivstem gravitativ gebundenen Objekte im Uni-
versum, die Zeit hatten, zu kollabieren und virialisieren. Das Intracluster-Medium (ICM)
innerhalb Galaxienhaufen ist ein Plasma, das durch Röntgenstrahlung sichtbar ist. Ga-
laxien in Galaxienhaufen sind durch optische Strahlung zu sehen, sie sind hauptsächlich
rot und haben eine niedrige Sternbildungsrate. Neu akkretierte Galaxien können blauere
Farben und eine höhere Sternbildungsrate aufweisen und werden durch Interaktion mit
dem ICM röter. Wachstum von Galaxienhaufen findet durch sporadisches Verschmelzen
mit anderen Galaxienhaufen und Gruppen statt, oder durch gleichmäßige Akkretion von
Galaxien aus dem Milieu.

Um die Hauptfrage »ergänzen sich Röntgen- und optische Messungen von Galaxien-
haufen, oder zeigen sie dasselbe?« zu beantworten, haben wir eine Studie durchgeführt,
bei der die Verteilung von Galaxien und ICM in Galaxienhaufen verglichen wurden. Im
Besonderen, haben wir untersucht, ob optische Daten zusätzliche Information wegen der
dynamische Befindlichkeit von einzelnen Galaxienhaufen liefern, die nicht aus Röntgen-
daten allein hervorgehen können. Surveys in Röntgen und optischer Strahlung sind in den
nächsten Jahrzehnten zu erwarten, die Daten von viel weiteren Gebieten des Universums
liefern werden. Diese Daten können, mit den Methoden, die wir hier vorlegen, untersucht
werden.

Wir benutzten Weitwinkelbeobachtungen des MPG/ESO 2.2 m Telescopes und Rönt-
genbeobachtungen von XMM-Newton, um die Distribution von Galaxien innerhalb Ga-
laxienhaufen mit der Distribution des ICM zu vergleichen. Wir haben gefunden, dass
die 1D Radialdistribution der roten Galaxien zu der des ICM zusammenpasst, aber die
blauen Galaxien folgen einem flacheren Profil. Mit 2D Abbildungen der Galaxienhaufen,
haben wir gefunden dass die roten Galaxien sehr ähnlich verteilt sind, wie das ICM, aber
fast jeder Galaxienhaufen hat unvirialisierte rote Subklumpen. Blaue Galaxien anderseits
haben zu wenig Zeit zum virialisiern bevor sie rot werden, weil sie ihre sternbildendes Gas
innerhalb einer Übergangszeit durch ICM-Staudruckstripping verliern. Röntgenbeobach-
tungen sind besser für die Bestimmung des Verschmelzungsverlaufes von Galaxienhaufen,
weil sie die Kennzeichen von Verschmelzung für eine kürzere Zeit zeigen. Wir haben meh-
rere Subklumpen von roten Galaxien entdeckt, die scheinen auf einfallenden Trajektorien
in Galaxienhaufen zu sein und noch merkliche Mengen von Röntgenemittierendem Gas
zu haben.
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Abstract

Galaxy clusters are the largest and most massive gravitationally bound objects in the
Universe which have had time to collapse and virialise. The intra cluster medium (ICM)
within clusters is a plasma seen in the X-ray band. Galaxies within clusters are visible in
the optical band and are primarily red and have low star formation rates. Newly accreted
galaxies may have more star formation and bluer colours, but they become red as galaxies
interact with the ICM. Growth of clusters occurs by sporadic mergers with other galaxy
groups/clusters, or through smooth accretion of galaxies from clusters’ surroundings.

In order to answer the key question ‘Are X-ray and optical measurements of galaxy
clusters complementary, or do they show the same things?’ we carried out a study
comparing the distribution of galaxies and ICM in galaxy clusters. In particular, we
investigated whether optical data gave additional information about the dynamical state
of individual clusters which could not be recovered from X-ray data alone. Imaging
surveys in optical and X-ray which are expected in the coming decades will provide
similar data for much larger regions of the Universe which can be analysed using the
techniques we investigated.

We used wide field optical images from the MPG/ESO 2.2 m telescope and X-ray data
from XMM-Newton to investigate the distribution of galaxies within clusters as compared
with the ICM. The 1D radial distribution of the red galaxies was found to match the ICM,
but the blue galaxies had a much flatter distribution. Using 2D maps of the clusters, we
found that the distribution of red galaxies was similar to that of the ICM, but most
clusters also contained red galaxy sub-clumps which were unvirialised. The blue galaxies
had insufficient time to virialise as they were stripped of their star forming gas by ram
pressure stripping by the ICM within their first crossing of the cluster and became red.
X-ray observations are better for determining the recent merger history of galaxy clusters
because they retain the signatures of mergers for a shorter period of time. We identified
several red clumps of galaxies which appeared to be on infall trajectories into the clusters,
and which still retained significant amounts of X-ray emitting gas.
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Chapter 1

Introduction: the structure of galaxy
clusters

All you really need to know for the
moment is that the Universe is a lot
more complicated than you might
think, even if you start from a
position of thinking it’s pretty damn
complicated in the first place.

Douglas Adams, The Hitchhiker’s
Guide to the Galaxy, 1979

This dissertation is concerned with the interaction of gas and galaxies within galaxy
clusters. We focus on the distribution of galaxies of different colours – a proxy for the
star formation and history of the galaxy – with respect to the density of the gas which
surrounds the galaxies and affects their evolution.

The purpose of this chapter is to outline the formation, evolution and appearance of
the components of galaxy clusters, and the interactions the components undergo. In Sec-
tion §1.1 we describe galaxy clusters’ structure and formation in the context of the ΛCDM
cosmological model and provide a very brief overview of the history of galaxy cluster re-
search. The dominant baryonic component of galaxy clusters – the hot intracluster plasma
– is described in Section §1.2. In Section §1.3 we describe the population of galaxies in
clusters, in comparison to galaxies in lower density environments. We outline the key
interactions between cold dark matter, gas and galaxies within galaxy clusters in Sec-
tion §1.4 and these are investigated in more detail in Chapters 4 and 5. The significance
of substructures within galaxy clusters is described in Section §1.5. The substructures
found in a sample of galaxy clusters are investigated in Chapter 5.
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1.1 Galaxy clusters and the cosmological context

1.1.1 A potted history of key developments in cosmology and
galaxy cluster research

Messier (1781) and Herschel (1785) observed groups of nebulae in the constellations Coma
Berenices and Virgo which were noticeably denser than the overall field distribution of
galaxies on the sky. These groups are now known as the Coma and Virgo galaxy clusters.
The first detailed study of a galaxy cluster was carried out by by Wolf (1906) who
noted a generally high density of nebulae on plates taken of Perseus, and a particularly
high density region containing 148 galaxies within a 60′ × 60′ region. He described two
prominent galaxy types – round with a central concentration (elliptical), and others in
the pattern of the Andromeda galaxy (spiral), and that spiral types were more common
at larger distances from the cluster centre.

Hubble (1929) showed that the Universe was expanding. This expansion causes the
wavelength of light emitted by distant objects to lengthen in transit, so that its energy
is reduced and it appears redder – is redshifted – when compared to reference sources on
Earth. For a reference wavelength λ0 and wavelength shift ∆λ, the redshift is z = ∆λ

λ0
.

Nearby objects with no peculiar (additional) motion relative to the expansion of space
have z ∼ 0, and distant objects have higher z. Due to the finite speed of light, objects
at higher z are observed at an earlier time in the history of the Universe. The expansion
of the Universe – also called the Hubble flow – is isotropic, such that the velocity v at
which two arbitrary points at rest with respect to the space-time are moving away from
each other is only dependent on their separation x, v = xH0, where H0 is the Hubble
parameter. H0 takes a range of values around 70 km s−1 Mpc−1 in the literature [e.g.
(67.0± 1.2, 73.8± 2.4 and 74.3± 2.5) km s−1 Mpc−1 in Planck Collaboration et al. 2014a;
Riess et al. 2011 and Freedman et al. 2012 respectively]. H0 also defines a characteristic
timescale, the Hubble time tHubble = 1

H0
∼ 1.4× 1010 yr, approximately the age of the

Universe.
Hubble’s work, and its clear demonstration that the Universe was not static, meant

that the cosmological constant component labelled Λ, which Einstein had included in
his theory of gravity to enable the existence of the static Universe he preferred, was not
required. Einstein famously referred to his inclusion of Λ as his “greatest blunder.”

A few years later, it became clear that the galaxies within galaxy clusters had very
high velocity dispersions relative to the expected dispersion based on the masses of their
observed components (Zwicky, 1933; Smith, 1936). Zwicky derived an expected velocity
dispersion of 80 km s−1 based on the observed stellar mass in the Coma cluster, compared
with an observed velocity dispersion in the range (1500 – 2000) km s−1, implying a total
central density 400× larger than that observed in luminous material. He wrote:

Falls sich dies bewahrheiten sollte, würde sich also das überraschende Resultat
ergeben, dass dunkle Materie in sehr viel grösserer Dichte vorhanden ist als
leuchtende Materie. [If this is verified, it would amount to the surprising result
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that dark matter is present in much higher densities than luminous material.]
(Zwicky, 1933)

The observations of the missing mass and the expansion of the Universe drove thinking
and research in cosmology for the rest of the 20th century.

The first systematic catalogue of galaxy clusters in the 20th century was compiled by
Abell (1958) based on photographs from the Palomar Observatory Sky Survey. In this
seminal work, he showed evidence that clusters of galaxies themselves tend to cluster – a
sign of even larger cosmic structures.

Systematic surveys of galaxies including the Centre for Astrophysics (CfA) Redshift
Survey (Davis et al., 1982; Huchra et al., 1983), Two-degree Field (2dF) Galaxy Redshift
Survey (Colless et al., 2001; shown in Figure 1.1) and the Sloan Digital Sky Survey (SDSS,
York et al., 2000; Einasto et al., 2003; Eisenstein et al., 2011) revealed a web of galaxy
clusters, filaments, walls and empty voids, in which galaxy clusters were the most massive
virialised objects (in which the object structure is supported against further gravitational
collapse by the motions of the particles). These surveys allowed the discovery of much
larger structures than galaxy clusters like the CfA2 Great Wall (Geller and Huchra, 1989)
and the filaments in the 2dF (Peacock, 2002). They also provided measurements of the
clustering of galaxies (the power spectrum of galaxy density fluctuations, Cole et al.,
2005; Anderson et al., 2012).

Early experiments in X-ray astronomy (Meekins et al., 1971; Fritz et al., 1971; Gursky
et al., 1971) suggested that clusters of galaxies might all be X-ray sources (Cavaliere
et al., 1971), and this was confirmed with all-sky X-ray object catalogues from the Uhuru
satellite (Giacconi et al., 1972). These were the first observations of the hot plasma which
is found between galaxies in clusters – the intra-cluster medium (ICM). The ratio between
gas and stellar mass in clusters varies in the range ∼ 1 – 5 from groups to massive clusters
(e.g. Giodini et al., 2009), but despite the fact that the total luminous mass measured
within clusters rose substantially once this ICM was found, the total baryonic mass in
clusters was still too little to account for the missing mass. The distribution of objects’
mass (the mass function) is an important property predicted by cosmological models,
and the luminosity and temperature of the ICM are related to the total mass of the
cluster (e.g. Bahcall and Cen, 1993; Reiprich and Böhringer, 2002; Pratt et al., 2009).
Consequently, X-ray observations can be used to measure the mass function and test
cosmological models.

The ROSAT All Sky Survey (RASS, Voges et al., 1999) was used to produce several
important galaxy cluster surveys (Ebeling et al., 1998; Böhringer et al., 2000, 2001a;
Cruddace et al., 2002; Böhringer et al., 2013). More recently, Chandra and XMM-Newton
have allowed observations of clusters with higher spatial and spectral resolution, allowing
temperature profiles to be measured and leading to better constraints on cluster masses
than were possible with earlier measurements. The next generation X-ray survey of
galaxy clusters to be performed by the planned eROSITA mission is predicted to detect
∼ 9.3× 104 clusters which will allow even finer constraints to be placed on cosmological
parameters characterised by the cluster mass function (Pillepich et al., 2012).
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Figure 1.1: Distribution of galaxies in the northern (top) and southern (bottom) fields of
the Two-degree Field Galaxy Redshift Survey (Colless et al., 2001), which illustrates the
filaments, clusters, voids and superclusters which make up the cosmic web. The Sloane
Great Wall is the overdense region shown in the northern panel at comoving distance
rcomoving ∼ 310 Mpc.
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Following the detection of the leftover radiation from the Big Bang – the cosmic mi-
crowave background (CMB) (Penzias and Wilson, 1965), a further method to characterise
galaxy clusters became available. The CMB has a temperature of (2.725 48± 0.000 57) K
and is extremely isotropic, but small variations in the temperature due to the primordial
quantum fluctuations are observed. The power spectrum of these variations is related
to the cosmology, and can be used to characterise the initial conditions of the Universe
and its constituents. Sunyaev and Zeldovich (1972) proposed a mechanism by which
CMB photons are scattered to higher energies by inverse Compton scattering off thermal
electrons in galaxy cluster ICM, leading to additional changes in the temperature of the
CMB on small scales. This is known as the Sunyaev-Zel’dovich effect (SZ-effect). In
their paper, they refer to observations of the Coma cluster in which the brightness of the
CMB in one band was reduced, and they posited that this was due to the up-scattering
of photons out of this band and could not be explained by the peculiar motion of the
cluster with respect to the expansion of the Universe. The multi-wavelength observations
required to confirm the mechanism were published by Birkinshaw et al. (1984). The
SZ-effect has since been used for galaxy cluster surveys (e.g. Planck Collaboration et al.,
2014b) and carries information about the cluster structure which is complementary to
X-ray observations (e.g. Hasler et al., 2012).

The development of affordable computers allowed simulations of cosmic structure
formation and comparisons of different cosmological models. These simulations, along
with a range of observational studies, produced several remarkable results. Firstly, struc-
tures similar to those in the observed Universe could be generated by the hierarchical
clustering of collisionless particles with non-relativistic energies which only interact grav-
itationally – cold dark matter (CDM). Secondly, cosmologies without an additional dark
energy component, which accelerated expansion and could be parametrised as Einstein’s
Λ, were inconsistent with reality (e.g. Gunn and Tinsley, 1975; Bagla et al., 1996). Sim-
ulations of CDM clustering and galaxy evolution within the context of an expanding
universe with a positive cosmological constant (e.g. Davis et al., 1985; the Millennium
simulation Springel et al., 2005; the Illustris simulation, Vogelsberger et al., 2014a) have
been successful in recreating many of the observed properties of the Universe. The first
direct observational evidence of the resulting accelerating expansion from surveys of dis-
tant supernovae – the smoking gun of dark energy – was published at the close of the
20th century (Riess et al., 1998; Perlmutter et al., 1999). Direct evidence of the existence
of CDM was published in the early 21st century(Clowe et al., 2006), solving – to some
extent – the missing mass problem. Work is ongoing to understand both dark energy and
dark matter.
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1.1.2 Current theoretical context – the concordance cosmology

According to the current consensus, the current phase of the Universe’s evolution was very
hot, dense and uniform, after which it expanded and cooled.1 It continues to expand.

(69.11± 0.62) % of the mass-energy of the Universe is dark energy (Planck Collabor-
ation, 2015). Since it does not have a significant impact within bound objects, we do not
consider it further.

CDM is the major matter constituent and represents (25.9± 0.4) % of the mass-energy
of the Universe (Planck Collaboration, 2015). The fraction of the total energy budget
taken up by the baryons which form the visible Universe of stars, gas and dust is just
(4.86± 0.07) %, but it is this small fraction which we can study using optical and X-ray
telescopes today.

Over-densities of matter compared with the mean density of the Universe – like galax-
ies, galaxy clusters, filaments and the large scale structure of the cosmos – arose from
quantum density fluctuations present at early times, which merged hierarchically, forming
ever-larger over-densities (e.g. White and Rees, 1978; White and Frenk, 1991; Kauffmann
et al., 1993; Fritsch et al., 1997; Navarro et al., 1997). This concordance cosmological
model consisting of a cosmological constant, cold dark matter, and a minor baryonic
component is represented by the abbreviation ΛCDM. For calculations in this work, we
use a flat cosmology with H0 = 70 km s−1 Mpc−1, Ωm = 0.3 and ΩΛ = 0.7.

The largest of these over-densities which have had time to collapse are large galaxy
groups and galaxy clusters. These have sizes of r500 ∼ Mpc and masses of M500 ∼
(1013 – 1015) M�, where r500 is the radius within which the mean density is 500× the mean
density of the Universe, and M500 is the total mass within that radius. The fractional
content of the over-densities – the different particle species they contain – is representative
to first order of the Universe as a whole (e.g. White and Frenk, 1991; Evrard, 1997). This
means that the gravitational field of galaxy clusters is dominated by their CDM. The dark
matter distribution is the stage upon which the dance of gas and galaxies is performed.

1.2 Hot dense ICM

1.2.1 Appearance

The X-ray emission from galaxy clusters is primarily generated in the ICM by thermal
Bremsstrahlung due to the acceleration of electrons passing by atomic nuclei. The X-ray
emission extends for several Mpc, and ICM are amongst the most luminous objects in
the X-ray sky. Typical clusters have X-ray luminosities LX in the range (1036 – 1038) W,
and up to LX = 6× 1038 W in the most luminous galaxy cluster RX J1347.5–1145 (Voges
et al., 1999). The overall shape of the X-ray spectrum, in particular the position of the
exponential falloff at higher energies, is determined by the temperature of the ICM, TICM.

1It is thought that a previous phase of exponential inflation of space-time stretched initially small
quantum perturbations onto cosmological scales, sowing the seeds for later large scale structures.
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Gas falling into galaxy cluster scale CDM haloes is generally thermalised by accretion
shocks and reaches the virial temperature of the halo. Typical temperatures of TICM ∼
(2× 107 – 108) K are measured for clusters with masses in the range ∼ (1014 – 1015) M�,
corresponding to X-ray photons with energies in the range TICMkB ∼ (2 – 9) keV (Pratt
et al., 2009) where kB is the Boltzmann constant. Emission lines from heavy elements
are also present in cluster X-ray spectra. The prominent 7 keV iron line can be used to
determine the redshift of a cluster. For gas temperatures lower than 2 keV, spectral lines
become the dominant source of emission.

During hierarchical collapse of the primordial over-densities, the collisionless CDM
forms an approximately spherically symmetric and virialised halo which has a shape only
dependent on the time of formation (Navarro et al., 1995, 1996). Within this halo’s
gravitational potential well, the gas is supported against collapse by its internal pressure,
and its configuration is approximately in hydrostatic equilibrium. The time required for
hydrostatic equilibrium to be reached is approximately the sound crossing time for the
cluster,

ts = 6.6× 108 yr

(
TICM

108 K

)− 1
2
(

D

1 Mpc

)
, (1.1)

for D the cluster diameter (eq. 5.54 in Sarazin, 1986).
Perturbations and collisions with other gas clouds can break the hydrostatic equilib-

rium. If the gas is able to cool, it can collapse further. The same processes potentially
occur within the sub-haloes associated with cluster galaxies within the cluster, but on
different mass scales, and with different modifying effects due to the ICM. Moderation of
cooling by heating from galaxies has also been shown to be very important. These galaxy–
ICM interactions are discussed in Section §1.4.3. CDM sub-haloes can dissolve over time
as their constituent particles have additional energy imparted and/or are stripped away
by tidal forces (e.g. Goerdt et al., 2007), at which point any gas originally bound to the
sub-halo is absorbed into the ICM of the absorbing system.

Gas distributions observed in galaxy clusters range from smooth and very symmetrical
to elliptical to lumpy and asymmetrical. Due to the longer relaxation times of collisionless
CDM haloes which dominate the gravitational potential and therefore the hydrostatic
equilibrium configuration, elliptical ICM distributions within post-merger clusters may
be long lived. Collisionless relaxation in CDM haloes is discussed in Section §1.4.1.

1.2.2 Constituents

The ICM is the most massive baryonic constituent of clusters. The fraction of the total
mass in the cluster held in the ICM fgas ranges between 0.05 – 0.135 for groups and clusters
of mass (1013 – 1015) M� (Pratt et al., 2009), and represents ∼ 1 – 5× the mass of stars in
clusters of mass (1014 – 1015) M� (Gonzalez et al., 2013). To first order, the constituents
of the ICM are representative of the baryonic constituents of the Universe as a whole, but
the presence of emission from heavier elements than those present during the primordial
episode of nucleosynthesis after the Big Bang shows that the ICM was enriched with the
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products of stellar nucleosynthesis after initial accretion.
Heavy elements are produced in stars and injected into the ICM. C and N come from

massive and intermediate asymptotic giant branch (AGB) stars and are injected into
the ICM in stellar winds; O and Mg are formed in core collapse supernovae and Fe and
Ni are generated predominantly by type Ia supernovae of accreting white dwarf stars
in binary systems (de Plaa, 2013; Böhringer, 2014). Clusters of galaxies (as opposed to
less massive galaxy groups) are massive enough to retain essentially all of these heavy
elements (Loewenstein, 2004, and references therein), and therefore the abundance of
these elements in the ICM as measured using X-ray spectra can be used to test the
models of star formation and evolution.

1.2.3 Heating and cooling

Gas falling into a galaxy cluster CDM halo is heated to the virial temperature of the
halo by compression, by accretion shocks and by merger shocks. The specific energy of
initially cold gas falling into galaxy clusters naturally leads to a final temperature equal
to the virial temperature of the cluster.

1.2.3.1 Adiabatic compression

Gas clouds associated with CDM haloes are compressed by gravity into a hydrostatic equi-
librium. In the absence of radiative heating and cooling, an increase in the gravitational
field strength due to increasing mass compresses the gas, increasing the temperature and
pressure without changing the specific entropy of the gas. Gas packets within the ICM
of a cluster which are moving towards the cluster centre at subsonic speeds can undergo
the same type of compressional heating.

1.2.3.2 Accretion and merger shocks

For gas packets moving at supersonic speeds with respect to the ICM, thermodynamic
shocks are an important heating method. Merger shocks in clusters of galaxies are re-
viewed in Markevitch and Vikhlinin (2007); Kravtsov and Borgani (2012) and are a
candidate source for acceleration of cosmic ray particles.

A shock is a region in which the properties of a thermodynamic fluid undergoes a
discontinuous (or nearly discontinuous) change in pressure, temperature or density due
to the supersonic relative speed of colliding fluids. In the context of galaxy clusters,
shocks frequently occur where an infalling gas cloud collides with the ICM of a cluster.

The mean free paths between Coulomb interactions of electrons and ions in galaxy
clusters are typically much shorter (∼ 1 %) than the cluster radius (Sarazin, 2008). In
addition, evidence of a significant magnetic field in clusters (e.g. Feretti and Giovannini,
2008), gives particles small gyro-radii so that so it is probably always reasonable to treat
the ICM as a fluid (Sarazin, 2008). However, the mean free path of electrons and ions
is long compared to the shock region, so the accretion shocks in clusters are collisionless,
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even though the gas can be treated as collisional in general. The long mean free path
allows electrons accelerated in the shock to carry the energy away from the immediate
shock region (McKee, 1974; Sarazin, 2008).

Shocks may be associated with gas infalling from the surroundings of a cluster, or may
be due to collision of the ICMs of two merging clusters. Shock fronts in ICM have been
detected as sharp, bright X-ray features, for instance in the Bullet Cluster 1E 0657–55.8
(Clowe et al., 2006), A2146 (Russell et al., 2010) and A3376 (Akamatsu et al., 2012).
They are also thought to be the source of Mpc scale regions in radio observations – radio
haloes, for instance in A3376 (Bagchi et al., 2006; reviewed in Feretti et al., 2012).

1.2.3.3 Radiative cooling and cool cores

The high temperatures and densities reached in the ICM in some galaxy cluster centres
allow substantial X-ray emission which is sufficiently rapid for gas to cool on timescales
shorter than the age of the Universe. Radiative cooling outside of these central regions
is typically much slower – the gas there remains hot.

For galaxy clusters, with gas particle energies kBTICM & 2 keV, cooling is primarily
through thermal Bremsstrahlung continuum, where the X-ray emissivity εX is related to
the electron number density ne and temperature by

εX ∝ n2
eT

1
2

ICM, (1.2)

(for a net neutral plasma; Lea et al., 1973; Sarazin, 1986). At lower temperatures, line
emission becomes important.

During galaxy cluster formation a region of ICM at the centre of the cluster may
cool very efficiently and reach a cooler temperature than the rest of the cluster. These
cool cores can be disrupted by major mergers early in the lifetime of a cluster, but are
less likely to be disrupted by mergers later on (e.g. Burns et al., 2008). (50 – 70) % of
clusters have cool cores at z ∼ 0 (Chen et al., 2007; Dunn and Fabian, 2008; Hudson
et al., 2010; Santos et al., 2010). Various parameters have been used to identify clusters
which have cool cores in the literature; for instance: cooling times tcool < 0.1tHubble

or tcool < 109 yr (e.g. Pratt et al., 2009); steep temperature gradients (e.g. Burns et al.,
2008), or a high mass deposition rate (e.g. Chen et al., 2007). They remain very luminous
at lower temperatures because their emissivity is only weakly dependent on TICM (see
Equation (1.2)). The X-ray luminosity is sufficient to allow (10 – 1000) M� yr−1 of gas
to cool within clusters but the expected cold gas clouds due to this cooling have not
been detected (e.g. Böhringer et al., 2002; Peterson et al., 2003, and references therein).
This is known as the classic cooling flow problem, the solution to which – feedback from
galaxies – is discussed in Section §1.4.3.2. There are rare counterexamples – McDonald
et al. (2012) present an example of a very strong cooling flow and high star formation
rate at the centre of a cluster in which the feedback is presumably not fully established.
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1.3 Galaxy population

Galaxy clusters’ most prominent members, observable using traditional optical telescopes
working at (400 – 800) nm, are the galaxies they contain. These galaxies form within the
CDM haloes which accumulate to form galaxy clusters (e.g. White and Frenk, 1991;
Bower et al., 2006). Much of the evolution and appearance of galaxies is determined
by their stellar populations. In clusters, their interactions with the ICM, other galaxies
and the cluster gravitational potential have marked consequences for their shape and
their phase-space structure, luminosity and their stellar populations. Each CDM halo
may hold an extended gas cloud which feeds star formation within the galaxy, but star
formation can only be supported if the gas cooling time within an individual gas halo is
shorter than tHubble (e.g. Silk, 1977; Rees and Ostriker, 1977; van de Voort et al., 2011).
In addition, the interstellar gas may be stripped by interactions with the ICM, stopping
star formation and turning galaxies from blue to red.

Clusters contain a population of galaxies of which the majority formed and evolved
over approximately the same period, in approximately the same environment – they are
coeval. Mergers and smooth accretion introduce new galaxies – which are not coeval
– later in a cluster’s history. The coeval population of galaxies has regularities like a
relation between their colour and brightness (magnitude) which allow it to be identified
and analysed somewhat separately to newer galaxies. There is evidence discussed in
Chapter 5 that infalling galaxies are stripped of their gas reservoirs and driven onto the
red sequence by interactions with the ICM, but these infalling galaxies form a small
proportion of the cluster galaxies overall.

1.3.1 Galaxy types and non-galaxy stellar populations in clusters

In this section, we outline the main galaxy types present in clusters, as well as light from
stars unbound to galaxies. The formation of galaxies is complex and has an extensive
literature of peer-reviewed articles and textbooks (e.g. Mo et al., 2010).

1.3.1.1 Spiral galaxies

Spiral galaxies are recognisable by their spiral structure when viewed face on, or their
thin discs of stars, gas and dust when viewed edge on. They may also have a central bulge
dominated by older, redder stars. Spiral galaxies with large amounts of cool gas in their
disc or gas halo can support high star formation rates, leading to stellar populations in
which a large fraction of the light is produced by young, massive stars with short lifespans.
Massive stars are bluer than lower mass stars, so this type of galaxy typically appears
bluer than galaxies whose stellar populations are older. Examples of spiral galaxies are
shown in Figure 1.2.
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1.3.1.2 Elliptical and lenticular galaxies

Elliptical and Lenticular (S0) galaxies have low star formation rates in comparison with
spirals, and as a consequence redder colours. These are the most common types of galaxies
found in clusters, but are less common in the field (Loveday, 1996). Examples of these
galaxies are shown in Figure 1.2.

Elliptical galaxies are so called because of their shape. Simulation suggest that they
are formed by mergers of progenitor galaxies (e.g. Barnes, 1989; Taranu et al., 2013).

S0 galaxies are morphologically similar to spiral galaxies in that they contain rotation-
ally supported discs with significant amounts of dust, but have much lower star formation
rates than spiral galaxies and no spiral arms.

1.3.1.3 Brightest cluster galaxies and cD galaxies

The brightest galaxy in a cluster (brightest cluster galaxy – BCG) is often, but not
always a very large galaxy with an elliptical-like nucleus and extended envelope of stars
on Mpc scales (e.g. Morgan et al., 1975) known as a cD galaxy. The total luminosity
of the extended envelope is correlated with cluster richness (Oemler, 1976; Schombert,
1986, 1988) and where there is no strong colour gradient between the centre and edge
of the envelope (Schombert, 1988). Typically, they have low star formation rates, and
can grow by absorbing small galaxies in their surroundings – in a process called galactic
cannibalism. Their positions usually coincide with the ICM density peak, but may be
found off-centre in some clusters (e.g. Matthews et al., 1964; Morgan et al., 1975; Haarsma
et al., 2010). Examples of clusters with cD galaxies and other not dominated by a single
large galaxy are shown in Figure 1.3.

Simulations suggest that the extended halo of cD galaxies originate at redshifts z > 1
and comprise & 90 % of stars stripped from progenitor galaxies (e.g. Dubinski, 1998;
Cooper et al., 2014). A correlation between BCG central luminosity and cluster mass in
clusters without cool cores, which is present even when the BCG is not centred in the
cluster potential, was noted by Haarsma et al. (2010). This connection can be interpreted
as additional evidence that the stellar density in the BCG is more fundamentally linked
to the mergers which formed the cluster and the BCG than later star formation once the
cluster had been formed.

1.3.1.4 Intracluster light

A substantial fraction of the light from clusters – perhaps ∼ 10 % in some cases (e.g.
Zibetti et al., 2005) – comes from stars bound in the cluster potential but not to individual
galaxies, known as intracluster light (ICL).

Because the ICL is diffuse, its surface brightness is low and it is difficult to detect and
study. Stars in the ICL are thought to result from tidal interactions between galaxies
which strip away material – discussed in Section §1.4.2.1. It can be tricky to define
the edge of a cD galaxy’s extended halo and the start of the ICL, but this may be
possible by finding a change in the surface brightness profile trend (e.g. Patel et al.,



12 1. Introduction: the structure of galaxy clusters

0h05m35s36s37s38s39s40s

RA

15′′

49′00′′

45′′

−34◦48′30′′

D
ec

.

(a) Spiral galaxy seen edge-on.
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(b) Spiral galaxy seen face-on.
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(c) An example of an S0 galaxy.
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(d) A galaxy cluster core rich in elliptical galaxies.

Figure 1.2: Spiral, elliptical and S0 galaxies observed in the REXCESS survey. The
images reveal a clear difference in colour between the bluer spirals and redder elliptical/S0
galaxies. The solid black regions are where the brightest stars have been masked using the
method described in Section §4.3.1, and the colours have been enhanced. Compositing
of BVR frames into colour images was carried out using stiff (Bertin, 2012).
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(a) Cluster centre with a single prominent galaxy.
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(b) Cluster centre with two bright galaxies.
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(c) Elongated BCG.
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(d) Cluster centre where the BCG is clearly
defined, but there a number of relatively bright
galaxies around it.

Figure 1.3: Images of galaxy cluster centres with and without cD type BCGs observed
in the REXCESS survey. The solid black regions are where the brightest stars have
been masked using the method described in Section §4.3.1, and the colours have been
enhanced.
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2006). An example of a cluster centre with a substantial diffuse light component is
shown in Figure 1.3b. The ICL does not form a major part of the analyses in Chapter 4
or Chapter 5.

1.3.2 Observed galaxy distribution

1.3.2.1 The cosmic web and cluster environment

Wide field galaxy redshift surveys reveal a cosmic web – a network of filaments draped
through space, with galaxy clusters and superclusters at the nodes (see Figure 1.1;
Stoughton et al. 2002; Zehavi et al. 2011). The largest identifiable structures, like the
Sloane Great Wall which has length 4.2× 108 pc (Gott et al., 2005), or the structure
detected by Horváth et al. (2014) traced by gamma-ray bursts in the redshift range
1.6 < z < 2.1 with length (2× 109 – 3× 109) pc, show that the minimum length scales
on which the Universe can be considered homogenous and isotropic are at least on the
scales of hundreds of Mpc, and possibly more.

Galaxy clusters associated with high density regions of the cosmic web experience
more frequent mergers (Chon et al., 2013), which can lead to changes in their ICM
distribution and galaxy populations compared to clusters in lower density regions (e.g.
Böhringer et al., 2001b; Braglia et al., 2009). The influence of cluster outskirts on the
presence of substructure in the ICM is investigated in Chapter 5.

1.3.2.2 Luminosity function of clusters

The distribution of galaxy luminosities – the galaxy luminosity function – is redshift
dependent, related to the halo mass function (dominated by the CDM hierarchical clus-
tering) and is also dependent on processes which regulate star formation.

The brightness/luminous flux f (with base units W m−2) of a galaxy observed from
Earth is related to its intrinsic luminosity L and the luminosity distance DL by

f =
L

4πD2
L

. (1.3)

For nearby objects, e.g. stars within the Milky Way, the DL is well approximated by
the physical distance to the object. For objects at cosmological distance the curvature of
space, redshift and time dilation must also be taken into account (Hogg, 1999).

By measuring the luminosities of a population of galaxies at a common distance – i.e.
those in a galaxy cluster – correcting for the change in brightness of each galaxy due to
their different distances in order to investigate the distribution of intrinsic luminosities is
not required (e.g. Oemler, 1974).

A common analytic function used to characterise the luminosity function of galaxies
is the Schechter function (Schechter, 1976) based on the halo mass distribution of Press
and Schechter (1974) but including a correction compared to the halo mass distribution
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Figure 1.4: Example luminosity functions. The left panel shows single Schechter function
models [Equation (1.4)] with a fixed characteristic luminosity L∗ = 1 and a range of
slopes α. The right panel shows double Schechter function models [Equation (1.5)], with
a range of L∗f and αf where L∗b = 1 and αb = −1 are fixed.

for faint objects. For galaxies of luminosity L, the single Schechter function is

Φ(L) = φ

(
L

L∗

)α
exp

(
−L
L∗

)
, (1.4)

where L∗ is the characteristic Schechter luminosity of the exponential fall-off for bright
objects, α is the slope for fainter objects, and φ is a normalisation. More recently,
improvements in image depth and galaxy catalogue completeness for fainter objects –
dwarf galaxies – has shown that a second component for fainter magnitudes with an
independent slope and characteristic luminosity is required in some cases. The double
Schechter function is defined as

Φdouble(L) = φ

[(
L

L∗b

)αb

exp

(
−L
L∗b

)
+

(
L∗b
L∗f

)(
L

L∗f

)αf

exp

(
−L
L∗f

)]
, (1.5)

where L∗b and L∗f are characteristic fall-off luminosities for the bright and faint parts of
the function, and αb and αf are the bright and faint slope parameters (e.g. Popesso et al.,
2006). Example luminosity functions with a range of parameters are shown in Figure 1.4.

1.3.2.3 Number counts of field galaxies

The luminosity distribution of field galaxies not obviously associated with clusters or
groups can be studied to reveal information about the evolution of the galaxy population
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Figure 1.5: Galaxy number counts with respect to observed magnitude. These data were
compiled by Metcalfe (2010).

through time. The number density on the sky of galaxies with a particular observed flux
arises from the integration of the luminosity function along the line of sight, including
the f–L dependence Equation (1.3). This count distribution of galaxies of different
brightness is referred to as the galaxy number counts distribution. The form of the number
counts distribution depends on the cosmology, and on the formation and evolution of
galaxies within the cosmic web. The count distribution is variable for different directions
on the sky – a phenomenon known as cosmic variance – as shown in Figure 1.5, and
the variance reduces with increasing survey area. The survey areas of the data shown
here are: 4.7 arcmin2 (Hubble Deep Fields; Metcalfe et al., 2001; Capak et al., 2004);
49 arcmin2 (William Herschel Deep Field; McCracken et al., 2000; Metcalfe et al., 2001);
400 arcmin2 (Chandra Deep Field South; Arnouts et al., 2001); 840 arcmin2 (Calar Alto
Deep Imaging Survey; Huang et al., 2001); 918 arcmin2 (Subaru Deep Field; Kashikawa
et al., 2004); 1122 arcmin2 (VIRMOS 0226-04 deep field; McCracken et al., 2003); and
440 degree2 (SDSS Commissioning data; Yasuda et al., 2001). The scatter in this group
of measurements is ∼ 2×. We use an empirical fit to number counts data in Chapter 4
to quantify the field galaxy distribution within our galaxy cluster observations.

1.3.2.4 Colour–magnitude relation and the red sequence

Elliptical galaxies in galaxy clusters have similar red colours (Butcher and Oemler, 1978a)
which vary with the galaxy brightness. It is customary to measure astronomical objects’
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observed brightness in magnitudes M , where

MX = −2.5 log10

(
fX
f0X

)
, (1.6)

where X denotes the filter band, and f0X is the flux for a reference object which would
be measured using the same filter.2 Historically, the zero point f0X was based on the star
Vega, but more recently magnitudes normalised against a precisely defined spectral flux
density of 3.631× 10−23 W Hz−1 m−2 – AB system magnitudes – have become common
and practical (the AB magnitude system is specified in Oke and Gunn, 1983). The
photometric colour CX−Y is the difference in magnitude measured in two filters X and
Y ,

CX−Y = MX −MY . (1.7)

The colours of elliptical galaxies within clusters become bluer as their magnitudes
increase, and scatter tightly around a line in colour–magnitude space. These galaxies
form a so-called red sequence, which has similar slope and intercept for clusters at ap-
proximately the same redshift (e.g. the Coma and Virgo clusters; Bower et al., 1992).
Example colour–magnitude plots showing the red sequence are given in Figure 1.6. The
observed red sequence shifts in colour space with redshift, due to the red-shifting of the
break feature and due to stellar population evolution. This property can be used to
detect galaxy clusters as over-densities in colour–magnitude space and to estimate their
redshifts (Gladders and Yee, 2000, 2005). The colour–magnitude relation can be detected
when the 400 nm spectral break (4000Å), typical of elliptical galaxy spectra, is bracketed
(e.g. Kauffmann et al., 2003) by X and Y .

Two possible primary reasons for the slope of the relation are posited in the literature:
stellar population age and metallicity. Old stellar populations have predominantly redder
stars with longer lifespans; the blue stars which are initially very bright come to the end of
their lives on short time scales and lead to a redder mean colour for the whole population.
The lifetime for a high mass 25 M� star is ∼ 7× 106 yr, compared to ∼ 1010 yr for a 1 M�
star (Pols et al., 1998). However, Worthey (1994) showed that combined spectrum from
one stellar population is identical by many measures to a population which is twice as
old and has half the amount of heavy elements generated in stars after the primordial
nucleosynthesis. The presence of these heavier elements in stellar atmospheres shifts
energy from high to low frequencies by absorption and emission at lower frequencies.

In Section §1.4.3 we outline processes which strip cool gas from galaxies on short
timescales and quench their star formation, driving blue galaxies onto the red sequence
(i.e. changing them from galaxy types with gas reservoirs to those types without). Blue
galaxies falling into clusters do not have time to virialise into the cluster potential before
they are stripped of the cool gas which fuels star formation and allows the short-lived
population of blue stars to be replenished. This effect is investigated in Chapter 4 and

2The human eye has a logarithmic response to light which leads naturally to a logarithmic scale for
measuring stellar magnitudes.
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Figure 1.6: Red sequences in the REXCESS sample. The dashed lines show the upper
and lower limits of the red sequence. The vertical lines labelled R∗, R∗+2.5 and R∗+5 mark
R magnitudes corresponding to L∗, 0.1L∗ and 0.01L∗ respectively. The star marks the
BCG.

exploited in Chapter 5 to detect pre- and post-merger clumps of galaxies falling into
clusters.

1.3.2.5 The distribution of red and blue galaxies

There are differences in the way that red vs. blue galaxies are arranged in galaxy clusters
and the field. In Chapter 4 these differences are investigated statistically in different types
of clusters, and in Chapter 5 these differences are investigated on a cluster-to-cluster basis.

The observation that there is a higher fraction of elliptical galaxies in regions with a
high density of galaxies than in lower density environments of the field is known as the
morphology–density relation (e.g. van den Bergh, 1960; Oemler, 1974; Dressler, 1980).
This extends all the way to the densest environments – the centres of compact rich
clusters of galaxies or those dominated by cD galaxies, where the red galaxy fraction
fr approaches 1. The Butcher–Oemler effect is related, and describes the change in the
fraction of blue galaxies in the central (highly dense) regions of galaxy clusters from an
appreciable fraction 1

3
– 1

2
at intermediate redshifts z ? 0.3 to approximately zero at z = 0

(Butcher and Oemler, 1978a,b).
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1.4 Galaxies, ICM and dark matter – an interlinked
system

Both the population of galaxies within a cluster and the particles which form the dark
matter halo have long mean free paths within clusters, so they can be treated as colli-
sionless fluids. In these, the major drivers of relaxation are collisionless effects due to
the rapidly changing gravitational potential due to the evolution of the whole system,
rather than individual particle–particle or galaxy–galaxy interactions, discussed in Sec-
tion §1.4.1. The collisionless shocks seen in ICM–ICM interactions of merging clusters
are discussed in Section §1.2.3.2.

The most profound and striking changes to galaxy morphology occur during galaxy–
galaxy interactions, in which galaxies’ morphologies can be altered very rapidly, outbursts
of star formation (starbursts) can occur and galaxies can be completely disrupted. In the
cluster environment, the density of galaxies is higher than in the field, such that close-
encounters between galaxies in clusters are much more frequent. These are discussed in
Section §1.4.2.

Interactions between galaxies and the ICM may be less spectacular, but are continuous
and have a huge impact on the formation of stars within galaxies. Thermodynamic
and chemical feedback from galaxies into the ICM by stellar winds, supernovae, and
astrophysical jets emitted by accreting supermassive black holes which grow in tandem
with the stellar bulges of galaxies, makes the evolution of cluster galaxies and ICM a
complex interlinked problem. Since the density of gas in clusters is higher than in the
Universe in general, the effects of interactions between galaxies and the surrounding gas
unbound to the galaxy are stronger in clusters. These are discussed in Section §1.4.3.

1.4.1 Collisionless interactions – violent relaxation

Lynden-Bell (1967) coined the term violent relaxation for one mode of collapse in which
the gravitational potential due to the whole population of particles acts to redistribute
energies, rather than because of pair-wise collisional interactions. During collapse of an
initially gravitationally bound approximately uniform density sphere of particles with
zero velocity where each particle’s energy is identical to its initial gravitational poten-
tial, requires that gravitational potential energy be converted into kinetic energy. As the
collection of particles collapses and reaches very high densities in the distribution centre,
there exists a rapidly changing anisotropic gravitational potential field with strong gradi-
ents, in which individual particles are accelerated and decelerated, not by individual
particle–particle interactions but by the field as a whole. Some of the particles attain
high energies and end up on trajectories out of the dense central region, leaving a popu-
lation of particles with lower energies in the centre. The timescale for violent relaxation
is approximately equal to the free fall time for the system,

tfree-fall '
(

3π

32Gρ

) 1
2

= 4.7× 109 yr

(
D

1 Mpc

) 3
2
(

M

1014 M�

)− 1
2

, (1.8)
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which is longer than Equation (1.1) but still much shorter than tHubble.
Lynden-Bell’s statistical mechanical treatment was extended over the following dec-

ades using increasingly realistic numerical simulations. Within hierarchical clustering
scenarios in an expanding space-time (discussed in White, 1996), the picture is more
complicated in that the epoch of formation of a mass distribution has an effect on the
final concentration. The seminal paper Navarro et al. (1997) describes a universal density
profile found in simulations of hierarchical cold dark matter halo formation – the NFW
profile – which depends on formation time and total mass. Direct tests of the NFW pro-
file form can be performed using weak gravitational lensing studies. Gravitational lensing
occurs when light passes through a region of curved space-time (due to a nearby massive
object) and is deflected. In the weak lensing regime, images of distant galaxies which
are a short projected distance from a massive galaxy cluster are elongated, introducing
correlations in the observed shear of galaxies which is not seen in field galaxies in general
(reviewed in Hoekstra and Jain, 2008). The pattern can be used to reconstruct the pro-
jected mass distribution, which in turn can be used in statistical tests of mass profiles.
These investigations are ongoing and not yet conclusive. Major advances are expected to
be made when the Large Synoptic Survey Telescope (LSST) start to operate within the
next decade. Baryonic processes also shape the inner parts of cold dark matter haloes,
but these have only recently been included in cosmological simulations (e.g. Vogelsberger
et al., 2014b).

1.4.2 Galaxy–galaxy interactions

1.4.2.1 Harassment

Although the mean free path of galaxies in clusters is long enough that dynamical friction
is inefficient in virialising their infall energy, close encounters between galaxies in cluster
centres are common enough that significant effects due to galaxy–galaxy interactions can
be identified.

Tidal forces between extended objects like galaxies are able to increase their internal
energy and cause morphological change (Richstone, 1976). Farouki and Shapiro (1981)
investigated simulated close encounters of a disk galaxy with the centre of a cD cluster
and found that the outer galaxy disk was seriously disrupted whereas the nuclear bulge
was essentially unperturbed. Using these data, they infer that any extended gas haloes
feeding gas for star formation onto the disk would also be susceptible to disruption.
They also noted that if the galaxy were embedded in a stabilising halo which could also
be tidally disrupted, this may have profound effects on the evolution of the disk.

More complex simulations (e.g. Moore et al., 1996, 1998) showed that the harassment
of small spiral galaxies caused them to undergo a transient phase of rapid star formation,
before transforming into spheroidal types. The key parameter for survival in this type
of environment is the density of the galaxy being disrupted – higher density galaxies are
less affected. Tests of the relative importance of the tidal forces arising from the cluster
potential as a whole and with the dark matter halo plus a population of galaxies showed
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that morphological change was substantially more marked in the case with the galaxy
population.

1.4.2.2 Dynamical friction and cannibalism

Within a population of particles interacting gravitationally, the particle–particle inter-
actions lead to the equipartitioning of energy (equal energy per particle) by a process
called dynamical friction, described by Chandrasekhar (1943b,a,c). This was proposed
as a possible process by which bright satellites of cD galaxies could be slowed to speeds
below the velocity dispersion of the satellite, and then accreted into the cD (Ostriker and
Hausman, 1977), a process known as cannibalism. However, the equipartitioning of en-
ergy would lead to higher velocity dispersions for lower mass galaxies which are not seen
in reality. Dubinski (1998) showed using simulations that dynamical friction has a minor
effect over the whole lifetime of a cluster, and that exceptionally large bright galaxies can
form naturally during the early stages of cluster evolution through the merger of several
massive progenitors.

1.4.2.3 Tidal disruption and starbursts

The tidal effects unleashed by close encounters between galaxies can lead to signific-
ant morphological and stellar population changes. Mergers involving spiral galaxies are
thought to drive outbursts of star formation – starbursts – at low redshift (e.g. Duc et al.,
1997, and references therein), by driving gas towards the disc centre where it can fuel star
formation Barnes and Hernquist (1998). The galaxy–ICM interactions discussed in Sec-
tion §1.4.3 make this type of interaction increasingly rare towards the centres of clusters
because of the reduction in the available gas. Tidal disruption due to other galaxies (e.g.
Merritt, 1983) or due to the cluster potential (e.g. Byrd and Valtonen, 1990; Valluri, 1993)
can lead to stars being stripped from a galaxy without disrupting it completely, providing
a source for the ICL. Tidal interactions are also required for the dynamical modifications
required for conversions from spiral to lenticular galaxy types and may occur in large
scale structures like filaments, before galaxies are accreted into clusters (Cortese et al.,
2007).

1.4.3 Galaxy–ICM interactions

Modes of gas accretion and cooling in clusters are outlined in Section §1.2.3. These cooling
processes provide fuel for the active galactic nuclei described in Section §1.4.3.2. The same
processes occur on the scale of individual galaxies which are moving through the ICM,
each embedded in its own CDM sub-halo of the cluster (at least until the halo dissolves),
but proceed differently due to the different mass scale and cooling times involved. The
interaction of the ICM with the gas haloes of individual galaxies makes clusters rather
hostile to the retention of individual gas haloes. Whenever galaxy gas haloes are stripped
by pressure from the ICM (ram pressure stripping) or have low cooling rates because their
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entropy is too high (strangulation), star formation cannot proceed and blue galaxy types
become red (Larson et al., 1980). We investigate the consequential increased fraction of
red galaxies towards the centres of massive clusters in Chapter 4.

Material also moves in the other direction. Supernovae and stars inside and outside of
galaxies inject material into the interstellar medium (ISM) and potentially the ICM (e.g.
Veilleux et al., 2005). These stellar winds are thermodynamically much less important
than AGN feedback (Benson et al., 2003; Bower et al., 2006), but they are important in
producing the heavy elements which are seen in galaxy cluster spectra (Sarazin, 1986).

In the following sections, we outline the major physical interactions between galaxies
and the ICM.

1.4.3.1 Ram pressure stripping

As a galaxy moves through a cluster, the ram pressure due to the relative ICM–galaxy gas
halo velocity serves to strip weakly bound gas from the galaxy. In the initial formulation
proposed by Gunn and Gott (1972) the galaxy was modelled as a face-on disk moving
through a uniform ICM. The ram pressure in this case is Pram = ρICMv

2
orbital where

ρICM is the ICM density and vorbital is the velocity of the disc with respect to the ICM.
The restoring force per unit area is Prestoring = 2πGS∗Sgas where Sgas and S∗ are the
gas and stellar surface densities in the disk respectively. Gas stripping will occur if
Pram > Prestoring. The orbital velocity of objects within clusters is dependent on the
cluster mass M by v2

orbital ∝ M , so ram pressure stripping is expected to be more rapid
in the most massive clusters.

The stripping of gas from spheroidal configurations is different in that more distant
gas from the centre is more weakly bound and ablated first (e.g. Gisler, 1976; Sarazin,
1979; McCarthy et al., 2008). McCarthy et al. (2008) investigated a suite of simulations
of ram pressure stripping with spheroidal haloes in galaxy clusters and massive groups.
The simulations showed that for realistic orbits and gas cloud parameters, ∼ 30 % of the
original gas halo of a galaxy may remain after ∼ 1010 yr, rather than the stripping process
being complete and instantaneous as is typically assumed (e.g. Cole et al., 1994). They
found that a modified ram pressure stripping criterion with a single tuneable parameter
gave a good description of the data. Their criterion was Pram (t) > α

GMgal(<r)ρgas(r)

r
, where

α is a tuneable constant parameter of order 1, r is the distance from the galaxy centre,
the gas density distribution is ρgas, the total enclosed galaxy mass within radius r is
Mgal (< r), and Pram is dependent on the time t allowing for evolution of the galaxy and
cluster gas distribution and for the orbit of the galaxy within the cluster. Only a small
fraction of cases with extreme parameters were not well described by the criterion, such as
cases where a galaxy has mass 10 % the mass of the cluster and an extremely non-radial
orbit.
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1.4.3.2 Feedback from active galactic nuclei

Clusters have sufficient X-ray luminosity to allow (10 – 1000) M� yr−1 of gas to cool. This
cool gas is largely unseen (discussed in Section §1.2.3.3). Galaxies appear to evolve in
tandem with supermassive black holes (SMBH) at their centres, which have masses in the
range ∼ 1

1000
× of the mass of the galaxy central bulge (e.g. Häring and Rix, 2004). These

SMBH – operating in the kinetic/radio jet mode – are associated with astrophysical jets
which can reach ∼ Mpc scales and convert up to ∼ 10 % of the mass-energy of accreted
matter into kinetic energy (Allen et al., 2006), approaching theoretical limits on mass-
to-energy conversion efficiency (reviewed in Begelman et al., 1984; Fabian, 2012). These
extremely luminous sources at the centres of galaxies are known as active galactic nuclei
(AGN). A second mode of energy release from AGN – the radiative/quasar mode – is
thought to be important at z ∼ 2 – 3 when galaxies were gas rich, but is less important
at the lower redshifts we consider.

If SMBH accrete even a small fraction of the inflowing gas< 1 %, their high mass-to-
energy conversion efficiency means that jet power is sufficient to balance the X-ray cooling.
The expected sufficiency of AGN feedback is borne out by observations (Böhringer et al.,
2002). Since the accretion onto the SMBH is due to gas being accreted from the halo
(which is also being heated), this coupling causes a feedback loop which regulates the
gas flow, leading to a balance between the AGN heating and radiative cooling (reviewed
in Peterson and Fabian, 2006; McNamara and Nulsen, 2007; Cattaneo et al., 2009). In
addition to their thermodynamic influence, AGN jets are able to displace matter from
the centres of clusters to their edges, including gas enriched with heavy elements (Fabjan
et al., 2010; Barai et al., 2011).

Bower et al. (2006) used galaxy formation and evolution simulations to test a scenario
in which gas cooling into a galaxy is accreted onto the central SMBH (as proposed by
Granato et al., 2004; Croton et al., 2006). The energy emitted from AGN back into
galaxy gas haloes keeps the gas entropy high, counteracting cooling, and restricting the
replenishment of cool gas for star formation. They found that this naturally causes the
break in the galaxy luminosity function shown in Figure 1.4 and provides an explanation
for the observed reduction in star formation in massive galaxies after z = 1 (Cowie et al.,
1996; Juneau et al., 2005).

1.5 Mergers, smooth accretion and substructure

A galaxy cluster has substructure in the context of this work if it contains two or more
identifiable clumps of galaxies and/or gas. The specification of ‘identifiable’ is not trivial,
and is explored in Chapter 5. All galaxy clusters contain several galaxies, which are (sub-
)structures in their own right, but the definition we use is trying to address the existence
of formerly independent galaxy groups or galaxy clusters which may be bound to – but
not yet assimilated into – the larger structure. We define the term clump to denote a
group of galaxies, possibly with associated gas, regardless of its mass. This encompasses
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infalling and merging galaxy groups and clusters, both before and after they lose their
gas haloes.

Galaxy clusters observed at low redshift continue to accrete matter, by smooth ac-
cretion from their surroundings or along filaments, or during violent mergers where they
consume another galaxy group or cluster. Infalling galaxies, groups and clusters are as-
sociated with dark matter and gas haloes, and the different ways the gas and galaxies
interact with the dark matter, ICM and galaxy distribution of the main cluster lead to
complementary observational signals, which are different before and after the merger.

This dissertation is a study of the evidence of this accretion/interaction scenario. In
Chapter 4, we show evidence that gas is stripped very rapidly from galaxies on infall
trajectories into cluster and that regions with the highest gas densities have either very
sparse or entirely absent blue populations. In Chapter 5, we extend this analysis into 2D
and demonstrate that there is little resemblance between the distribution of red vs. blue
galaxies within clusters, but that independent clumps rich in blue galaxies and sometimes
with measurable gas can be seen outside r500. A merger/accretion scenario, coupled with
galaxy–ICM interactions which tend to turn blue galaxies red, gives a simple, elegant
framework within which these observations make sense.

1.5.1 Identification of pre-, current- and post-merger states, and
smooth accretion

There is good evidence from observations of the Bullet cluster that the gas component
of infalling clusters is stripped from its dark matter halo very rapidly, whereas the two
progenitor total mass distributions determined using gravitational lensing, which are also
traced by the galaxy distributions, retain their identities for longer (e.g. Clowe et al.,
2006). If we assume that all infalling clumps – not just very massive infalling clusters
– retain their spatial identities for longer than their associated gas, we may be able to
classify clusters as pre-, current- and post-mergers. It may also be possible to identify
regions of enhanced smooth accretion, since these are associated with galaxies not yet
stripped of their gas haloes and without a spherically symmetric clump structure. This
is our fundamental hypothesis of merger state identification.

If it can be determined if a clump is still associated with a gas cloud, this may be taken
as evidence that is has not yet begun to merge. In Chapter 5 we use X-ray observations
to try to detect these un-merged gas haloes. In low mass infalling clusters, the virial
temperature of the gas may be too low to detect using our observations, however it may
still be possible to show that a merging clump contains a significant population of galaxies
still forming stars. As discussed in Section §1.4.3, the cool gas which fuels star formation
is ablated by ram pressure stripping within clusters, so a high blue galaxy fraction is
suggestive of a pre-merger.

Current- and post-merger states are characterised by shocks, disrupted gas distribu-
tions and potentially starbursts. A fraction of clusters show evidence of shock regions
(discussed in Section §1.2.3.2) due to the interaction of the gas in an infalling clump
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interacting with the ICM of the primary cluster. These may be more common than ob-
served but not be visible because of low luminosity or unfavourable orientation. Clusters
with asymmetrical gas distributions are more common. As gas relaxes to follow the
CDM dominated potential over time (see Section §1.2) this asymmetry reduces. A very
disrupted ICM distribution may be taken as evidence of a current merger because the
ICM relaxes on relatively short timescales. Additional evidence for this may be available
from the ellipticity of the gas distribution – since the gas distribution traces the CDM
dominated potential, it may show up a the elliptical shape which would be expected after
the injection of momentum along a merger axis.

Collisionless galaxies have longer relaxation times than the collisional ICM (discussed
in Section §1.4.1), and therefore identification of cases where the galaxy distribution has
an asymmetrical/clumpy appearance whilst the ICM distribution is more relaxed and
regular may be taken as evidence of a relatively recent merger. During the galaxy–galaxy
interactions which also occur in mergers, tidal forces may cause rapid star formation
(starbursts) in cluster galaxies if they already have cool gas haloes which are sufficiently
tightly bound not to be stripped away by the ICM (discussed in Section §1.4.2.3; observed
by Poggianti et al., 2009; Ma et al., 2010). This type of interaction is expected to be rare
at low redshifts because of the rarity of cold gas clouds.

Galaxies undergoing smooth accretion along filaments may retain their gas haloes and
increased star formation rates for much longer than those within the ICM. A series of blue
galaxies without an obvious clump structure may be observed in this mode of accretion
(e.g. Fadda et al., 2008).
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Chapter 2

REXCESS: optical and X-ray galaxy
cluster observations

It is a capital mistake to theorize
before one has data. Insensibly one
begins to twist facts to suit theories,
instead of theories to suit facts.

Arthur Conan Doyle, The Adventures
of Sherlock Holmes, 1892

It became clear that systematic surveys of galaxy clusters at a range of z would be required
to fulfil their potential for studies of astrophysics and cosmology, and so a concerted effort
was made to set up X-ray observing programmes using the X-ray telescopes XMM-Newton
and Chandra, which both launched in 1999.

The ROSAT All-Sky Survey (RASS) was used to produce the Northern ROSAT All-
Sky (NORAS; Böhringer et al., 2000) and ROSAT -ESO Flux-Limited X-ray (REFLEX;
Böhringer et al., 2001a) galaxy cluster surveys. Several subsamples from NORAS and
REFLEX were selected and followed up using XMM-Newton and Chandra: the Highest
X-ray Flux Galaxy Cluster Sample (HIFLUGCS; Reiprich and Böhringer, 2002), a survey
of 63 of the brightest clusters at z . 0.1 (with a few extremely luminous exceptions up
to z = 0.2010); the Representative XMM-Newton Cluster Structure Survey (REXCESS;
Böhringer et al., 2007), a survey of 33 clusters in the range 0.055 < z < 0.183 which
is the subject of this dissertation; and the ROSAT -ESO Flux-Limited Distant X-ray
Luminous survey (REFLEX–DXL; Zhang et al., 2006), a sample of clusters in the range
0.27 < z < 0.31. These were to be complementary to further analysis of surveys based on
the systematic analysis of the archive of ROSAT pointed observations: the 160 degree2

ROSAT Survey (Vikhlinin et al., 1998a,b) in the range 0.015 < z . 0.8 and the ROSAT
Deep Cluster Survey (RDCS; Rosati et al., 1998) in the range 0.05 < z < 0.8.

One key issue when using X-ray observations to investigate cosmology, is that the
most accessible observable – X-ray luminosity LX – has a large scatter with respect to
the cluster massM which is the quantity of real interest. In addition, the scaling relation
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which links M and LX is complicated by the structure and history of each cluster –
whether it has undergone a recent merger, or has a cool core. A good calibration of the
relationship between these two parameters, in a way which was unbiased with respect to
the appearance of clusters, would allow better cosmological constraints to be calculated
using surveys where the observations were not deep or detailed enough to measure and
correct for effects due the structure of individual clusters.

The REXCESS survey was designed to be agnostic to structure during the selection
process, and therefore be a representative sample which could be used to calibrate scaling
relations. The survey methodology is described in detail in Böhringer et al. (2007). It
was also designed with the properties of XMM-Newton in mind so in Section §2.1 we
outline the telescope properties before describing the survey itself. A description of the
optical follow-up dataset collection and reduction is described in Section §2.2. The galaxy
catalogue creation is described in Section §2.3, and the calibration of the catalogues is
described in Section §2.4.

2.1 REXCESS and XMM-Newton

2.1.1 XMM-Newton

The European Space Agency’s X-ray Multi-Mirror Mission, known as XMM-Newton, is an
X-ray telescope orbiting the Earth at geocentric radii r⊕ between (7× 106 – 1.14× 108) m
with an orbital period of ∼ 48 h (Jansen et al., 2001).

It carries three Wolter telescopes, each consisting of 58 nested mirrors, which focus
X-ray photons onto imaging and spectroscopic detectors by reflecting them at glancing
angles. We use data from the three European Photon Imaging Camera (EPIC) detectors:
two metal oxide semiconductor charge-coupled-device (CCD) arrays MOS1 and MOS2,
and the pn–junction based detector PN. Each of these is served by one of the telescopes.
Two Reflection Grating Spectrometers (RGS) share telescopes with MOS1 and MOS2,
and ∼ 50 % of the light entering the telescope is directed away from the MOS to the RGS
detectors (den Herder et al., 2001).

The field of view (FOV) is ∼ 30′ across. The pattern into which light from a point
source like an AGN or star is focussed is called the point spread function (PSF). For
photons with energies (1.5 – 9) keV, this has full width at half maximum FWHM ∼ (5 – 6)′′

at the image centre on the optical axis, but this size increases substantially towards the
edge of the FOV.

The MOS and PN detectors detect the energies of individual photons by making a
series of short integrations, reading out the array each integration and locating groups of
pixels where an X-ray photon has deposited charge. The pattern of energy deposition is
measured and can be used to discriminate partly between photons and spurious detections
from non-X-ray sources.

Photons with energies (0.15 – 15) keV can be detected with an energy resolution of
E
δE
∼ 20 – 50 [FWHM ∼ (20 – 200) eV]. At these energies, the MOS detectors have
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quantum efficiency above 0.1, and PN above 0.6 (Strüder et al., 2001; Turner et al.,
2001). The EPIC cameras’ energy range means they are well suited to observations of
massive galaxy clusters with ICM temperatures kBTICM > 2 keV. As each photon is
recorded independently, measurements of the rate of photon incidence over time, images
in different bands as well as spectra of moderate resolution can be drawn from the same
observations.

There is a finite chance that two or more photons will deposit their energy in the same
region during one short exposure – pile-up, and this can be detected by measuring the
rate of different detection patterns, since these are distributed differently when piled-up
compared with under ordinary conditions. This effect is important for bright sources
with high count rates, but less important for distant galaxy clusters. Pile-up is also
dependent on the spectrum of photon energies and position in the FOV because both of
these parameters affect the PSF.

2.1.2 XMM-Newton backgrounds

XMM-Newton observations are affected by several background sources, which vary with
time and telescope pointing. X-ray backgrounds include thermal sources (e.g. hot gas),
unresolved cosmological point sources like AGN, Solar wind charge exchange and spurious
reflections from outside the field of view. Particles can also interact with XMM-Newton’s
detectors. The main source is soft protons from Solar flares, but X-ray fluorescence of
the telescope structure due to cosmic ray impacts is also significant.

The particle and fluorescent backgrounds are not focussed by the telescopes. However,
they do interact with the structure of the spacecraft, which means that their distribution is
not uniform across the exposed field of view. A model of the distribution of the detections
from these particles can be found by making observations with the detector obscured by a
filter which blocks essentially all the X-rays. The EPIC detectors are designed such that
there is a shielded region which is never exposed to the X-rays focussed by the telescopes.
It is possible to make a reasonably estimate of the particle background distribution by
scaling the filter-wheel closed observations using the detection rates measured in the
unexposed regions during science observations.

Observation periods with very high soft proton background rates must be discarded.
These periods can usually be detected by analysing the change of the total count rate
with time (light-curve) for the whole observation duration, looking for periods where the
count is spuriously high. In cases where the soft proton background is very high for most
or all of the duration of an observation, the whole observation must be repeated.

2.1.3 Survey and observation parameters

The light collecting power, sensitivity, spectral resolution and FOV of the EPIC detectors
can be used to define a set of constraints on the properties of a systematic galaxy cluster
survey. For good characterisation of the dark matter, the FOV needed to cover the
region within r500. Simulations had shown that the ICM would be detectable within this
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radius, and that observations would allow good characterisation of the cluster dark matter
(Evrard et al., 1996). In addition, the FOV must include a region outside of r500, which is
needed to allow good background characterisation. This had to be balanced with ensuring
a reasonable X-ray flux within an attainable observation time, since several thousand X-
ray photons from a galaxy cluster are required for reasonable signal-to-noise ratios and
good determination of ICM temperature and density profiles.

The final selection of the 33 galaxy clusters in REXCESS is described in Böhringer
et al. (2007). Most of the clusters have angular radii on the sky in the range 7′ < r500

DA
< 9′

where DA is the angular diameter distance, but the nearest, lowest luminosity clusters
have 10′ < r500

DA
< 12′. For a typical cluster with angular radius r500

DA
= 7′, the PSF

FWHM ∼ 6′′ corresponds to features of scale ∼ 0.014 r500. The total photon count rates
from the target clusters in the (0.5 – 2) keV band are between (0.198 – 0.57) s−1 in the
ROSAT Position Sensitive Proportional Counter (PSPC) observations, and about an
order of magnitude higher when observations from the three XMM-Newton detectors are
combined. After cleaning the data for intervals where the background level is raised, the
mean exposure times were (1.4± 0.7)× 104 s for the PN sensors and (2.1± 0.9)× 104 s
for the MOS detectors. The clusters were selected to have estimated TICMkB > 2 keV,
excluding galaxy groups.

In Chapter 4 we compare the radial ICM density profiles with galaxy count density
profiles, and use the results to infer the relative importance of different processes which
go on during the interactions between gas and galaxies. The gas density cannot be
measured directly, and must be inferred from X-ray surface brightness profiles which are
dependent on the projected gas densities along each line of sight, on the temperature,
and on the PSF of the telescope. Croston et al. (2008) de-projected and de-convolved the
surface brightness profiles using information about the XMM-Newton PSF to produce
high resolution gas density profiles for each cluster.

As part of the analysis described in Chapter 5 we use 2D surface brightness maps
of X-ray emission to detect any substantial gas reserves remaining between the galaxies
in infalling clumps of galaxies near clusters. We use maps of X-ray emission in the
(0.5 – 2) keV band,chosen because it maximises the signal to noise for ICM observations.
These maps are shown in Appendix A.

2.2 Observations using the MPG/ESO 2.2m telescope
Wide Field Imager

Optical observations of the REXCESS galaxy clusters were made using the Max Planck
Gesellschaft/European Southern Observatory 2.2 m telescope’s Wide Field Imager
(WFI@2.2 m) at La Silla, high in the Atacama desert in Chile. WFI@2.2 m is well suited
for XMM-Newton follow-up due to its comparable field of view. In this section we outline
the telescope and instrument system (using information found in the WFI manual; La
Scilla SciOps, 2005).
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Figure 2.1: WFI@2.2 m bandpasses for the standard UBVRI filter set. t is the nominal
transmittance. The vertical lines bound the range of observed wavelengths of the 400 nm
spectral break characteristic of elliptical galaxies discussed in Section §1.3.2.4, given the
range of z in the REXCESS sample.

2.2.1 Telescope and instrument parameters

The MPG/ESO 2.2 m telescope is of Ritchey–Chrétien–Cassegrain design and has an
equatorial fork mount. The main mirror has a 2.200 m diameter free aperture and the sec-
ondary mirror has a diameter of 0.844 m. It has a focal ratio of f/8.0. The vignetting-free
field of view has an angular diameter 33′. It is located at 70◦44′12.0′′W,−29◦15′28.2′′ S,
2335 m above sea level.

The WFI@2.2 m is mounted at the Cassegrain focus and has a f/5.90 focal redu-
cer converting the intrinsic plate scale of 0.002 34 ′′ µm−1 to 0.015 87 ′′ µm−1. It has a
34′ × 33′ field of view filled with a 4× 2 mosaic of 2 kpixel× 4 kpixel CCDs with a nom-
inal scale of 0.238 ′′ pixel−1. Its quantum efficiency is > 40 % at wavelengths λ in the
range (350 – 850) nm, and has maximum throughput of 67.5 % at 501 nm. It is fitted with
a range of 46 broad-, medium- and narrow-band filters, including an (approximately)
standard UBVRI broad-band set which we use. The R filter is slightly wider than in
standard sets, and is labelled Rc. The bandpasses are shown in Figure 2.1.

2.2.2 Observation parameters

Light collected by the telescope from target objects is accompanied by light from astro-
nomical foreground and background sources, light scattered by the Earth’s atmosphere,
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and thermal/electronic noise due to the detector.1 Exposure lengths must be planned to
take these other sources of light and scattering effects into account, and be long enough to
capture a sufficient number of photons from the faintest sources of interest to determine
their brightness, colour and location.

The dimming of astronomical light by scattering in the atmosphere is known as ex-
tinction. The shortest path to the edge of the atmosphere is towards the zenith, so
observations are planned such that objects are observed at their highest point in the
sky. For small angles measured away from the zenith θz, the airmass is given by
ZM = sec θz, and absorption in magnitudes is given by ZMeM . eM is band and at-
mosphere dependent; for WFI@2.2 m, typical values under excellent observing conditions
are eRc = (0.07± 0.01) mag, eV = (0.11± 0.01) mag and eB = (0.22± 0.02) mag (ESO,
2003), but these vary and are monitored using nightly calibration. Observations were
typically restricted to ZM < 1.5, corresponding to θz < 48.25◦. The scattered light is also
seen as a diffuse background, the brightness of which varies slowly over the sky.

Bad pixels and chip gaps between the 8 CCDs in WFI@2.2 m can be compensated
for by taking several dithered exposures in directions slightly offset from the target field
centre. The gaps and bad pixels overlay different points on the sky in each frame, and
only data from good pixels is stacked to produce a final image. In addition, using stacked
short exposures rather than fewer long exposures increases the brightness threshold at
which objects saturate, increasing the image dynamic range.

Taking all of these issues into account, observation times for each band can be planned
in order to reach a specified signal-to-noise ratio for a galaxy of the lowest required bright-
ness. The target objects in the REXCESS sample are galaxies in galaxy clusters, which
are typically red with colours CB−V ∼ 0.6 and CB−Rc & 1.2 (shown in Section §4.3.5).
Along with the increased atmospheric scattering and higher background levels in the blue
band, this means that substantially longer exposures need to be made to measure the
magnitude of faint objects in the B band than in Rc.

For REXCESS, observations of total duration 0.5 h were used for the Rc and V bands,
and 0.75 h for the B band. Individual exposure times were ∼ 200 s in the Rc and V
bands, and ∼ 300 s in the B band. The magnitude limits reached in these observations
are discussed in detail in Section §4.3.3.1.

2.2.3 Image point spread function

Focussing optics like telescopes and eyes work by collecting light at different points in an
aperture, and then compensating for the phase shifts introduced by different path lengths
from the aperture to the focal plane in order to focus the light. Light from different points
in the aperture interferes, and the resulting PSF diffraction pattern is called an Airy disc.
For telescopes with circular apertures, the first minimum of the diffraction pattern falls

1Thermal noise is minimised by housing the CCDs in a Dewar maintained at 167 K. The electronics
were designed with minimisation of noise in mind.
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at an angle (in radians) of

θ =
1.22λ

D
, (2.1)

from the centre of the pattern, where D is the telescope aperture and λ is the wavelength.
Examples of the PSF for Cassegrain telescopes with central obstructions due to the
secondary mirror are shown in panel iii.) of Figure 2.2a and Figure 2.2c.

Light passing through the turbulent boundaries between layers of atmosphere at dif-
ferent temperatures is imprinted with additional phase shifts, as shown in panel ii.) of
Figures 2.2b and 2.2d. These lead to a breakup of the Airy disc, as shown in panel iii.) of
Figures 2.2b and 2.2d. During long exposures, the phase screen changes as the turbulent
air moves and mixes, which causes smearing out of the PSF as shown in panel iv.) of
Figures 2.2b and 2.2d. The final PSF is often modelled as a 2D Gaussian, the FWHM
of which is given the name atmospheric seeing. The final PSF in cases where the seeing
is larger than the intrinsic Airy disc PSF of the telescope is largely independent of the
telescope size. Stars (apart from the Sun) with the largest apparent angular sizes have
diameters < 0.1′′ (e.g. Young et al., 2000), well below the resolution of WFI@2.2 m. Stars
are therefore ideal unresolved point sources for the measurement of the PSF.

During observations it is necessary to monitor the seeing, since atmospheric condi-
tions may change and planned observations may not be possible. Often, observatories
operate a differential image motion monitor (DIMM) – a relatively small telescope (e.g.
D = 0.35 m; Sarazin and Roddier, 1990) with an obscured aperture that only allows
light through two circular gaps in the obscuring material. The rate at which the two
images produced within the telescope move in relation to each other is dependent on the
atmospheric seeing. If the DIMM is mounted separately to the science telescope, effects
due to the surroundings, dome and optical tube assembly of the science telescope are
not represented in the DIMM measurements. A large change in the difference between
measurements from the DIMM compared with the science image may point to a problem
with the science telescope.

2.2.4 Calibration and artefact correction

Before the final science images can be produced by stacking individual exposures together,
corrections must be made for artefacts (spurious measurements), sensitivity variations
and systematic biases in the individual exposures.

CCDs usually produce biased values offset from 0 even when not exposed. In addition,
thermal noise in the sensor – dark current – leads to image values proportional to the
exposure time. Dark current plus bias can be measured on individual frames using the
overscan regions at the edge of a CCD chip, which are not exposed to light, and on dark
exposures carried out for instrument calibration. Faulty pixels are noted as part of these
measurements. The first step in processing raw images is to subtract the dark and bias
values, and to mask bad pixels.

Spatial variations in the sensitivity of the sensor, in the transmissivity of light through
the telescope and filters from different directions on the sky leads to variations in the
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(a) Point spread function simulation for a space-based D = 2.2 m telescope (no atmospheric effects).

−20−10 0 10 20

x′/m

−20

−10

0

10

20

y
′ /

m

i.)

−1 0 1

x/m

−1

0

1

y
/
m

ii.)

−0.2 0.0 0.2

θx/arcsec

−0.2

0.0

0.2

θ y
/
a
rc

se
c

iii.)

−0.2 0.0 0.2

θx/arcsec

−0.2

0.0

0.2

θ y
/
a
rc

se
c

iv.)

(b) Point spread function for a ground based D = 2.2 m telescope.
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(c) Point spread function simulation for a space based D = 0.8 m telescope (no atmospheric effects).
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(d) Point spread function simulation for a ground basedD = 0.8 m telescope (turbulence as in Figure 2.2b).

Figure 2.2: Simulated point spread functions for short and long exposures with different
telescope sizes and atmospheric conditions. In each case i.) shows the turbulent phase
screen with a Kolmogorov power spectrum and a mark showing the aperture size; ii.) is
a detail of the phase shifts 0 – 2π across the aperture; iii.) and iv.) show the snapshot
PSF and long exposure PSF respectively – dark is high light intensity, and the contour
is at 1

2
× the maximum value.
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measured brightness of sources with the same intrinsic brightness. Sensitivity of the
telescope–sensor system is calibrated with observations of flat fields which are meant to
provide uniform illumination. Ideally, the flat fields are as far away as possible from the
telescope, so that any focus-dependent effects are minimised. Several uniform sources may
be used including observations of the sky background with stars removed, observations
of the twilight sky or observations of a screen within the telescope dome. Science images
are corrected for all the sensitivity variations by dividing them by the flat field.

Satellite trails are straight bright lines across the image field which are sufficiently
rare and noticeable that they can be reliably masked by hand. Cosmic ray strikes must
be masked automatically because they occur very frequently. Direct detection of these in
individual exposures is outlined in Section §2.3.2. Cosmic ray strikes can also be handled
by taking the median rather than the mean when stacking images.

Image registration – specifying the direction and orientation of a frame with respect to
a coordinate system with sub-pixel accuracy – is performed by comparing star positions
with a precisely calibrated astrometric catalogue.

Some artefacts are more difficult to correct. Our place within a galaxy means that
thousands of stars are found in each WFI@2.2 m image. These can produce image arte-
facts which are difficult or impossible to correct for once the exposures have been made.

Reflections from within the telescope may be visible. Light from bright stars is reflec-
ted from the sensor back into the telescope, where it is reflected back onto the sensor. For
very bright stars, several ghost images which can be substantially offset from the centre
of the star may be detected. The reflection positions are dependent on the attitude of
the telescope with respect to the star, so they shift in individual dithered frames, causing
smearing of the reflections in the final images. Examples are shown in Figure 2.3a. The
telescope aperture and the structures within the optical path (such as the spider which
holds the secondary mirror) imprint additional diffraction patterns in the PSF of bright
stars, as shown in Figure 2.3b and Figure 2.3a.

Bright stars can also cause blooming, where the CCD well depth is too small to
contain all the electrons liberated by absorbed photons, and the electrons spill out along
the read-out column in the sensor. Examples are shown in Figure 2.3c.

Where observations are made with the sensor in a fixed orientation with respect to
the right ascension axis, blooming columns and diffraction spikes always have the same
orientation in the final image, so it is possible that no unaffected data is available for
these regions, which may have to be discarded. Blooming effects do not spill over onto
adjacent CCDs in the mosaic, so ensuring that a star is dithered onto several chips can
ameliorate this problem.

We mask out regions where reflections, blooming and diffraction spikes cause spurious
object detections. In principle, it should be possible to detect and model regions affected
by diffraction spikes and reflections, with a view to subtracting the model and recovering
the underlying data, but we found this to be rather tricky because of the variation in
appearance of the image artefacts.
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(a) Left: primary and secondary reflections in the shape of the telescope aperture around a bright star.
(A saturated region with blooming is also shown). Right: tertiary reflection due to the bright star just
outside an observation field. Diffraction spikes are seen emanating from the of the PSF centres.
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(b) Simulation of observations using telescope with 4 spider arms of width 5 cm holding the secondary
mirror and causing a + shaped diffraction pattern in the short and long exposure PSFs. The telescope is
otherwise identical to the 2.2 m telescope in Figure 2.2b. The panels are as described in Figure 2.2, but
note that the PSF panel axes iii.) and iv.) scales are much larger in this case.
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(c) Raw WFI@2.2 m observations with uncorrected blooming spikes and reflections from the REFLEX2
galaxy cluster sample (Böhringer et al., 2013). Left: * 48 Lib in the field of galaxy cluster RXC J1558.3–
1410. Right: HD 110662 in the field of galaxy cluster RXC J1244.6–1159.

Figure 2.3: Examples of image artefacts which may be difficult or impossible to correct
during image reduction.
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2.2.5 Stacked images

The dithered observation frames need to be processed into single images where the gaps
between the chips, any bad pixels, satellite tracks, cosmic ray strikes etc. are removed.
Once the bias and dark components have been subtracted, the images have been corrected
for sensitivity variations by dividing by a flat field, and spurious signals have been masked,
the registered individual frames can be stacked to produce a single image for each band.

Seeing conditions vary between observations, but for accurate colour measurements
the PSFs of images in different bands must be the same. In the case that the PSF is
modelled by a Gaussian, this can be achieved by convolving the stacked images taken
under better seeing with a second 2D Gaussian. For a standard deviation σ0 = FWHM

2
√

2 log 2

in the observed image, and a target standard deviation σt > σ0, the convolving Gaussian
standard deviation σ1 is given by σ1 =

√
σ2
t − σ2

0.
We use a subset of 14 clusters from REXCESS survey which had reduced follow-up

observations in the Rc, V and B bands. The U and I data available for some of the
clusters in the subsample were found to be of inhomogeneous quality, and were not used.
Colour images for all the clusters in the subsample are shown in Appendix A.

2.3 Object detection and catalogue generation

2.3.1 Detection of objects in optical images

Once the images have been reduced and normalised to have a common PSF, galaxies
and stars can be detected. We detect stars and galaxies using sextractor (Bertin and
Arnouts, 1996), which works by locating contiguous groups of pixels, each with values a
certain threshold above a specified background level, and then analysing the properties
of those pixels once the background level has been subtracted.

The background is estimated by finding the mean Ibg and standard deviation σIbg
of

pixel values Ii in a small region; removing pixels with values −3 <
I−Ibg

σIbg

< +3 and then
recomputing Ibg and σIbg

until these parameters stabilise. If σIbg
does not change by

more than 20 % from the first to last iterations, the final Ibg is used. If σIbg
does change

by more than 20 %, Ibg = 2.5 median I − 1.5I for the pixels selected in the final iteration
step.

Contiguous groups of at least npix pixels with I > Ibg + 1.5σIbg
are treated as objects.

Throughout this study, we use npix = 5 for WFI@2.2 m observations. The sextractor
parameters we used are listed in Appendix B.

2.3.2 Object analysis and classification

The elongation, orientation, ellipticity, FWHM etc. of a group of pixels can be character-
ised using image moments which are outlined in Section §5.3.3.1. This shape measurement
can be used to define an ellipse enclosing a group of pixels O, not all of which need to be
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above the background threshold. It is these elliptical regions we consider when making
catalogues of object brightness. Throughout this study we use fluxes within an elliptical
boundary specified by the sextractor auto_mag measurement. For details, see Bertin
(2010).

The simplest measurement of the total flux from an object is given by fI =
∑

O
I−Ibg

texposure

where texposure is the exposure time. This can be converted into an instrumental magnitude
Mraw = −2.5 log10 fI .

The use of locally calculated Ibg and σIbg
means that the object detection algorithms

can be run on images with uncorrected variations in sensitivity and Ibg, or where bias
and dark frames have not yet been subtracted. This includes raw images straight from
WFI@2.2 m. We found this to be useful for almost real time monitoring of the seeing
PSF from science images during observations, where analysis speed is more important
than having accurate magnitude measurements.

2.3.3 Star-galaxy separation

Plotting the FWHM vs. magnitude of the of objects in astronomical images produces
a characteristic diagram which can be used to classify each of the objects as point-like
(star), extended (galaxy or nebula) or as a spurious detection or cosmic ray. An example
FWHM–magnitude diagram for objects detected in a raw exposure from WFI@2.2 m is
shown in Figure 2.4.

Unresolved sources scatter around the PSF FWHM in the FWHM–magnitude dia-
gram, which turns over at the point where they begin to saturate the detector. This
overdensity in FWHM space allows them to be detected automatically. Taking the mean
FWHM of all of these gives a much better constraint on the PSF than from a single star.
These objects can also be used to map PSF variations across the focal plane, as shown
in Figure 2.5.

Images of real objects are always convolved with the PSF, which means that objects
with smaller FWHM are likely to be spurious – statistical fluctuations in the background
level – or cosmic rays. Cosmic rays are not focussed by the telescope optics and as a result
they can deposit their energy in a smaller region on the sensor than a group of photons
emitted by a point source. Longer or stacked exposures leads to better characterisation
and smoothing out of the background level, increasing the number of pixels which can
be reliably identified as above the background threshold and allowing measurements of
fainter sources.

Other detections are likely to be extended objects like galaxies, and these have a very
different distribution in FWHM–magnitude space. sextractor provides an automated
object classifier based on a neural network, which can discriminate between stars and
galaxies (Bertin and Arnouts, 1996). This classifier depends on a good estimate of the
PSF for an image. It produces a stellarity s in the range 0 – 1, where s = 1 is a star and
s = 0 is an extended object. Care needs to be taken to deal with misclassifications, which
are sometimes quite obvious in the FWHM–magnitude diagram.
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Figure 2.4: FWHM–magnitude diagram for sources detected in a single Rc band
WFI@2.2 m exposure of RXC J1244.6–1159 with exposure 300 s. The line of sources
at FWHM = 0 ′′ are cosmic ray strikes or bad pixels. The stars scatter around the seeing
disc FWHM up to the saturation threshold. Object classification is performed using a
neural network, but very bright or faint objects, or those affected by blooming, may be
misclassified. The blooming feature shown in the right panel of Figure 2.3c leads to most
of the misclassifications.
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Figure 2.5: FWHM variation across an image, showing the increase in PSF FWHM of
unsaturated stars as distance from the image centre increases. The group of stars with
larger FWHM scattered across the whole image are saturated. The FWHM–magnitude
diagram for this image is given in Figure 2.4. The misclassified objects are marked with
squares and are confined to one CCD badly affected by blooming (detail shown in the
right panel of Figure 2.3c).
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2.3.4 Final catalogue generation

Once the data have been calibrated and PSF-matched images produced, the final cata-
logue generation can take place. To ensure that the same objects are measured in all
bands, we detect object positions and morphology using sextractor using only the
Rc (detection band), and then measure object fI for each object in each band using a
common elliptical aperture.

To avoid any loss of power to discriminate between stars and galaxies due to the PSF
normalisation, we also run the star–galaxy separation algorithm on each original image
in bandM to give value sM , and set the final s = max (sRc , sV , sB). These measurements
are cross-referenced into the main catalogue using the source position.

The background in images, scattered by the atmosphere, or due to electronic noise,
should in principle be spatially uncorrelated – each pixel produces a fair Poisson realisa-
tion of the local background level. This lack of correlation means that when the back-
ground is convolved with a Gaussian smoothing filter, its variance decreases and more
accurate and precise measurements of the local Ibg and σIbg

are possible. By convolving
an image with a filter which has the profile of the image PSF, this effect is maximised (e.g.
North, 1963), allowing more robust detections of faint objects. We applied this method,
modelling the PSF of each detection image using a 2D isotropic Gaussian with standard
deviation derived from the mean FWHM of stars detected in the FWHM–magnitude
diagram.

The final catalogue for each set of images comprises position and morphology data
from the detection band, instrumental magnitudes from each of the matched PSF images,
and a combined stellarity classification drawn from the original stacked images which were
not PSF matched.

2.4 Magnitude and colour calibration

There are temporal variations in the sensitivity of the atmosphere–telescope–sensor sys-
tem which need to be calibrated. These may include long-term variations in the sensor,
filters, mirror reflectivity and lens transmissivity due to degradation or damage, or the
atmospheric extinction.

2.4.1 Zero points from standard star observations

Nightly observations of stars of known brightness at different ZM in all bands can be
used to calibrate for all of these changes. Once the atmospheric extinction terms already
discussed in Section §2.2.2 are found, the remaining variations are absorbed into a single
parameter – the magnitude zero point M zero.

These observations must be made and reduced in an identical manner to the images
of the actual observation targets. The relation between the raw magnitude Mraw for a
star and the standard system magnitude M is M = Mraw +M zero − ZMeM .
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2.4.2 Zero point reference from the APASS all-sky survey

Should no standard star observations be available, it is possible to find photometry for
stars in many fields using all-sky surveys. This precludes the fitting of eM , but this
parameter is not of intrinsic interest in this study. We used B magnitudes from the
American Association of Variable Star Observers photometric All-Sky Survey (APASS)
to find Be,zero = M zero − ZMeM for each observation field. Stellar magnitudes for the
other bands in our catalogues were not available at the time of analysis.

2.4.3 Colour calibration by stellar locus regression

Zero points for each band are required, so a second method was needed to find Rce,zeroand
V e,zero. We use a modified version of the stellar locus regression (SLR) method described
by High et al. (2009).

If two colours – e.g. (CV−Rc , CB−V ) – for main sequence stars are plotted against
each other they scatter around a line called the stellar locus which is approximately
constant across the sky. We used a catalogue of stars detected from a set of WFI@2.2 m
observations with known zero points to find the location of the stellar locus. The colours
and the fitted stellar locus are shown in Figure 2.6.

In our SLR implementation, we find the shifts required to convert between raw and
calibrated colours, by minimizing the Euclidean distances of all the stars in a catalogue
from the stellar locus. The zero points are related by the same colour shifts, so when
they are used in conjunction with a known zero point in one of the bands, these shifts
can be used to calibrate magnitudes as well.

High et al. assume in their implementation that all of the stars observed are behind
the dust lanes in the Milky Way, that the dust lanes can therefore be modelled as a thin
sheet. This means that the zero points found using the regression method also include
the dust absorption terms for extra-Galactic objects. We tested these assumption by
converting the calibrated stellar loci from Covey et al. (2007, used by High et al.) into
the WFI@2.2 m magnitude system, and comparing them with our calibrated observations.
The results are shown in Figure 2.6.

We found that there was a significant difference between the observed and Covey et al.
stellar locus shape which increased towards the bluer end of the stellar locus. Blue stars
are rarer, have the highest intrinsic brightness and are seen at greater distances compared
to fainter, redder stars, only observable if they are nearby. The increasing reddening of
more distant stars shows that the dust cannot be treated as a thin sheet.

We chose to assume that the observed stellar locus is constant across the sky, an
assumption which may be approximately true for the REXCESS clusters which are all
at high Galactic latitude. This assumption introduces a potential colour mis-calibration
effect. This step may be the source of the larger scatter in the red sequence intercepts than
is seen in the literature. This also affects all luminosity measurements, since we use the
Rc luminosities which are cross-calibrated using the colour terms and the B zero points.
Since dust absorption is not calibrated in our stellar locus regression implementation,
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we correct galaxy magnitudes using the extinction parameters for extra-Galactic objects
found in the NASA Extragalactic Database (NED).
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Figure 2.6: Calibrated star colours and fitted stellar locus from the field of RXC J1131.9–
1955 (Ziparo et al., 2012). The dashed line shows the shape of the stellar locus derived
from the data of Covey et al. (2007), shifted to overlay the observations as closely as
possible.



Chapter 3

Galaxy distribution structural analysis
techniques

If you torture the data enough,
nature will always confess.

Ronald Harry Coase, How should
economists choose?, 1981

We wanted to analyse the structure of galaxy clusters by measuring the distribution of
galaxies. In order to understand that distribution, we performed three data reduction
steps which are described in detail in this chapter. First, we transform the point dis-
tribution of galaxy positions into a continuous 2D smoothed map using the smoothing
techniques described in Section §3.1. In the second step we subtract or compensate for
the background distribution of galaxies using the techniques described in Section §3.2.
We use the term background to refer to all points which are not of interest in our study
of the target clusters, rather than just those points more distant than the target. We
demonstrate variations on these techniques using a simulated dataset similar to the dis-
tribution of galaxies in the plane of the sky in and around a cluster. In the third step
we detect galaxies belonging to the cluster red sequence in colour–magnitude space, as
described in Section §3.3. By selecting red sequence galaxies, we are able to produce a
higher SNR measurement of the spatial distribution of old galaxies within a cluster. The
REXCESS dataset we analyse in Chapters 4 and 5 does not include any spectroscopic
measurements, so we were restricted to using only photometry and spatial position to
discriminate between target and background galaxies.

Spatial and colour–magnitude point distributions share a number of characteristics.
Both have a range of densities over several orders of magnitude – a high dynamic range,
may contain groups of related points, and both may have non-uniform backgrounds.
A spatial distribution may reveal a remnant clump of galaxies after a cluster–group
merger, and exhibit a variable background due to the large scale structures in which the
cluster is embedded. A cluster colour–magnitude distribution usually has a prominent
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red sequence, and a background density which varies very strongly with magnitude due
to the number counts of field galaxies. The similarities mean that we can, to some extent,
use the same methods to handle them both.

In Section §3.1 we describe and compare the results of some general techniques for
smoothing point data on a quantised grid. In Section §3.2 we provide a brief account of
some background/target discrimination methods which we investigated, which build on
the smoothing methods. In Section §3.3 we describe the red sequence detection methods
we investigated, which form a crucial part of the analysis in Chapters 4 and 5.

3.1 Density estimate from a 2D point distribution
Density estimates due to discrete data drawn from an unknown distribution can be used
to make an estimate of the shape of the original distribution. In point distributions with
a high dynamic range where some regions have a high density of counts and other regions
are only sparsely populated, care must be taken not to smear out features of interest.

An input density map V can be used to generate a map of discrete counts Vct using
Vct,i = Poisson (Vi) for each pixel i, where Poisson (λ) returns a random integer from
the Poisson distribution with expectation value λ. The aim of the density estimate
method is to start with Vct and recover V . We investigate 4 methods: simple binned
count map, described in Section §3.1.1; fixed scale smoothing, described in Section §3.1.2;
density estimates from the Voronoi decomposition of the point distribution, described in
Section §3.1.3; and adaptive aperture smoothing described in Section §3.1.4.

Each density estimate method is applied to a simulated point distribution akin to
projected galaxy positions within and around a cluster. The target density map τ con-
sists of a large elliptical Gaussian in the field centre, overlaid with two smaller elliptical
Gaussians which is similar to a galaxy cluster with sub-clumps. There is a very compact
independent target with a low number of counts towards the bottom edge of the field
similar to an infalling galaxy group. The background density β varies across the field,
and the lowest density region of the background coincides with the position of the com-
pact independent object. The distribution is contrived to show problems with each of
the smoothing and background subtraction methods in this Section and in Section §3.2.

τ and β are 256 pixel× 256 pixel grids. The total density ω = τ + β is shown in
Figure 3.1a and satisfies

∑
i ωi = 210 and

∑
i τi ∼

∑
i βi.

1 The weight map A is an array
with the same shape as ω and the value 1 for each element.2 We use the total count map
ωct = τct + βct as input for the smoothing algorithms. We define nt =

∑
i ωct,i.

1The total count is a little lower than typical galaxy cluster observations in the REXCESS sample
with the magnitude limit we use, which have a few hundred target galaxies plus a broader distribution
of a few thousand background galaxies.

2A is a map of object completeness, which represents the probability of detecting the objects of interest
at that pixel, if they were actually there. In the case of galaxy catalogues, this probability varies with
magnitude, being very close to 1 for bright objects, but reducing as the noise limit of the observations
is reached. We deal with this variability when running smoothing algorithms on real data by truncating
our galaxy catalogues at detection magnitude where we assess them to be near to 100 % complete.
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A catalogue of points is also produced: for each pixel Vct,i > 0, the location of pixel i
is added to the catalogue Vct,i times. Whether each point was drawn from τct or βct is also
recorded. The catalogue is shown in Figure 3.1b. We use this catalogue in Section §3.2
to assess the effectiveness of background subtraction algorithms.

Each smoothing algorithm produces a map of density estimates S where each pixel
is also assigned an uncertainty αS. S has an identical shape to ω. We show S for each
algorithm in Figure 3.2.

Comparisons between ideal and estimated density map values are shown in Figure 3.3.
In Figure 3.3a, we show

Σ =
S − ω
αS

, (3.1)

the offset between the smoothed and original maps in terms of the uncertainties produced
by the smoothing algorithm. Figure 3.3b shows

Υ =

∣∣∣∣S − ωS
∣∣∣∣ , (3.2)

which is the absolute fractional deviation from the ideal value at each pixel. Regions with
−3 < Σ < 3 may have S � ω or S � ω but very large αS; Υ is independent of αS and
can reveal these regions.

The simulation is contrived to have densities across several orders of magnitude; broad,
sparsely populated, slowly-varying-density regions; regions where object densities are high
with expectation values & 1 pixel−1; regions with rapidly varying densities; and a region
with an isolated compact object on a scale < 25 pixel with a low number of counts < 25.
This provides a sufficient dynamic range and variable background level to demonstrate
the advantages and problems associated with each algorithm. Data with continuous
coordinates can be quantised by binning onto a grid with whatever resolution is required
to resolve the smallest structures of interest, so there is little loss of generality by designing
the smoothing methods to run on a grid.

A similar analysis, run on a model of the colour–magnitude diagram of a galaxy
cluster, is shown in Section §C.1. Broadly the same results can be seen in both cases.

3.1.1 Simple binned count map

Binning point positions into fixed size bins allows a simple measurement of the local dens-
ity, but does not produce good representations of the density structure of high dynamic
range data.

The binning scale can be defined by a target signal to noise ratio SNRt, which determ-
ines the uncertainty of the final density estimate for each bin. The Poisson uncertainty
for a given number of counts nbin is

√
nbin, so SNRt = nbin√

nbin
=
√
nbin.

To bin data onto a grid of equal sized squares if the input data range is the same in
both coordinates:
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(b) Simulated point distribution based on Fig-
ure 3.1a. Circles are drawn from the target ob-
jects, and are drawn from the background.

Figure 3.1: Simulation input density map and the resulting point distribution.
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Figure 3.2: Smoothed density maps S based on the point distribution in Figure 3.1b
using different algorithms: i.) fixed bin histogram; ii.) fixed aperture smoothing; iii.)
Voronoi tessellation; iv.) adaptive top-hat filter with SNRt = 5; v.) adaptive Gaussian
filter with SNRt = 5; vi.) adaptive Gaussian filter with SNRt =

√
8. The contour levels

correspond with the levels shown in Figure 3.1a.
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(a) Σ difference maps in units of the smoothed density map uncertainty [Σ defined in Equation (3.1)].
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(b) Υ absolute difference maps in units of the original density map value [Υ defined in Equation (3.2)].

Figure 3.3: Differences between original input density ω from Figure 3.1a and the
smoothed density map S results from Figure 3.2. Values above and below the range
shown in the colour bar are shown as black and white respectively.
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1. The number of bins between the minimum and maximum values in each coordinate
is set as floor

(√
nt

nbin

)
, where floor rounds down to the next integer. The total

number of bins is then ∼ nt

nbin
. We chose SNRt = 5.

2. The counts in ωct are binned to make the binned count map C, and the areas in A
are binned to make the binned weight map E.

3. The density is B = C
E
, with uncertainties given by αB =

√
C
E
.

4. We generate S from B and αS from αB by taking the value from the nearest bin,
such that S and αS have the same resolution as ωct.

The results are shown in panel i.) Figure 3.2, and compared with ideal results in panel
i.) of Figures 3.3a and 3.3b. The shape of the contours shown in panel i.) of Figure 3.2,
compared with the contours in 3.1a show that all fine features – the thin, dense part
of the diagram with ω > 10−1 – are not resolved. Panel i.) of Figures 3.3a and 3.3b
illustrate the problem in the high density regions where the local density changes very
rapidly: the estimate which is taken for the whole bin is only correct for a very thin band
of pixels, and large overestimates or underestimates appear either side of this band.

This method is clearly limited by the Nyquist sampling criterion (Nyquist, 1928),
which requires bin sizes no larger than half the size of the smallest feature of interest.
Introducing interpolation between bin centres can only provide a partial correction to
this since it does not deal with the fundamental Nyquist limit.

3.1.2 Fixed aperture smoothing

A common density estimate method is to convolve the point data with a 2D Gaussian
kernel:

1. Define σ such that πσ2nt =
∑

iAi.

2. Define a Gaussian kernel G

G(x′, y′) =
1

2πσ2
exp

(
−x

′2 + y′2

2σ2

)
. (3.3)

3. The smoothed map is given by S = ωct∗G
A∗G , where ∗ is the convolution operator.

Errors are estimated as αS =
√
ωct∗G
A∗G .

The results are shown in panel ii.) Figure 3.2, and compared with ideal results in panel
ii.) of Figures 3.3a and 3.3b. The contours shown in panel ii.) of Figure 3.2 show that the
smaller scale provided by the smoothed counts allows a reasonable estimate of the shape
of the distribution in the densest image regions with ω > 10−1. This method does a better
job of finding the correct contours than the simple binned count map at scales ω ≥ 10−3.
It also picks out the shape of the compact object at (50, 50), but fails to reveal the region
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with ω > 10−1 in the centre of the compact object. Panel ii.) of Figure 3.3b shows that
in the high density regions, the density estimates are reasonable, within ∼ 50 % of the
real value. In sparser regions there is a mottled pattern where single counts are smoothed
on much too fine a scale and regions serendipitously devoid of counts have S = 0, even
though ω > 0.

3.1.3 Voronoi tessellation

Fixed count binning and fixed smoothing both fail to generate sensible density estimates
for sparse point data. We were very interested in finding a method where individual
points could be assigned a density. The density of points in a situation where all of the
points have unique positions can be analysed using a Voronoi diagram:

1. Let p = {p0, p1, ..., pn} be a set of n points in the plane, each with unique locations.

2. The cell ci is the region of the plane which is nearer to pi than any other pj,
and has area ai. When two points have the same coordinates, ai is undefined. Cell
boundaries are equidistant between two points, and boundaries meet at nodes which
are equidistant from 3 or more points.

3. ci has density ρi = a−1
i . We estimate a density uncertainty of αρi = ρi, due to the

100 % Poisson uncertainty for a single count.

This produces almost one density estimate per point.3
The algorithm can be extended to Poisson count data in an array of pixels, where

some points are likely to have the same coordinates in dense regions. We do not take
into account regions with missing data (for instance in the map of galaxy positions on
the sky, where a region around a bright star has been excised) or variations in the weight
map values. The algorithm is modified slightly:

1. Let q = {q0, q1, ..., qn} be the coordinates and u = {u0, u1, ..., un} be the corres-
ponding values of all non-zero pixels in the array.

2. The cell di is the region of the plane which is nearer to qi than any other qj, and
has area bi. Only point positions are quantised; bi is measured using fractional
pixels, rather than whole pixels, because pixels are often split several ways in dense
regions.

3. The density of cell di is ρi = ui
bi
. We assume a Poisson uncertainty on ui, so that

the density uncertainty is αρi =
√
ui
bi

.

4. Each pixel in S is assigned the value and uncertainty of the cell into which its centre
falls. Pixels on cell boundaries are assigned values at random from their adjacent
cells.

3Some points at the edge of the distribution have unbounded cells and therefore undefined areas.
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The results are shown in panel iii.) Figure 3.2, and compared with ideal results in panel
iii.) of Figures 3.3a and 3.3b. The contours shown in panel iii.) of Figure 3.2 show that
this method produces the smoothest results at intermediate densities (ω ∼ 10−2) where
pixels have values 0 or 1, and counts are sparse. In higher density regions, the densities
measured in adjacent cells can be quite different despite the smooth input map. Even in
the densest regions, each density estimate suffers from large fractional count errors which
arise because the algorithm uses at most a few points to estimate each density.

3.1.4 Adaptive aperture smoothing

Many of the problems associated with the Voronoi diagram method can be attributed
to the 100 % fractional errors. This issue, and some of the problems associated with
smoothing on fixed length scales, can be ameliorated by using a variable smoothing scale
whose size depends on the density of points in the region to be smoothed.

We investigated two variations on the adaptive aperture smoothing approach – a 2D
top-hat filter, and an isotropic 2D Gaussian filter with its size set by counts within a
comparably sized top-hat filter. The method is as follows:

1. Decide a target SNRt and nbin as outlined in Section §3.1.1

2. Initialise S to consist of null values. The starting aperture radius is defined to be
rmax = 1 pixel.

3. Define a top-hat kernel,

M(x′, y′) =

{
1 ∈ |r′| ≤ rmax,

0 ∈ |r′| > rmax,
(3.4)

where r′ =

[
x′

y′

]
.

(a) For the Gaussian variation, also define a truncated 2D Gaussian filter,

G(x′, y′) =

{
1

2πσ2 exp
(
−x′2+y′2

2σ2

)
∈ |r′| ≤ rmax,

0 ∈ |r′| > rmax,

σ =
rmax

3
.

4. Calculate the smoothed count map C = ωct ∗M (and D = ωct ∗G) and smoothed
area map E = A ∗M (and F = A ∗G).

5. For each pixel i where Ci ≥ nbin and a value for Si has not yet been assigned, set

(a) Si = Ci
Ei

and αSi =
√
Ci
Ei

in the case of the top-hat variation, and
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(b) Si = Di
Fi

and αSi = Di
Fi
√
Ci

in the case of the Gaussian variation.

6. If any pixels in S are still null, increase rmax by 1 pixel and repeat steps 3 to 6.

We handle area normalisation in step 5 rather than in the definition of M for several
reasons. Since M has a uniform value of 1, C is the count of galaxies within the aperture
around each pixel – rather than the density – and is computationally useful for the
selection of pixels which fulfil the SNR criterion for a given rmax in step 5. By calculating
the area normalisation in the aperture around each pixel, the method produces correct
density estimates in apertures where some pixels have A = 0, for instance where data are
missing or galaxies are unobservable due to image artefacts around a bright star. This
explicit area normalisation step also deals with the non-preservation of counts due to
truncation of G. The integrated value of G is 0.989, but this difference from 1 does not
contribute to a systematic reduction in S because it contributes to both Di and Fi and
cancels out when Si = Di

Fi
is calculated.

The results using the top-hat and Gaussian variations with SNRt = 5 (nbin = 25) are
shown in panels iv.) and v.) of Figure 3.2. These are compared with ideal results in
panels iv.) and v.) of Figures 3.3a and 3.3b. Inspection of the 10−2 and 10−1 contour
shapes in both cases show that the results are broadly similar. In lower density regions,
the Gaussian variation leads to subtly different results. These can be seen in the centre of
the compact object at (50, 50). In the top hat smoothed version, the shape of the object
is smeared out, but the central density peak is at about the right level. In the Gaussian
variation, the shape of the contours is a better match for the ideal contour shape, but
the central density peak level is underestimated.

The results after applying the Gaussian variation with a lower nbin = 8 (corresponding
to SNRt =

√
8) are shown in panel vi.) of Figures 3.2, 3.3a and 3.3b. This method

characterises the size and shape of the compact object better than any other method.
However, the contours at all densities are less regular than with nbin = 25 and the
appearance of the densest region is noisier than the higher SNRt versions – reminiscent
of the results of the Voronoi tessellation method.

3.1.5 Summary

We have shown the effect of a range of smoothing algorithms on a contrived point dis-
tribution which has some of the features we expect to see in the spatial distribution of
galaxies within galaxy clusters. The fixed width algorithms only work for the range of
point densities where there are a substantial number of points per bin/smoothing kernel
area. Fixed scale algorithms often under-sample the spatial signal and fail to characterise
the peak densities and rapid density changes.

It is clear that the Voronoi tessellation and adaptive smoothing methods give a better
estimate of local density from the pure point data. Within these methods, variations
using a small number of points per density estimate – Voronoi tessellation with 1 point per
estimate, or adaptive smoothing with a low minimum point count per aperture – produce
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the noisiest results but allow the characterisation of the smallest local over-densities. A
larger number of points per aperture leads to smoother results with a tradeoff of poorer
characterisation of small features.

In 5 we use the adaptive top hat technique to generate maps of galaxy count density
in clusters. The top hat method gives better estimates of the peak density of sub-
clumps than given by the Gaussian adaptive method, and we were primarily interested
in the peak densities rather than the overdensity shapes. We ran simulations using more
realistic ‘β-model’ cluster galaxy distributions, varying nbin in the range 23–29, inspecting
the results and comparing them with the original density maps. We found that for data
with the same frame size and point density as real WFI@2.2 m observations, nbin = 25

was sufficiently fine to reveal substructures of interest whilst limiting the appearance of
image artefacts.

3.2 Background subtraction
In many cases a method to remove or account for background points in a point distribution
is necessary. In cases where a robust model of the target and background distributions
exists, the model and background parameters can be found by fitting a model to the point
positions. Where similar data which do not contain the target distribution are available,
a more direct, non-parametric and model independent background subtraction method
can be applied.

We were interested not only in the overall density of points, but also the properties of
individual points in the distribution. For this reason, we wanted to perform background
subtraction on a point-by-point basis, rather than just dealing with the overall distribu-
tion. We investigated two alternatives for background subtraction of point data, which
we illustrate using the point distribution from Section §3.1. In Section §C.2 we show
that the same approach is applicable to background subtraction in a colour–magnitude
diagram.

3.2.1 Stochastic point removal

One way to subtract the background from a target field is to make a guess at which
points might be a part of the background, and then to remove them. In stochastic point
removal (or Poisson killing):

1. Generate a point distribution representative of an empty field – i.e. an observation in
a comparable coordinate space which has a comparable distribution of background
objects, but no target structures. This might be derived from a real observation
of a comparable region without any structures of interest, or simulated from a
background model derived from the target field.

2. Loop through the list of empty field points, removing the nearest point in the target
data for each background point.
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The final catalogue is the list of target data points which have not been removed after
all the background points have been used.

In Figure 3.4 we show the results of running this algorithm on the point distribution
from Figure 3.1b in the case where we have a perfect model of the background distribution.
We differentiate in the plot between points which were originally due to the background or
due to the target objects. The algorithm is successful in removing most of the background
points and very few target points in the region y > 150. In the region x < 75, y < 75
about half of the points from the compact object are removed and some background
points at the very bottom of the field are left un-killed.

In Figure 3.5 we show the results in a more realistic situation where the background
level has not been correctly identified, and is modelled as uniform across the field. This
leads to serious problems with the results – a trail of points belonging to the background
in the region x > 200, y > 200 are untouched, and almost all the points in y < 100
are removed, including the whole of the compact object and some points from the lower
edge of the main elliptical overdensity around x ∼ 100, y ∼ 100. We found when we
ran this method on the spatial positions of galaxies in the REXCESS sample, that the
background level was not uniform across some of the images. We took this to be evidence
of structures on scales larger than the clusters themselves appearing in the observation
fields.

An obvious extension to this method is to run it several times with different realisa-
tions of the background and then combining all of the results to give a weight to each
galaxy, rather than a boolean 0 or 1. The fraction of these runs in which a particular
point is removed is then the probability that it belongs to the target rather than the back-
ground, and the precision with which the weight can be stated depends on the number of
iterations. This Monte-Carlo approach allows one to have a better understanding of the
probability that each point is in a non-background structure, as long as the background
density estimate is correct.

3.2.2 Membership probability from density estimates

Results similar to those from the Monte-Carlo extension of the stochastic point removal
method can be arrived at by a more direct route:

1. Given a target and background distribution τ and β (smoothed using one of the
methods described earlier, or due to a fitted model), we define a target probability
map,

Pt =
τ

τ + β
= 1− β

τ + β
. (3.5)

2. Each point in the target region catalogue is assigned the value from the correspond-
ing pixel in Pt.
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Figure 3.4: Stochastic point removal applied to the point distribution shown in Fig-
ure 3.1b, using background points derived from a perfect background map. The red
crosses and squares show where the algorithm has erroneously removed a target point or
left a background point in the data. Green crosses mark where background points have
been removed correctly. A line is shown between the position of each killed point and
the location of the empty field point which was responsible for its removal.
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Figure 3.5: Stochastic point removal where the total background expectation value is
correct, but is modelled as uniform distribution across the field. The details are as in
Figure 3.4.
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In real cases, we are likely to have a model of the background Γ and a smoothed obser-
vation S. In that case

Pt =
S − Γ

S
, (3.6)

is equivalent. This can lead to logical inconsistencies with Pt > 1 or Pt < 0 if (for
example): Γ > S, as may well occur due to a statistical fluctuation in the local density;
or S or Γ is undefined, as occurs using Voronoi smoothing methods for points at the
edge of the coordinate spaces; or if S ≤ 0 which may occur using fixed scale smoothing
algorithms. These inconsistencies arise from the scatter in the density estimates, and can
be reduced by choosing a higher SNRt in the smoothing algorithm.

The result of applying this measurement to a point distribution is shown in Figure 3.6
with a perfect target and background model, and in Figure 3.7 with a more realistic back-
ground model due to the smoothed density map from a simulated empty field observation.
The results show that for points in the densest target regions, values of Pt > 0.5 are meas-
ured. In addition, the points in the compact object at (50, 50) are also assigned Pt > 0.5.
There are a large number of points misclassified when we apply this simple Pt threshold.

Clearly, we cannot use this method alone to make robust estimates of whether indi-
vidual points are members of the target – for that one would need much more information
like spectroscopic redshifts. Instead, Pt represents the fraction of points with a particular
coordinate in a catalogue which belong to the target. In other words, we can use it to
weight points in measurements of the properties of the target objects as a whole. We
apply this weighting in Section §4.3.9.3 to calculate the total luminosity of galaxies in a
cluster, using a 1D NFW radial profile model plus a constant background in place of τ
and β.

When applying this weighting, the smoothing algorithm is of critical importance. We
investigated this weighting method in parallel with the Voronoi density estimate described
in Section §3.1.3 but the Pt results are badly affected by the large fractional errors. Using
adaptive smoothing, as shown in Figure 3.7, gives better results.

3.3 Red sequence

A key step in our analysis was to detect the red sequence of galaxies in the galaxy
catalogues, a line in the colour–magnitude diagram of cluster galaxies, which can be seen
when the two bands used to calculate the colour bracket the 400 nm spectral break of
elliptical galaxies (the red sequence was introduced in Section §1.3.2.4). This feature falls
in the B band for all of the clusters in this sample, as shown in Figure 2.1, and the red
sequence can be seen in (R,CB−V ) and (R,CB−R).

Because the red sequence shifts in colour with z, selecting red sequence galaxies is a
form of z selection. Making such a selection reduces the background in measurements of
galaxy count density and increases the SNR of the distribution of interest – the cluster
galaxies. In addition, red sequence selection allows us to compare the distribution of
galaxies which had long been cluster members with the distribution of bluer galaxies
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Figure 3.6: Membership probability estimates for the point distribution shown in Fig-
ure 3.1b. Probabilities are calculated using Equation (3.5), and the target and background
densities used are identical to those used to generate the point data. Each point is as-
signed a floating point value 0 ≤ Pt ≤ 1, but we split the points in this case at Pt = 0.5,
a threshold which shows the broad trends in the results.
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Figure 3.7: Membership probability estimates for the point distribution shown in Fig-
ure 3.1b. Probabilities are calculated using Equation (3.6). S and Γ are calculated by
applying the adaptive Gaussian smoothing method with SNRt = 5 to the point distri-
bution shown in Figure 3.1b and the empty field points used in Figure 3.4 respectively.
(This means that the background point distribution is a good representation of the real
background). The details are the same as in Figure 3.6. Points with invalid Pt < 0 or
1 < Pt are surrounded with a box.
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with substantial gas reservoirs, new to the cluster environment.
In Section §3.3.1 we outline some of the red sequence fitting methods we investigated.

In Section §3.3.2 we show the 3D appearance of the red sequence in the (R,CB−V , CB−R)
coordinate space, motivating our choice of the CB−V colour for selection of the red se-
quence in Chapters 4 and 5. Finally, in Section §C.1 we show a simple colour–magnitude
density model which can be used to simulate red sequences for testing purposes, and
which was developed out of the investigation we outline here.

3.3.1 Fitting methods

We found red sequence detection to be rather tricky. This section outlines the two main
classes of fitting methods we used, and why the second is better than the first.

We treat the red sequence as a straight line,

Cmodel (M) = g (M − Z) + k (3.7)

where C is the colour, g is the gradient, M is the magnitude, and k is the value of
Cmodel (M) at the pivot point Z. In addition, we define the colour residual Cresidual (C,M) =
C − Cmodel (M) and the red sequence displacement,

wrs =
Cresidual − or

σr

,

where σr measures the width of the red sequence and or is a parameter which describes any
systematic offset between the true red sequence and Cmodel. For well fitted red sequences,
or ' 0. We treat σr as the standard deviation in a Gaussian distribution, and define
−3σr < wrs < 3σr to be on the red sequence.

The colour–magnitude diagram of galaxy clusters usually comprises of a compact red
sequence and diffuse cloud of blue galaxies with a single or double Schechter function
distribution in magnitude space. This is overlaid on a field of galaxies of a broader range
of colours with a much steeper magnitude space distribution. The relative density of the
different components is variable between rich and poor clusters in dense or low density
regions of the cosmic web. As cluster-centric distance increases, the fraction of galaxies
which belong to the red sequence as opposed to the blue cloud decreases, but there is
still a population of red sequence galaxies at > r500, in the region we use for background
subtraction.

3.3.1.1 Iterative clipping methods

Our first attempt at fitting the red sequence in galaxy clusters was a simple iterative line
fitting method, operating in 2D colour–magnitude space, and with 3σ clipping:

1. An arbitrary selection of the colour–magnitude points is made, i.e. R < 20; 0 <
CB−V < 1.5; r < r500. A value for Z is defined; we used the BCG magnitude.
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2. The best fit parameters of Equation (3.7) for the selected data points are determ-
ined.

3. The 1σ line fit uncertainties are used to define σr, which varies with magnitude.
(The shape of this region is strongly dependent on the choice of Z.)

4. The points satisfying −3σr < wrs < 3σr are selected.

5. If the point selection is the same as in the previous round of fitting, the algorithm
stops. Otherwise, steps 2 to 5 are repeated.

We tried a number of variations on the theme of this algorithm, with different methods to
calculate the size of the red sequence region, different definitions of the position of the line
intercept which change the way the red sequence region flares out at larger magnitudes,
using different starting parameters, and using two colours rather than one (the 3D red
sequence appearance is discussed in Section §3.3.2). In many cases this kind of approach
works because the red sequence is a significantly stronger feature in the colour–magnitude
space than any other. In these cases, the algorithm almost always converges, regardless of
the variation used. However, there are a few clusters in our sample where the red sequence
is relatively weak, and the iteration never actually leads to a line which is consistent with
the obvious red sequence.

For these tricky cases, we developed the smoothing and weighting tools described in
Sections 3.1 and 3.2.2, and applied these to increase the SNR of the red sequence, but
these failed to improve the fitting. Examples of the colour–magnitude diagrams weighted
using these methods are shown in Figure 3.8.

We found a common pattern in the cases where iterative fitting failed. Where the
red sequence is very diffuse, a small overdensity bluer than the red sequence at higher
magnitude [e.g. near (21, 0.4) in Figure 3.8c] draws the gradient to steeper values. The
similar overdensity at (21, 0.4) in Figure 3.8a does not lead to a failure of the algorithm
because the red sequence itself provides a much stronger pull. Weighting or background
subtraction methods do not help because the blue cloud is as much a part of the cluster
structure as the red sequence. The fundamental problem of fitting red sequences is the
presence of the blue cloud of galaxies – the SNR of which is also increased by applying
the weighting methods. The admixture of red sequence galaxies in the ‘empty’ region
does reduce the signal from the red sequence, but this effect is less important.

The obvious way to define the red sequence region – based on the uncertainty on the
position of the line fit taking into account the uncertainties on intercept and gradient –
leads to large differences in the red sequence shapes, whereas we might expect them to
be fairly similar across all clusters. This also leads to a situation in some cases where
as the line parameters become better bounded, with smaller uncertainties, the selection
becomes narrower and narrower, leading to a vicious cycle of artificially low uncertainties
on the line fit parameters and even narrower selections.
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(a) Case with a clear red sequence: RXC J0616.8–
4748.
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(b) Case with a clear red sequence: RXC J0345.7–
4112.
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(c) Case with a very unclear red sequence:
RXC J2319.6–7313.
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(d) Case with a prominent but diffuse red se-
quence: RXC J0547.6–3152.

Figure 3.8: Colour–magnitude scatter plots with point sizes proportional to Pt [Equa-
tion (3.6)]. S was generated by applying the adaptive Gaussian smoothing algorithm with
SNRt = 5 to the catalogue of colour–magnitude points within < r500. Γ was generated
with the same algorithm, and points > 1.5r500. The smoothing algorithm is described in
described in Section §3.1.4.
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3.3.1.2 Iterative clipping after collapse along red sequence axis

It became clear that iterative fitting was not sufficiently robust. We guessed that the red
sequence and blue cloud could be treated as two parallel components, and developed the
following method to exploit this property and produce more reliable fits:

1. Guess the red sequence gradient. We took the value g = −0.044 from the literature
(Valentinuzzi et al., 2011). Since all of the clusters in our sample have similar
redshifts, this was expected to change little across the sample.

2. Skew the colour–magnitude space so that lines parallel with the red sequence gradi-
ent are horizontal. Equivalently, calculate C ′residual = C − g (M −Z) for each point.

3. Take a histogram of C ′residual values. We found that this histogram could be fitted
in every case using a double Gaussian model,

Ψ(C ′residual) = ψr exp

(
−(C ′residual − or)

2

2σ2
r

)
+ ψb exp

(
−(C ′residual − ob)2

2σ2
b

)
,

= Ψr (C ′residual) + Ψb (C ′residual) ,

where σr < σb, the Ψr component is the red sequence, the Ψb is the blue cloud plus
the cosmic background. Crucially, there is no red sequence selection in this step.

4. Select the points satisfying −3σr < wrs < 3σr.

5. Fit the straight line Equation (3.7) to these red sequence points in the original
(un-skewed) colour–magnitude space. This step yields new values for g and k.

6. Repeat steps 2 to 6 until the red sequence position stabilises. If the position never
stabilises and the algorithm goes into a loop, choose the red sequence line which
led to the narrowest red sequence Gaussian in step 3.

The algorithm stacks the data from all magnitudes to increase the SNR of the red sequence
distribution during the point selection step, and is not affected by the same vicious cycle
of narrowing selection which plagues iterative fit method. The initial gradient guess
must be sufficiently accurate that it leads to a strong red sequence spike in the colour
histogram. In many cases, taking an initial gradient estimate of 0 was sufficient, but in
the case of some clusters with very high background or diffuse red sequences (like the one
shown in Figure 3.8c), this led to a red sequence spike which was too smeared-out.

This method is applied in Chapter 4 and Chapter 5 for red sequence detection. We
make a comparison of the red sequence fitting results against those from the literature in
Section §4.3.5.
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3.3.2 3D appearance

Since both CB−V and CB−R bracket the 400 nm spectral break, it is of interest to compare
the appearance of the red sequence in each colour. In Figure 3.9, (R,CB−V ) and (R,CB−R)
colour–magnitude diagrams for clusters in the REXCESS sample are shown. We applied
the fitting method described in Section §3.3.1.2 to each band independently, and we show
the differences between the selections of red sequence objects for the two bands.

The data show that the colour with the smaller wavelength difference between the
bands – CB−V – has the tighter red sequence. The data also show that there is a popula-
tion of galaxies which are selected as red sequence members in one band, but not in the
other. A large fraction of red sequence galaxies are classified as such in both colours.

We have not investigated the spectra of red sequence galaxies in any detail, but we
suspect that the galaxies which have different classifications might be non-cluster mem-
bers which are serendipitously in the same colour–magnitude space as the red sequence
due to their z. Regardless of the reason, CB−V has many fewer potential misclassifications
of galaxies and exhibits a tighter red sequence. We elected to use this single band pair for
red sequence classification in Chapters 4 and 5, rather than a joint classification based
on both CB−V and CB−R, because the 2-colour scheme was unnecessarily complex given
the marginal increase in discriminatory power.
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Figure 3.9: Galaxy colour–magnitude diagrams for the < r200 region in the REXCESS
sample showing two band pairs in each case. Points which are part of the fitted red
sequence in one band but not in the other are marked.
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Abstract

Galaxy clusters’ structure, dominated by dark matter, is traced by member galaxies
in the optical and hot intra-cluster medium (ICM) in X-rays. We compare the radial
distribution of these components and determine the mass-to-light ratio vs. system mass
relation.

We use 14 clusters from the REXCESS sample which is representative of clusters
detected in X-ray surveys. Photometric observations with the Wide Field Imager on
the 2.2m MPG/ESO telescope are used to determine the number density profiles of the
galaxy distribution out to r200. These are compared to electron density profiles of the ICM
obtained using XMM-Newton, and dark matter profiles inferred from scaling relations and
an NFW model.

While red sequence galaxies trace the total matter profile, the blue galaxy distribution
is much shallower. We see a deficit of faint galaxies in the central regions of massive and
regular clusters, and strong suppression of bright and faint blue galaxies in the centres
of cool-core clusters, attributable to ram pressure stripping of gas from blue galaxies in
high density regions of ICM and disruption of faint galaxies due to galaxy interactions.
We find a mass-to-light ratio vs. mass relation within r200 of (251.1± 33.7) hM� L−1

� at
1015 M� with slope 0.11± 0.14, consistent with most previous results.

http://dx.doi.org/10.1093/mnras/stv097
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4.1 Introduction

Galaxy clusters are the most massive gravitationally bound and virialised objects in
the observable Universe, with masses up to a few ×1015 M� (e.g. Köhlinger and Schmidt
(2014) measure the projected mass within 200 kpc of RXC J1347.5–1145 – one of the most
X-ray luminous clusters found – to be in the range (2.19 – 2.47)× 1015 M�). Superclusters
of galaxies can be more massive and bound, but are unvirialised, e.g. Chon, Böhringer,
and Nowak (2013). Galaxy clusters are interesting as their contents are reasonably rep-
resentative of the contents of the universe as a whole and they contain a population of
coeval galaxies whose appearance is affected by a whole range of astrophysical processes
and the interactions between the processes.

The dominant baryonic component of galaxy clusters is the intracluster medium,
(ICM), a hot (>107 K), X-ray emitting plasma which contains most of the baryonic mass
(e.g. Lin et al., 2003). The gas becomes X-ray luminous after being heated by adiabatic
compression and shocks during cluster collapse (e.g. Gunn and Gott, 1972; Kravtsov and
Borgani, 2012). A fraction of the clusters have a centre where the density is high and
where entropies can be low enough that cooling should take place on the order of the
Hubble time (Fabian, 1994), but feedback mechanisms quench cooling flows (Bower et al.,
2006; Fabian, 2012 is a recent review), adding additional energy to the initially gravita-
tionally heated gas and causing it to be more broadly distributed than the dark matter
potential. Cluster mass profile estimates from X-ray data, including ICM density meas-
urements, are limited to the region in which robust temperature measurements can be
made. For XMM-Newton and Chandra, this is typically . r500; Suzaku and ROSAT can
reach r200 with substantially lower spatial resolution (Reiprich et al., 2013) (∆ is the ‘halo
overdensity’ and r∆ refers to the radius of the volume in which the mean density is ∆
times the critical density of the universe).

Cluster galaxies can be used to probe the cluster environment to greater cluster-centric
distances than gas and can be treated as approximately collisionless particles moving in
the dark matter potential well of the cluster. The well known morphology-density relation
– higher fractions of elliptical galaxies in high density environments like galaxy clusters,
compared to low fractions of elliptical galaxies in the lower density field environment
(Dressler, 1984) – is caused by the ICM and the presence of other galaxies, but a precise
description of the way the different components involved interact is not yet available. The
critical processes are: ram-pressure stripping, where weakly bound gas is stripped away
from galaxies by interaction with the ICM (Gunn and Gott, 1972); strangulation, where
galaxies are starved of cool gas in their haloes – gravitational heating combined with the
active galactic nucleus (AGN)/wind/supernova feedback mechanisms already mentioned
lead to ICM entropy which is too high for effective cooling and replenishment of the
cool gas (Larson et al., 1980); harassment – gravitational interactions between galaxies
which increase internal energy and lead to morphological change (Farouki and Shapiro,
1981; Moore et al., 1996; Moore, Lake, and Katz, 1998); and galactic cannibalism, where
dynamical friction reduces the velocity of satellites relative to the central galaxy below
the velocity dispersion of the satellite, allowing it to be accreted on to the central galaxy
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(Ostriker and Hausman, 1977). Galaxies at low cluster-centric distances are preferentially
harassed and starved due to the high ICM density and more frequent encounters with
other cluster galaxies, including cD galaxies which are often the brightest cluster galaxy
(BCG). Faint and dwarf galaxies with the weakest dark matter haloes and the weakest
hold on their gas reservoirs fare the worst in this environment such that the population
of cluster galaxies seen at z > 0.4 which includes a large fraction of star forming galaxies
changes by z = 0 into a population dominated by galaxies with very low star formation
rates (Butcher and Oemler, 1984; Dressler et al., 1994; Oemler et al., 1997; Popesso et al.,
2006; Boselli and Gavazzi, 2006).

It should be noted that an X-ray selected sample like the Representative XMM-Newton
Cluster Structure Survey (REXCESS, Böhringer et al., 2007), used in the present study,
preferentially represents objects with higher ICM densities, so we could expect that any
ICM-dominated effects would be stronger in our results than in other, optically selected
samples (e.g. Carlberg et al., 1997) or partially optically selected samples (e.g. Popesso
et al., 2004). They also preferentially include clusters with deep potential wells and thus
more time available for galactic evolution. Böhringer et al. (2004) show that cool-cores
in clusters must be preserved on very long time-scales and we could expect these to cause
distinctive features in the population of galaxies. Conversely, if we assume clusters which
show disturbances in their X-ray morphology are relatively recent mergers, we would
expect their galactic populations to be less evolved than in other types of cluster and
might also show some trace of disturbance in the galaxy distribution.

In this work we study the relationship between the optical density profiles of the
galaxy distribution and the density profiles of X-ray emitting gas in X-ray selected galaxy
clusters. We explore the extent to which galaxies and gas trace one-another and the un-
derlying dark matter. We also investigate how the red and blue galaxy populations are
distributed. We investigate the total mass to optical light ratio of galaxy clusters, and
measure how this varies with respect to total cluster mass and morphology (presence/ab-
sence of cool-cores, regular/disturbed ICM). By taking into account the morphology of
our sample, we show clear differences in the distribution of different types of galaxies in
the centres of clusters which have had relatively stable morphology for a long period of
time – massive clusters or those which have cool-cores – when compared to clusters with
signs of more radical recent evolution – disturbed and non cool-core clusters.

The paper is structured as follows. In Section §4.2 the sample characteristics, X-ray
data and optical data are described. In Section §4.3 we describe all stages of the analysis
including object detection, classification, optical data calibration, red sequence fitting,
radial profile generation and luminosity measurements, along with the results generated
at each stage. The results are discussed in Section §4.4. The conclusions are summarised
in Section §4.5.

Throughout this paper, radial distances are measured in units of r500. The influence of
the cluster may extend further than this, so we typically use the region outside 1.5 r500 ∼
r200 as the off-target region. (r200 = 1.51r500 for a concentration c500 = 3.2, (Arnaud,
Pointecouteau, and Pratt, 2007)). Magnitudes M in a given broad band filter (R, V,B)
are signified by a subscript suffix, AB magnitudes by AB, Johnson magnitudes by J and
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K-correction by K. We adopt a flat cosmology where h = 0.7 (and h = 0.7 h70), Ωm = 0.3,
ΩΛ = 0.7 and H0 = 100 h km s−1 Mpc−1.

4.2 Sample description

4.2.1 REXCESS sample

The REXCESS sample has been compiled as a galaxy cluster sample, representative of
clusters detected by their X-ray luminosity and independent of their morphology. The
sample selection is described in Böhringer et al. (2007). The clusters have redshifts
between z = 0.055 and z = 0.183 and luminosities above 0.4× 1044 h−2

70 erg s−1 in the
(0.1 – 2.4) keV band. The r500 region, where the mean density is 500× the critical density,
plus a region outside where the background can be estimated are within the XMM-Newton
field-of-view (∼ 30′). The mass range of the clusters is M200 = (1.36 – 10.8)× 1014 M�.
They represent a relatively homogeneous population in X-ray luminosity, LX.

The 14 objects comprising the subset of the REXCESS sample used in this work are
tabulated with their key parameters in Table 4.1 and comprise approximately half of the
complete REXCESS sample. The objects were selected by right ascension for ease of
follow-up observation scheduling, and were observed first.

4.2.2 X-ray data

The X-ray observations are described in Böhringer et al. (2007). Each cluster was ob-
served using all three detectors (MOS1, MOS2 and PN), and the mean final exposure
after cleaning was (1.4± 0.7)× 104 s for PN and (2.1± 0.9)× 104 s for each of the MOS
detectors. All exposures were cleaned from times of high background due to Solar flares
and the PN data were corrected for out-of-time events. The mean fraction of exposure
time lost to Solar flares was ∼ 0.35 for PN and ∼ 0.25 for MOS1/2.

Cluster centres were set by finding the density peak of the X-ray image on a scale of
8.2′′ (corresponding to 2× the PN pixel width), and all radial distances, r, were measured
from these centres. r500 values are from Pratt et al. (2009) and were found through
iteration of the r500 − YX relation for morphologically relaxed clusters (eq. 1 in Pratt
et al., 2009, Arnaud et al., 2007). Electron density profiles are from Croston et al. (2008).
They were derived from surface brightness profiles using the non-parametric method of
Croston et al. (2006) which performs a direct deprojection based on the assumption of
spherical symmetry and a regularisation procedure, and involves a point spread function
deconvolution, rather than fitting of a pre-determined gas density distribution to the
surface brightness profile.
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4.2.3 Optical data

We used the Wide Field Imager on the MPG/ESO 2.2 m Telescope at La Silla, which
is well suited to XMM-Newton follow up as it has a similar field of view (34′ × 33′).
Each set of optical data cover the cluster and a region outside r200 which we use for the
background assessment. The nominal resolution is 0.238 ′′ pixel−1 and the detector is a
4× 2 array of 2 kilopixel× 4 kilopixel CCDs.

Dithered observations with total exposure times listed in Table 4.2 were taken in B, V
and R bands (ESO filters B/123, V/89, and Rc/162). The raw frames were reduced and
co-added using eso/mvm (alambic). These were aligned (shifted and rotated), then
cropped to exclude regions where any band was missing using the iraf task wregister.
sextractor (version 2.8.6; Bertin and Arnouts, 1996) was run on each image and the
seeing measured by taking the median full width at half maximum (FWHM) of objects in
the unsaturated part of the stellar locus in the FWHM-Magnitude diagram. Bright but
unsaturated isolated point sources, with sextractor-measured stellarity > 0.965 in all
three bands, were confirmed as point sources by eye and used to calculate convolution
kernels with which to degrade each set of images to a common seeing for photometry
measurements using the iraf task psfmatch. The final seeing was equal to the worst
seeing in each set of three images. Star-galaxy separation was performed on the original,
non-PSF-matched images.

Examples of stacked, flat-fielded images where stars have been excised are shown in
Figures D.1, D.2, D.3 and D.4.

4.2.4 Subsamples

We use subsamples of the 14 objects in our catalogue, based on their X-ray parameters as
given in Table 4.1. We use the morphological classifications of Pratt et al. (2009, §2.3).

‘Massive’ objects are those with M500 above the median of the entire REXCESS
population 2.95× 1014 M�.

‘Cool-core’ objects have central electron density h(z)−2 ne,0 > 4× 102 cm and have
central cooling times <109 yr (Pratt et al., 2009, §2.3.1).

‘Disturbed’ objects are classified based on their X-ray centroid shifts wi; wi = di/r500

for di the projected separation between the X-ray peak and centroid in apertures with
radii in the range (0.1 – 1) r500. If the standard deviation 〈wi〉 is above the threshold value
0.01 r500, the object is classified as disturbed. A detailed description of the determination
of this morphological parameter is given in Böhringer et al. (2010, §2.4).

4.3 Analysis

4.3.1 Source detection and classification

Source detection and measurement was carried out on PSF-matched images (see Sec-
tion §4.2.3) using sextractor in double image mode, with R as the detection band.
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Figure 4.1: Example masks produced by hand for bright objects. The circles have radius
25 ′′.

Groups of ≥ 5 pixels with values ≥ 2σ above the median filtered background per pixel
were treated as objects. We used auto_mag in sextractor for magnitude measure-
ments.

Masks were placed on stars:

• magnitude MGSC < 14 in the Guide Star Catalogue 1.2 (Morrison et al., 2001),

• and/or with prominent diffraction or blooming spikes,

• and/or with prominent secondary or higher order reflections.

Initial placement of the masks was performed using a modified version of automask.sh
from theli (Erben et al., 2005) and then finely positioned and scaled by hand. Examples
are shown in Figure 4.1. Masking introduces sharp edges which produce spurious detec-
tions not present when using unmasked images, so objects which only appeared in masked
images were ignored. When a bright object overlaid the edge of a mask, that object was
masked individually to avoid blending it with nearby extended objects. Objects from
partially exposed regions at the edges of the images – a result of the telescope dithering
and frame stacking – were filtered out of the catalogues.

The sextractor star-galaxy classifier is a neural network trained on a sample of
simulated point-source and non-point-source images to return a stellarity s in the range
0 – 1, where 1 is a point-source and 0 is not. We found that good star-galaxy separa-
tion was achieved when the maximum stellarity from all three un-degraded images was
considered, and objects with s > 0.965 in one of the bands were considered to be stars.
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Figure 4.2: Point source discrimination using sextractor’s object classifier. Any ob-
jects with s < 0.965 are treated as galaxies. Objects in box 1 are stars, objects in box 2
were checked by eye, objects in box 3 (RAB > 22) could not be classified and are assumed
to be galaxies, and objects in box 4 are clearly extended. Stars RAB < 13 do not appear
as they have been masked (note that MGSC 6= RAB). These examples come from the
images of RXC J0006.0–3443.

Bright objects which were not definitively classified (s > 0.8, RAB < 21) were checked
by eye. An example stellarity-magnitude diagram with images of some objects is shown
in Figure 4.2. The figure shows good discrimination (a value close to either 1 or 0) of
objects which are obviously point-like or extended at bright magnitudes (RAB < 20). At
dimmer magnitudes, classifications become increasingly random. Because of the finite
thickness of the Galactic disc and a finite upper magnitude on the star population, we
expect the number of stars to drop rapidly above the magnitude at which we can no
longer properly classify stars. Objects at higher magnitudes which are unclassified in
the un-degraded images are always assumed to be galaxies. By applying the degrading
filter, the signal to noise ratio of these objects is increased – the spatially uncorrelated
background is suppressed, whereas spatially correlated objects on the scale of the kernel
used for degradation are enhanced – so they can be detected.

4.3.2 Magnitude calibration

Magnitudes from sextractor were converted into AB magnitudes by making an at-
mospheric correction and a zero point correction. We fixed the B band zero point Bzero

using Data Release 7 of the AAVSO Photometric All-Sky Survey (APASS DR7) cata-
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Table 4.3: Zero points for each of the observations. We found Bzero using comparison to
the APASS catalogue, and then fitted the two colour offsets κB−V and κV−R to a stellar
locus from the literature in order to constrain V zero and Rzero. The large variation in
the zero points is due the atmospheric absorption on the observation nights; since the
extinction coefficients eM were not independently determined during observations it was
impossible to disentangle extinction from the zero point variation.

Object Rzero V zero Bzero

mag mag mag
RXCJ0006.0–3443 24.37± 0.02 24.17± 0.02 24.70± 0.02
RXCJ0049.4–2931 23.93± 0.03 23.92± 0.02 24.52± 0.02
RXCJ0345.7–4112 24.52± 0.05 24.31± 0.05 24.87± 0.05
RXCJ0547.6–3152 24.27± 0.02 24.14± 0.02 24.44± 0.02
RXCJ0605.8–3518 24.38± 0.02 24.11± 0.02 24.61± 0.02
RXCJ0616.8–4748 24.45± 0.02 24.20± 0.02 24.71± 0.02
RXCJ0645.4–5413 24.41± 0.02 24.13± 0.02 24.61± 0.02
RXCJ0821.8+0112 24.46± 0.03 24.21± 0.03 24.73± 0.03
RXCJ2023.0–2056 24.31± 0.03 24.10± 0.03 24.65± 0.03
RXCJ2048.1–1750 24.34± 0.02 24.15± 0.02 24.71± 0.02
RXCJ2129.8–5048 24.39± 0.02 24.19± 0.02 24.76± 0.02
RXCJ2218.6–3853 24.30± 0.02 24.09± 0.02 24.65± 0.02
RXCJ2234.5–3744 24.35± 0.02 24.16± 0.02 24.69± 0.02
RXCJ2319.6–7313 24.04± 0.03 23.79± 0.03 24.11± 0.03

logue, which has good coverage of almost all of our fields, and sufficient coverage (>30%)
in those fields where coverage was incomplete.

Using the observations and zero points from Ziparo et al. (2012), we generated a
calibrated stellar locus. By minimizing the offset of the stellar locus in each observation
set from this calibrated stellar locus, we found colour offsets κB−V = Bzero − V zero and
κV−R = V zero−Rzero. This method is similar to that of High et al. (2009). The resulting
zero points are given in Table 4.3.

No attempt was made to correct for galactic extinction whilst constructing the stellar
locus diagram as we found that the assumption that the galactic dust could be modelled
as a thin sheet was incorrect, and that bluer stars (brighter and typically further away)
tended to be more reddened than redder stars (dimmer and typically closer). Instead,
we assumed that the observed stellar locus was independent of position on the sky (at
least away from the galactic plane, where all of our targets are) and that we could cross-
calibrate with similar observations.

Conversion of magnitudes and colour gradients to the Johnson system (for comparis-
ons with the literature) was carried out using colour terms from the ESO WFI web page.1
The conversion between raw magnitudes Mraw and Johnson magnitudes MJ is described
by

1https://www.eso.org/sci/facilities/lasilla/instruments/wfi/inst/zeropoints.html [Ac-
cessed: 2013-07-24]

https://www.eso.org/sci/facilities/lasilla/instruments/wfi/inst/zeropoints.html
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Table 4.4: Magnitude conversion parameters. The offsets OM were taken from the ESO
mag2flux tool at http://archive.eso.org/mag2flux/.

Band cM eM OM

R 0.0± 0 0.070± 0.010 +0.23
V −0.13± 0.01 0.11± 0.01 +0.14
B 0.25± 0.02 0.22± 0.01 −0.07

 Rraw

Vraw

Braw

 =

 1 + cR −cR 0
−cV 1 + cV 0

0 −cB 1 + cB

 RJ

VJ

BJ


+

 ZR eR
ZV eV
ZB eB

−
 Rzero

V zero

Bzero

 , (4.1)

forM zero the zero point in bandM , cM the colour term, ZM the airmass of the observation
and eM the extinction parameter. This equation can be inverted in order to find standard
magnitudes given raw magnitudes. The conversion between raw magnitudes and AB
magnitudes is described by

 RAB

VAB

BAB

 =

 Rraw

Vraw

Braw

−
 ZR eR

ZV eV
ZB eB

 (4.2)

+

 OR

OV

OB

+

 Rzero

V zero

Bzero

 ,

for OM the AB offset for band M . The values of the parameters are given in Table 4.4,
and the AB corrections OM were taken from the ESO mag2flux tool2.

The results in the rest of this paper are based on AB system magnitudes.

4.3.3 Luminosity function analysis

4.3.3.1 Galaxy catalogue completeness from off-target observations

The number counts of field galaxies arise from the summation of luminosity functions at
many redshifts, which themselves are influenced by galaxy evolution. We use the number
counts histogram to estimate catalogue completeness at different magnitudes, and to
compare the relative over- or under-density of galaxies in the off-target regions of our
observations to other regions in the sky.

2http://archive.eso.org/mag2flux/

http://archive.eso.org/mag2flux/
http://archive.eso.org/mag2flux/
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Figure 4.3: The off-target number count surface densities S for each cluster in the sample
are shown in grey, along with the expected number counts from data compiled by Metcalfe
in solid black [see Footnote (3)].

Metcalfe compiled a set of number count measurements3 from Jones et al. (1991);
Metcalfe et al. (1991, 1995, 1996); McCracken et al. (2000); Metcalfe et al. (2001); Frith
et al. (2003); Busswell et al. (2004); Metcalfe et al. (2006). The dataset has an intrinsic
scatter of ∼0.3 dex, corresponding to a factor of ∼ 2. We use a 5th order polynomial
spline fit ξMetcalfe (R) as an empirical shape for our field number counts histogram fitting.
The number count surface densities S for all of the off-target regions in the sample are
plotted in Figure 4.3, along with ξMetcalfe.

We assume that the fall-off at the magnitude limit can be described by the logistic

function ξfalloff (M) =
[
1 + exp

(
M−M falloff

Wfalloff

)]−1

. This function was chosen since it goes
smoothly from ∼ 1 to ∼ 0 over a characterisable distance, but we make no claim that it
precisely describes the fall-off. The 50% completeness limit is at M falloff in this model.

We fit the function Ξ = fg ξMetcalfe ξfalloff where fg is a normalisation factor, to the off-
target number counts histogram for each cluster in our sample (measured in region r >
1.5 r500), and the results are given in Table 4.5. We also include the fall-off magnitude as a
K-corrected absolute magnitude at the cluster redshift, RAB abs Kfalloff . The K-corrections
are made using the data of Poggianti (1997), assuming that the galaxies are E-galaxies.

The observed galaxy counts were all between 1× and 2× the empirically determined
density, consistent with our galaxy clusters occupying denser regions of the cosmic web,
and within the expected bounds of the scatter from Metcalfe’s galaxy counts dataset. In

3http://astro.dur.ac.uk/~nm/pubhtml/counts/counts.html Metcalfe, (2010) [Accessed: 13-05-
2013]

http://astro.dur.ac.uk/~nm/pubhtml/counts/counts.html
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Table 4.5: Off-target number counts fit results. RABfalloff is the detection band falloff
magnitude in the observer’s magnitude system and RAB abs Kfalloff is the corresponding
K-corrected absolute magnitude. fg is the normalisation factor by which the literature
number counts function was multiplied.

Object RABfalloff RAB abs Kfalloff Wfalloff fgRAB

mag mag mag
RXCJ0006.0–3443 24.07± 0.03 −14.71± 0.03 0.153± 0.014 1.49± 0.06
RXCJ0049.4–2931 23.10± 0.03 −15.53± 0.03 0.157± 0.014 1.33± 0.05
RXCJ0345.7–4112 24.40± 0.04 −12.81± 0.04 0.150± 0.011 1.16± 0.06
RXCJ0547.6–3152 23.34± 0.03 −16.09± 0.03 0.150± 0.014 1.39± 0.06
RXCJ0605.8–3518 23.99± 0.03 −15.28± 0.03 0.154± 0.011 1.53± 0.06
RXCJ0616.8–4748 23.74± 0.02 −15.08± 0.02 0.150± 0.008 1.37± 0.05
RXCJ0645.4–5413 23.74± 0.03 −15.96± 0.03 0.151± 0.011 1.17± 0.05
RXCJ0821.8+0112 24.07± 0.03 −13.89± 0.03 0.146± 0.012 1.27± 0.05
RXCJ2023.0–2056 24.34± 0.03 −12.73± 0.03 0.158± 0.009 1.26± 0.05
RXCJ2048.1–1750 24.25± 0.02 −15.16± 0.02 0.142± 0.009 1.46± 0.05
RXCJ2129.8–5048 24.02± 0.04 −13.86± 0.04 0.152± 0.012 1.10± 0.05
RXCJ2218.6–3853 22.25± 0.03 −17.04± 0.03 0.159± 0.014 1.19± 0.05
RXCJ2234.5–3744 24.11± 0.03 −15.37± 0.03 0.150± 0.010 1.39± 0.05
RXCJ2319.6–7313 21.93± 0.05 −16.46± 0.05 0.143± 0.014 1.71± 0.10

Table 4.6: Schechter function fitting results, valid for the MPG/ESO 2.2 m Telescope
WFI filters.

Band M∗ α χ2
r

mag
RAB abs K −22.39± 0.17 −1.18± 0.04 2.03
VAB abs K −21.90± 0.25 −1.27± 0.07 3.62
BAB abs K −21.59± 0.26 −1.23± 0.09 3.55

addition, the shapes of the off-target number counts in Figure 4.3 do not closely trace the
curve expected from the literature, suggesting that the galaxy overdensity of the cluster
extends beyond r500.

4.3.3.2 Initial cluster luminosity function analysis

For each cluster, we measured the on-target luminosity function in the region r < r500 in
the R band, subtracting the off-target number counts histogram measured from the region
r > 1.5 r500. Each function was normalised by the mean density in −21 < R < −17. We
truncated each function well below the 50% completeness limit, at M falloff − 4Wfalloff as
fitted in the off-target region (see Section §4.3.3.1). We fitted a Schechter function Φ(L) =
φ
(
L
L∗
)α

exp
(−L
L∗
)
for L∗ the Schechter luminosity (with the corresponding magnitudeM∗),

α the slope parameter and φ a normalisation factor to the mean luminosity function. The
function and its fit for the detection band are shown in Figure 4.4, and the fitting results
for all three bands are given in Table 4.6.

Given the detection band Schechter magnitude R∗, we define three groups of galaxies
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Figure 4.4: Mean cluster luminosity function in the detection band and best fitting
Schechter function model. Before stacking, the off-target number count density was
subtracted, and each profile divided by the remaining object count in −21 < RAB abs K <
−17.

in each cluster: ‘bright’ galaxies are those satisfying (R < R∗ + 2.5), i.e. (L/L∗ > 0.1);
‘faint’ galaxies satisfy (R∗ + 2.5 < R < R∗ + 5), i.e. (0.1 > L/L∗ > 0.01); and ‘dwarf’
galaxies satisfy (R > R∗ + 5), i.e. (L/L∗ < 0.01). Additionally, we define the symbols
R∗+2.5 = R∗ + 2.5 and R∗+5 = R∗ + 5.

The dwarf galaxy population (described in, e.g. Popesso et al., 2006) is not always
obvious in our data due to different image depths in different observations. The detection
band data are sufficiently deep to reach the faint limit, R∗+5, so in the rest of this paper
we use the ‘bright’ and ‘faint’ galaxies, ignoring the dwarfs.

By imposing a magnitude cut atR∗+5, we lose a fraction of the total luminosity in each
cluster. By integrating the fitted luminosity functions beyond the cut and extrapolating
for very faint objects we can estimate the ratio between the total luminosity in galaxies
we observe and the total integrated luminosity in the luminosity function. Luminosities
based on the ‘faint’ cut need to be increased by 2.5 % in R, 3.9 % in V and 3.3 % in B.

A more exhaustive assessment of the luminosity functions, as well as total luminosity
measurements informed by the count density profiles is given in Section §4.3.9.

4.3.4 Catalogue contamination by misidentified stars

We estimate an upper bound on the number of stars at each magnitude in our catalogues
by fitting star counts with respect to magnitude at magnitudes where star-galaxy sep-
aration is robust, and extrapolating this to higher magnitudes. (These count estimates
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Table 4.7: Contamination fraction for each catalogue measured at the bright limit, the
faint limit, and the 50% detection limit.

Object KR<R∗+2.5 KR<R∗+5 KM falloff

RXCJ0006.0–3443 −0.00± 0.05 −0.002± 0.013 0.003± 0.005
RXCJ0049.4–2931 −0.00± 0.08 −0.036± 0.014 −0.002± 0.008
RXCJ0345.7–4112 0.00± 0.26 −0.01± 0.05 −0.005± 0.004
RXCJ0547.6–3152 −0.00± 0.14 0.123± 0.024 0.154± 0.017
RXCJ0605.8–3518 −0.00± 0.13 0.274± 0.012 0.319± 0.004
RXCJ0616.8–4748 −0.00± 0.19 0.215± 0.019 0.270± 0.007
RXCJ0645.4–5413 0.04± 0.08 0.340± 0.009 0.365± 0.007
RXCJ0821.8+0112 0.00± 0.32 0.11± 0.05 0.324± 0.004
RXCJ2023.0–2056 0.0± 0.5 0.21± 0.07 0.474± 0.004
RXCJ2048.1–1750 −0.00± 0.11 0.426± 0.009 0.5358± 0.0033
RXCJ2129.8–5048 0.00± 0.29 0.06± 0.05 0.183± 0.005
RXCJ2218.6–3853 −0.00± 0.14 0.387± 0.009 0.277± 0.021
RXCJ2234.5–3744 −0.00± 0.06 −0.077± 0.019 0.017± 0.006
RXCJ2319.6–7313 −0.00± 0.18 0.085± 0.035 0.222± 0.015
Mean 0.00± 0.06 0.150± 0.009 0.2241± 0.0025

are upper bounds since the star counts drop off at a faster rate at higher magnitudes.)
The number of stars which are expected given the power law, but not seen, are assumed
to have been misidentified as galaxies. The contamination fraction K measured in each
catalogue at selected magnitudes is given in Table 4.7.

4.3.5 Red sequence selection

The red sequence is a line in colour-magnitude space around which elliptical galaxies in
clusters tend to scatter (e.g. Bower, Lucey, and Ellis, 1992; Valentinuzzi et al., 2011). The
origin of the red sequence and its relation to the mass-metallicity relation was explored
in a seminal paper by Arimoto and Yoshii (1987). The position of the line changes with
redshift, and can be used to detect new galaxy clusters and estimate cluster redshifts
(e.g. Gladders and Yee, 2000). Spiral galaxies in clusters tend to be bluer than the red
sequence and migrate on to it as star formation fades. The scatter of field galaxies in
colour space is usually much larger than the scatter of the red sequence galaxies and
in this study we use this observation to increase the signal to noise ratio of our radial
profiles.

We fit a line to the red sequence described by Cmodel (M) = g (M − Z) + k where C
is a colour, g is the gradient, M is a magnitude, and k is the colour at a ‘pivot point’
Z. The distribution of cluster galaxies perpendicular to the red sequence comprises a
red sequence of galaxies with a relatively narrow scatter (≤0.05 mag in this case) centred
on the line, and a blue cloud of galaxies with a larger scatter (∼0.5 mag) centred some
distance below the red sequence. We model this as a distribution of the form

Ψ(Cresidual) = ψr exp

(
−(Cresidual − or)

2

2σ2
r

)
+ ψb exp

(
−(Cresidual − ob)2

2σ2
b

)
, (4.3)
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with Cresidual (C,M) = C − Cmodel (M), where or is the offset of the distribution of red
sequence galaxies from the line Cmodel, σr the width of the red sequence, and ψr the
density of the red sequence; ob, σb and ψb are equivalent quantities for the blue cloud.
For well fitted red sequences, or/σr should be small (� 1). We also define

wrs =
Cresidual − or

σr

, (4.4)

which is the scaled displacement of a point from the red sequence in units of the width
of the red sequence; galaxies with −3 < wrs < 3 are taken to be on the red sequence and
those with wrs < −3 are blue cloud objects.

We consider red sequences in the (R,B − V ) = (M,C) colour-magnitude space (in
the AB system), and fit to the galaxies satisfying R < 20 and r < r500.

The fitting procedure was:

1. Fit of the straight line Cmodel to the colour-magnitude points, using a least squares
method. (On the first iteration, this step was skipped, and we assumed a gradient
of −0.044.)

2. Compute the histogram of Cresidual for all points within the magnitude limits.

3. Fit of the scatter model Ψ to the histogram.

4. Select points |wrs| < 3 and use these as the input for the straight line fit 1.

Steps 1 to 4 were repeated enough times that the results stabilized (∼ 5 iterations was
usually sufficient). In cases where the solutions oscillated, the solution with the narrowest
σr was selected. The fit results are shown in Figure 4.5.

To compare our red sequence parameters to those in the literature we refitted g and
k in (R,B −R) and (R, V −R) using the same method, before using (4.1) and (4.2)
to transform g and k into the Johnson-Cousins (VJ, BJ − VJ) colour-magnitude space.
K-corrections were made assuming that red sequence objects are elliptical galaxies, using
values from Poggianti (1997). The parameters are shown in Table 4.8. Valentinuzzi
et al. (2011, fig. 3) give values for the K-corrected red sequence normalisation kJ K and
gradient gJ for 72 clusters in the (VJ, BJ− VJ) colour-magnitude space. The mean values
are kJ K = 0.87 ± 0.06 (at Vabs = −20) and gJ = −0.044 ± 0.009. These values are in
reasonable agreement with our results in Table 4.8.

The red sequence for RXC J2319.6–7313 is unclear and achieving a reasonable fit
for this object depended on the selection of the solution with the narrowest σr. This is
the target with the most southerly declination in the REXCESS sample, is only visible
from ESO La Silla at relatively high airmass (∼ 1.5) and the observation image depth
was somewhat lower than for most of the other targets (as shown in Table 4.5). We
suspect that the uncertainties on the measured colours may be underestimated, making
the red sequence more difficult to see. Before finding the fitting method described above,
we investigated several alternative fitting algorithms in an attempt to get robust fits for



4.3 Analysis 83

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

B
−
V

R∗R∗+2.5 R∗+5

RXC J0006.0–3443

R∗R∗+2.5 R∗+5

RXC J0049.4–2931

R∗R∗+2.5 R∗+5

RXC J0345.7–4112

R∗R∗+2.5 R∗+5

RXC J0547.6–3152

0.0

0.2

0.4

0.6

0.8

1.0

1.2

B
−
V

R∗R∗+2.5 R∗+5

RXC J0605.8–3518

R∗R∗+2.5 R∗+5

RXC J0616.8–4748

R∗R∗+2.5 R∗+5

RXC J0645.4–5413

R∗R∗+2.5 R∗+5

RXC J0821.8+0112

0.0

0.2

0.4

0.6

0.8

1.0

1.2

B
−
V

R∗R∗+2.5 R∗+5

RXC J2023.0–2056

R∗R∗+2.5 R∗+5

RXC J2048.1–1750

14 16 18 20 22

RAB

R∗R∗+2.5 R∗+5

RXC J2129.8–5048

14 16 18 20 22

RAB

R∗R∗+2.5 R∗+5

RXC J2218.6–3853

14 16 18 20 22

RAB

0.0

0.2

0.4

0.6

0.8

1.0

1.2

B
−
V

R∗R∗+2.5 R∗+5

RXC J2234.5–3744

14 16 18 20 22

RAB

R∗R∗+2.5 R∗+5

RXC J2319.6–7313

Figure 4.5: Fitted red sequences for all the clusters in the sample. The red sequence
best-fitting line is shown as a solid line, and the dashed lines show ±3wrs. The vertical
lines show the Schechter magnitude, R∗, and the bright and faint magnitude limits, R∗+2.5

and R∗+5 respectively. The star denotes the BCG. Objects below the lower dashed line
are ‘blue,’ and objects between the dashed lines are ‘on the red sequence.’
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Table 4.8: Red sequence parameters in the Johnson-Cousins colour-magnitude space
(VJ, BJ − VJ), where gJ is the gradient, and kJ = VJ, BJ − VJ at Vabs = −20. kJ K are
compensated for evolution and redshift dependence on colour using values from Poggianti
(1997) assuming that the red-sequence comprises of E-galaxies.

Object gJ kJ kJ K

mag mag
RXCJ0006.0–3443 −0.063± 0.024 1.12± 0.16 0.74± 0.16
RXCJ0049.4–2931 −0.035± 0.026 1.23± 0.16 0.87± 0.16
RXCJ0345.7–4112 −0.05± 0.10 0.995± 0.171 0.84± 0.17
RXCJ0547.6–3152 −0.059± 0.015 1.18± 0.16 0.71± 0.16
RXCJ0605.8–3518 −0.077± 0.017 1.11± 0.16 0.66± 0.16
RXCJ0616.8–4748 −0.045± 0.022 0.963± 0.150 0.57± 0.15
RXCJ0645.4–5413 −0.071± 0.012 1.15± 0.16 0.64± 0.16
RXCJ0821.8+0112 −0.028± 0.010 1.11± 0.15 0.85± 0.15
RXCJ2023.0–2056 −0.038± 0.042 1.10± 0.15 0.92± 0.15
RXCJ2048.1–1750 −0.064± 0.021 1.03± 0.16 0.56± 0.16
RXCJ2129.8–5048 −0.032± 0.009 1.12± 0.15 0.86± 0.15
RXCJ2218.6–3853 −0.055± 0.057 1.22± 0.18 0.77± 0.18
RXCJ2234.5–3744 −0.066± 0.007 0.997± 0.143 0.51± 0.14
RXCJ2319.6–7313 +0.007± 0.034 1.15± 0.16 0.83± 0.16
Mean −0.049± 0.010 1.11± 0.04 0.74± 0.04
St. dev. +0.022± 0.008 0.0828± 0.0445 0.13± 0.04

RXC J2319.6–7313. Of particular interest was fitting in several bands simultaneously,
i.e. iteration of line fitting in (R, B −R, V −R) space with an iterative cut based on
perpendicular distance from the line. We found that there is a substantial population of
galaxies which are identified as ‘on the red sequence’ using the single band-pair method,
but which are excluded from it in the multi-band method. Apart from scatter in the
colour measurements, possible reasons for the offsets in the other band pairs are that the
galaxies may lie at a substantially different redshift, have substantial dust attenuation or
AGN activity, or be influenced by the spread in star formation histories. The improved
discrimination of cluster and background galaxies in this case would lead to lower back-
ground levels overall and higher signal-to-noise ratios on the radial profiles. However,
this method required excellent starting values, and was particularly susceptible to blue
objects at fainter magnitudes. For RXC J2319.6–7313, with its broad red sequence which
is poorly separated from the blue cloud, the method failed.

There is no significant change in the the red sequence results here – or the subsequent
results based on the red sequence selection – for the other clusters when using the other
fitting algorithms we investigated.
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Table 4.9: Concentration parameters c∆ with respect to the critical density. The values
of c200,m were calculated using equation (12) in Dolag et al. (2004). c200 and c500 were
derived from c200,m assuming our fiducial cosmology.

Object c200,m c200 c500

RXCJ0006.0–3443 7.46± 0.07 4.43± 0.04 2.907± 0.030
RXCJ0049.4–2931 8.16± 0.06 4.87± 0.04 3.217± 0.028
RXCJ0345.7–4112 9.04± 0.07 5.43± 0.04 3.609± 0.029
RXCJ0547.6–3152 7.04± 0.07 4.17± 0.04 2.724± 0.031
RXCJ0605.8–3518 7.29± 0.07 4.32± 0.04 2.833± 0.030
RXCJ0616.8–4748 7.72± 0.06 4.60± 0.04 3.024± 0.029
RXCJ0645.4–5413 6.67± 0.07 3.93± 0.05 2.560± 0.032
RXCJ0821.8+0112 8.57± 0.06 5.14± 0.04 3.400± 0.028
RXCJ2023.0–2056 8.89± 0.07 5.33± 0.04 3.539± 0.029
RXCJ2048.1–1750 7.16± 0.07 4.24± 0.04 2.775± 0.030
RXCJ2129.8–5048 8.15± 0.07 4.87± 0.04 3.213± 0.029
RXCJ2218.6–3853 7.10± 0.07 4.21± 0.04 2.751± 0.031
RXCJ2234.5–3744 6.76± 0.07 3.99± 0.05 2.600± 0.033
RXCJ2319.6–7313 8.31± 0.06 4.97± 0.04 3.284± 0.028
Mean 7.737± 0.018 4.608± 0.011 3.031± 0.008
St. dev. 0.785± 0.019 0.496± 0.012 0.346± 0.008

4.3.6 Radial density model

We assume a generalised NFW model for the radial density profiles, namely

ρ(r) =
ρ0(

r
rs

)γ (
1 +

(
r
rs

)α)β−γα , (4.5)

where ρ0 is a density normalisation, ∆ is the factor by which the halo is overdense with
respect to the critical density of the universe at the object redshift, rs = 1/c∆ is a
characteristic scale length measured in units of r∆, γ is the inner slope, β is the outer
slope and α = 1. All parameters are calculated in terms of ∆ = 500.

There is a strong degeneracy between β and rs when fitting the generalised NFW
profile, so we estimated a value of c500 for each cluster using equation (12) from Dolag et al.
(2004) to be used in subsequent calculations. The values are shown in Table 4.9. When
analysing stacked profiles, we assume the mean value of c500 from all the contributing
clusters.

4.3.7 Brightest cluster galaxy properties and positions

Large cD galaxies in the cluster central region are expected to have a significant impact
on the distribution of fainter galaxies, which are less tightly bound and more susceptible
to disruption than larger bright galaxies. Their distances from the cluster centres and
sizes are given in Table 4.10.
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Table 4.10: BCG parameters. RAB abs K is the absolute magnitude of the BCG and LR
is the corresponding luminosity. r is the distance of the BCG from the X-ray peak. Ac
is the ratio of the area of the BCG to π(0.1 r500)2. aKron is the semi-major axis of the
elliptical aperture used to measure the BCG luminosity.

Object RAB abs K LR r Ac aKron

1011 L� r500 kpc
RXCJ0006.0–3443 −23.534± 0.025 1.88± 0.04 0.00 0.11267± 0.00008 55.590± 0.028
RXCJ0049.4–2931 −23.151± 0.026 1.319± 0.031 0.01 0.06321± 0.00008 21.180± 0.020
RXCJ0345.7–4112 −22.97± 0.05 1.12± 0.06 0.00 0.099439± 0.000031 23.026± 0.005
RXCJ0547.6–3152 −23.312± 0.023 1.530± 0.032 0.02 0.05545± 0.00009 28.507± 0.034
RXCJ0605.8–3518 −23.633± 0.022 2.06± 0.04 0.00 0.08959± 0.00008 35.869± 0.023
RXCJ0616.8–4748 −23.935± 0.023 2.72± 0.06 0.01 0.14889± 0.00010 57.391± 0.028
RXCJ0645.4–5413 −23.789± 0.024 2.37± 0.05 0.01 0.10326± 0.00011 53.77± 0.04
RXCJ0821.8+0112 −22.718± 0.025 0.885± 0.020 0.01 0.042928± 0.000019 18.431± 0.005
RXCJ2023.0–2056 −22.264± 0.028 0.583± 0.015 0.01 0.064183± 0.000027 19.517± 0.006
RXCJ2048.1–1750 −23.963± 0.023 2.79± 0.06 0.17 0.07459± 0.00005 30.889± 0.016
RXCJ2129.8–5048 −22.690± 0.024 0.863± 0.019 0.11 0.041114± 0.000023 21.526± 0.009
RXCJ2218.6–3853 −23.598± 0.023 1.99± 0.04 0.03 0.06235± 0.00013 32.02± 0.05
RXCJ2234.5–3744 −23.412± 0.023 1.68± 0.04 0.15 0.041763± 0.000029 29.832± 0.014
RXCJ2319.6–7313 −22.242± 0.031 0.571± 0.016 0.01 0.06545± 0.00027 24.68± 0.07

The BCGs in REXCESS were studied by Haarsma et al. (2010). In this paper we use
variable aperture elliptical magnitudes, whereas Haarsma et al. used magnitudes meas-
ured in a 12 h−1kpc fixed aperture metric radius, and as a consequence the magnitudes
we measure here are higher.

4.3.8 Radial density profiles

By measuring the shape of the radial density profiles of galaxy clusters, we can assess the
extent to which galaxies (effectively collisionless particles) trace gas (a collisional fluid)
and dark matter (which we assume to be a collisionless fluid) in galaxy clusters of different
morphological types and masses. Since the evolutionary history of a galaxy may be quite
different if it is on the red-sequence as opposed to in the blue cloud, or bright as opposed
to faint, we must consider each sub-population of galaxies (red and bright, red and faint,
blue and bright, and blue and faint) separately.

We produced radial surface density profiles S for individual clusters by summing
object counts in radial bins around the cluster centres (see Section §4.2.2 for details on
the centring method), with annular bin edges at (0, 0.1, 0.15, 0.2, 0.25, 0.35, 0.5, 0.7, 1,
1.25, 1.5, 2.5 and 5) r500. The number counts were divided by the total exposed area in
each annulus to get the surface density.

4.3.8.1 Count density profile fitting

We fitted the generalised NFW model profile defined in Equation (4.5) to each of the
individual galaxy count density profiles. This measurement is used to constrain the
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Table 4.11: NFW fitting results for each of the galaxy population filters – bright and
faint; red sequence and blue. The full length table is given in Table D.1.

Object Galaxy filter β S0 SbgNFW

r−3
500 r−2

500

RXCJ0006.0–3443 Bright, red 2.7± 0.5 49.7± 9.0 7.2± 2.1
RXCJ0049.4–2931 Bright, red 3.4± 0.4 60.2± 10.7 1.9± 0.5
RXCJ0345.7–4112 Bright, red 3.0± 0.9 10.5± 3.3 2.1± 0.6
RXCJ0547.6–3152 Bright, red 2.65± 0.34 50.7± 6.7 5.5± 1.4
RXCJ0605.8–3518 Bright, red 3.1± 0.4 54.9± 8.8 7.2± 0.8
RXCJ0616.8–4748 Bright, red 2.54± 0.28 29.2± 3.5 2.6± 0.6
RXCJ0645.4–5413 Bright, red 2.87± 0.26 112.3± 12.9 9.9± 1.3
RXCJ0821.8+0112 Bright, red 2.4± 0.4 22.5± 3.4 1.4± 0.9

background count density and to provide an estimate of the total galaxy count within a
particular radius.

When fitting the model profile to projected quantities like the observed galaxy count
density profiles, we integrate ρ(r) numerically along the line of sight, and allow an addi-
tional uniform surface density component SbgNFW as background, which is not projected.
We fixed α = γ = 1 because the statistics of the individual profiles were too poor to
constrain these parameters.

An additional limit, ρ(r > rcutoff) = 0 is imposed so that the integrals converge and
to break the degeneracy between β and SbgNFW. We found that values of SbgNFW were
consistent within their uncertainties for rcutoff = (2.5, 5 and 10) r500 for the red populations
which have good statistics, but that the poor statistics of the blue populations led to some
cases of negative SbgNFW if rcutoff > 2.5 r500. Whilst there are indications that the cluster
extends beyond 2.5 r500, our data outside that radius are too sparse to make reasonable
measurements, so we set rcutoff = 2.5 r500. This limit is also used where we estimate the
projected total mass profile within the cluster, and the projected gas density profile.

To generate estimates of the total number of galaxies ng in each cluster, we integrated
the fitted density profiles out to the relevant r∆. This was done for each galaxy population
(combinations of red/blue and bright/faint) as well as for the combined total population
(red and blue, down to the faint limit).

Count density profiles for all of the individual clusters are shown in Figures D.5 to
D.8 and their best fitting radial density profile parameters are given in Table 4.11 (full
length table is given in Table D.1).

4.3.8.2 Background count density analysis

Before stacking the count density profiles of the clusters, the density of galaxies which are
in the same line of sight as the cluster but not physically bound to it must be estimated
and subtracted. Having already established that the objects may be embedded in more
dense regions of the large scale structure (in Section §4.3.3.1), we made a number of
different estimates of the local background for each observation set, with the aim of
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assessing whether the background level was high because the cluster itself is extended, or
due to a uniform surface density of objects across the observation field.

The simplest estimate Sbgsimple was found by taking the count density in the region
bounded by r > 1.5 r500. This method is susceptible to contamination by the wings of
the galaxy density distribution, including virialised galaxies and structures like infalling
subclusters and filaments.

We control for infalling structures which are not azimuthally symmetric by making n
independent estimates Sbgsector (with standard deviation σSbgsector) of the background level
in annular sectors in the same bounded region. If the objects in the sectors are spatially
uncorrelated and obey Poisson statistics, we would expect that the combined uncertainty
of the n independent samples of the background density, αSbgsector = σSbgsector/

√
n, would

be the same as the Poissonian value for the complete region, i.e. αSbgsector ∼ αSbgsimple
.

On the other hand, spatially correlated objects are not drawn from a single Poisson
distribution and appear significantly more frequently in some the sectors, leading to a
higher αSbgsector , i.e. we would expect αSbgsector > αSbgsimple

if local structures are present.
To control for broad wings of the galaxy density distribution, we fitted the NFW

model described in Equation (4.5) - including a constant surface density component
SbgNFW - to the individual cluster profiles. SbgNFW is sensitive to uniform density across
the field, whereas Sbgsimple includes the cluster wings and infalling structures as well.
Sbgsimple/SbgNFW > 1 indicates that Sbgsimple is contaminated by the wings of the cluster
and overestimates the background level.

The results of these measurements for the red galaxies down to the faint magnitude
limit are given in Table 4.12, and Table 4.13 includes comprehensive results for all of the
galaxy populations used in the radial profiles (the full length table is given in Table D.2).

Comparing αSbgsector and αSbgsimple
, we see that 7 of the clusters have αSbgsector/αSbgsimple

>
1.5, consistent with the existence of localised substructures within some of the sectors. We
conclude that in half of the sample, filamentary structure or infalling objects contribute
to the high background in the cluster outskirts.

Values of> 1 for the ratio Sbgsimple/SbgNFW are suggestive that, in most cases, Sbgsimple

is an overestimate contaminated by the wings of the cluster profile. (In the case of
RXC J2023.0-2056, SbgNFW is consistent with zero.) Measurements of the remnant lu-
minosity function in this region, once a model of the field galaxy density is removed, are
presented in Section §4.3.9.2.

We can also compare Sbgsimple/SbgNFW with fg from Table 4.5. In RXC J0345.7–4112,
RXC J0645.4–5413, RXC J0821.8+0112 and RXC J2129.8–5048, Sbgsimple/SbgNFW ≥ fg,
so at least a portion of the overdensity seen in the number counts function is likely due
to contamination from the cluster itself, rather than the large scale structure along the
line of sight.

The least contaminated estimate of the background galaxy count density appears
to be SbgNFW, so we use that to generate background subtracted count density profiles.
Whilst relying on a background measurement which is dependent on a prior cluster shape
rather than one which is shape independent is not ideal, there is sufficient scope in the
NFW model to make a reasonable characterisation of most of the clusters we see.



4.3 Analysis 89

Table 4.12: Background count density measurements for the red bright and faint galaxy
population: simple count density Sbgsimple including Poisson uncertainties; standard error
measured from sectors αSbgsector ; constant density component from an NFW fit SbgNFW.
Comprehensive results for red-bright, red-faint, blue-bright and blue-faint galaxy popu-
lations are given in Table 4.13.

Object Sbgsimple αSbgsector
SbgNFW

Sbgsimple

SbgNFW

αSbgsector

αSbgsimple

arcmin−2 arcmin−2 arcmin−2

RXCJ0006.0–3443 0.87± 0.05 0.04 0.74± 0.08 1.17 0.9
RXCJ0049.4–2931 0.490± 0.029 0.04 0.471± 0.019 1.04 1.4
RXCJ0345.7–4112 0.120± 0.021 0.02 0.088± 0.032 1.37 1.0
RXCJ0547.6–3152 0.93± 0.05 0.10 0.81± 0.09 1.15 1.9
RXCJ0605.8–3518 1.13± 0.04 0.08 1.09± 0.06 1.04 1.9
RXCJ0616.8–4748 0.73± 0.04 0.04 0.67± 0.06 1.09 1.1
RXCJ0645.4–5413 1.35± 0.05 0.14 1.19± 0.08 1.14 2.9
RXCJ0821.8+0112 0.344± 0.029 0.05 0.26± 0.05 1.30 1.9
RXCJ2023.0–2056 0.13± 0.04 0.04 0.06± 0.09 2.19 1.0
RXCJ2048.1–1750 1.66± 0.06 0.10 1.43± 0.17 1.17 1.8
RXCJ2129.8–5048 0.321± 0.035 0.07 0.269± 0.027 1.19 1.9
RXCJ2218.6–3853 0.83± 0.04 0.07 0.83± 0.04 1.00 1.9
RXCJ2234.5–3744 1.19± 0.05 0.06 1.06± 0.06 1.12 1.2
RXCJ2319.6–7313 0.514± 0.030 0.02 0.46± 0.05 1.11 0.8

Table 4.13: Background count density measurements. In the case of the RXC J2023.0–
2056 bright blue filter, no objects are detected in the region used for measuring Sbgsimple.
The full length table is provided in Table D.2.

Object Galaxy filter Sbgsimple αSbgsector
SbgNFW

Sbgsimple

SbgNFW

arcmin−2 arcmin−2 arcmin−2

RXCJ0006.0–3443 Bright, red 0.166± 0.020 0.02 0.12± 0.04 1.34
RXCJ0006.0–3443 Faint, red 0.70± 0.04 0.04 0.62± 0.06 1.13
RXCJ0006.0–3443 Bright, blue 0.128± 0.017 0.02 0.102± 0.029 1.25
RXCJ0006.0–3443 Faint, blue 1.15± 0.05 0.07 0.67± 0.19 1.72
RXCJ0049.4–2931 Bright, red 0.064± 0.011 0.01 0.050± 0.013 1.27
RXCJ0049.4–2931 Faint, red 0.427± 0.027 0.03 0.413± 0.020 1.03
RXCJ0049.4–2931 Bright, blue 0.074± 0.011 0.01 0.054± 0.022 1.38
RXCJ0049.4–2931 Faint, blue 0.82± 0.04 0.04 0.797± 0.023 1.02
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4.3.8.3 Comparison profiles and normalisation

With the given count statistics and binning, a deprojection of the count density profiles
produces very noisy profiles and therefore comparisons are best made with other projected
profiles.

The deprojected electron density profiles of Croston et al. (2008) do not extend to
rcutoff (the edge of our galaxy density model) because the cluster X-ray emission becomes
too faint to observe, so these were extrapolated using a generalised NFW profile (described
in Equation (4.5)) fit to Croston’s data, assuming c500 from Table 4.9 and allowing β, γ
and ρ0 to vary.

We also wished to compare the galaxy count density profiles with some model of the
total mass of the cluster. Since this is dominated by dark matter, we assumed the NFW
density profile form described in Equation (4.5) with β = 3 and α = γ = 1, and the
relevant c500 from Table 4.9.

The electron and total mass profiles were projected using the same numerical integ-
rator as used for the galaxy count density profile fitting, in the same radial bins and with
the same rcutoff . Typically, the projected electron density profiles are dominated outside
of ∼0.8 r500 by extrapolated densities.

Since the electron, total mass and galaxy count density profiles each have different
normalisation, we plot S/

∑
r<r500

S a, where a is the total area in the annulus, wherever
they are compared.

4.3.8.4 Stacked profiles

We produce stacked galaxy density profiles for all clusters and each subsample by taking
the mean of Snorm = (S − SbgNFW) /ng,r+b where ng,r+b is the total galaxy count for the
cluster measured from the radial profile of all red and blue galaxies down the faint limit
(see Section §4.3.8.1). The units of Snorm and S are r−2

500. We produce stacked electron
density profiles by taking the mean of Se,norm = Se/

∑
r<r500

Se a, where Se,norm and Se

have units r−2
500. Similarly, we produce stacked total mass profiles by taking the mean

of SM,norm = SM/
∑

r<r500
SM a, where SM,norm has units r−2

500 and SM has units M� r−2
500.

The mean profiles for the whole sample are shown in Figure 4.6.
The bright red profile follows the total mass profile reasonably well. The faint red

profile is a little broader and there is a 3σ (3× the galaxy count density uncertainty)
deficit of faint red galaxies in the central bin. The blue profiles are both substantially
broader than the total mass profile. There appears to be suppression of faint blue objects
compared to the overall trend which is limited to the region <0.15 r500; with respect to
the NFW total mass curve (shown in grey) the deficit is around 5σ. The presence of a
cD brightest cluster galaxy in the cluster core could make the detection of faint objects
more difficult, but since the BCG occupies a small fraction of the area of the central
bin – if indeed it is positioned there – this effect is negligible (see Table 4.10 for BCG
sizes relative to the central bin area, and the distance of the BCG from the X-ray peak).
Additionally, we would expect to see a similar effect for the red sequence galaxies, for
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Figure 4.6: Mean projected radial profile of all of the clusters. Galaxy number density
profiles are shown as black points with error bars, with the best fitting NFW model
shown as a red dotted line. The projected electron density is shown as a blue dashed line.
The NFW profile with parameters (α = 1, β = 3, γ = 1) and c500 from Table 4.9 is shown
in grey. The upper panels represent galaxies on the red sequence, and the lower panels
include only galaxies bluer than the red sequence. The panels on the left are ‘bright’ and
the panels on the right are ‘faint’ galaxies. The radial densities S shown are unitless,
having been normalised by the mean S of all of the annuli within r500, such that they
overlay each other as closely as possible.
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(b) Low mass clusters: RXCJ0049.4–2931,
RXCJ0345.7–4112, RXCJ0616.8–4748,
RXCJ0821.8+0112, RXCJ2023.0–2056,
RXCJ2129.8–5048, RXCJ2319.6–7313

Figure 4.7: Stacked, projected radial number density profiles for clusters above and below
the median mass in the population. The lines are the same as described in Figure 4.6.

which there is no evidence.
In Section §4.2.4 we described subsamples of the REXCESS dataset based on mor-

phological classifications and and cluster total mass. Mean profiles for the massive and
low mass subsamples are shown in Figure 4.7, for the disturbed and regular subsamples
in Figure 4.8, and for the cool-core and non-cool-core subsamples in Figure 4.9.

The subsample profiles appear to show that the suppression of faint blue galaxies in
the cluster cores is driven by the massive subsample where this effect is marked, and
is absent in the low mass subsample (both in Figure 4.7). The massive subsample also
shows suppression of the faint red galaxies in the innermost radial bin (<0.1 r500), not
seen in the mean profile for the whole sample. Figure 4.9 shows that there is even stronger
suppression of faint blue galaxies in the cores of the cool-core clusters (only one of which
is classified as massive), and this effect appears in all three cool-core clusters’ individual
profiles (see Section §D.2). Additionally, suppression of bright blue galaxies is noted in
the cool-core cluster cores, an effect not seen at all in the stacked profile for the full
sample. In the cool-core clusters the red populations appear to be unaffected.

There is some suppression of faint blue galaxies in the centres of the regular clusters,
but other than that the profiles for the regular and disturbed clusters appear qualitatively
very similar to one another. In particular, we find no evidence from this analysis that there
is any substantial difference between the two subsamples which might give a measure of
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(b) Regular clusters: RXCJ0049.4–2931,
RXCJ0345.7–4112, RXCJ0547.6–3152,
RXCJ0605.8–3518, RXCJ0645.4–5413,
RXCJ0821.8+0112, RXCJ2234.5–3744

Figure 4.8: Stacked, projected radial number density profiles for disturbed and regular
clusters. The lines are the same as described in Figure 4.6.
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(b) Non-cool-core clusters: RXCJ0006.0–
3443, RXCJ0049.4–2931, RXCJ0547.6–
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Figure 4.9: Stacked, projected radial number density profiles for cool-core and non-cool-
core clusters. The lines are the same as described in Figure 4.6.
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the dynamical state to complement the X-ray based centre shifts parameter used for the
disturbed/regular classification (see Section §4.2.4). The difference which is seen could
be statistical noise.

There is strong evidence that the profiles extend at least up to the 2.5 r500 limit, as the
outer bins of the stacked profiles have a significant positive residual even after background
subtraction.

We fitted projected generalised NFW models to the stacked galaxy count density
profiles using the same method as used for the individual clusters to yield βg, allowing for
a constant density component SbgNFW in case the background subtraction before stacking
was incomplete. We include for comparison the mean electron density profile outer slope
βe, which is calculated by taking the mean βe of all the clusters in the subsample. The
parameters are tabulated in Table 4.14 and the fits are shown in Figures 4.6 to 4.9.

The best fitting profiles for both bright and faint red sequence galaxies have outer
slopes which are flatter than, but nevertheless in rough agreement with β = 3, the slope
of the assumed total mass profile. The bright blue profile is substantially broader than
the NFW, and the best fitting has outer slope inconsistent with β = 3. The faint blue
profile is similar, with a best fitting outer slope consistent with the outer slope for the
bright blue galaxies but with large uncertainties.

The cumulative fraction of red galaxies for the full sample, and for the high and
low mass clusters is shown in Figure 4.10. These measurements reflect the morphology-
density relation for ellipticals and spirals (e.g. Dressler, 1984), and our measured blue
fraction at the limit of our observations – well within the cluster region of influence – is
substantially lower than the field spiral population. Comparing the low mass and massive
clusters, we see that outside 0.2 r500, the red fraction reaches a plateau in the low mass
clusters, but in the massive clusters it is still higher than 90% and doesn’t reach the same
plateau level even at the limit of our observations. Even in low mass clusters, the red
fraction approaches 100% in the central regions.

4.3.9 Luminosity measurements

4.3.9.1 Variation of the cluster luminosity function with radius

Since we see a reduction in the faint galaxy counts in cluster centres, we produced back-
ground subtracted luminosity functions for the projected annuli with edges at (0, 0.15,
0.5 and 1.0) r500 for the full galaxy population and for the red sequence galaxies. A selec-
tion of these luminosity functions are shown in Figure 4.11. The method of generation,
normalisation and stacking is described in Section §4.3.3.2; the only difference is that we
now impose an additional catalogue selection based on the red sequence fit.

Figure 4.11 shows that the red sequence luminosity functions outside of 0.15 r500 are
all extremely similar. The inner luminosity functions have a break at around RAB abs K =
−18, above which the function drops below the trend. This suppression is largely due
to the massive clusters. The uncertainties on the inner luminosity function for the low
mass clusters are too large to conclude that there is suppression; within the uncertainties
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Table 4.14: Stacked cluster best fitting parameters. 1No error is quoted where the fitting
routine failed to estimate the covariance matrix.

Object Galaxy filter βg βe

All clusters Bright, red 2.76± 0.16 2.936± 0.026
Massive Bright, red 2.97± 0.17 3.131± 0.032
Low mass Bright, red 2.54± 0.30 2.74± 0.04
Disturbed Bright, red 2.53± 0.25 2.853± 0.034
Regular Bright, red 3.00± 0.12 3.02± 0.04
Cool-core Bright, red 2.20± 0.34 2.70± 0.06
Non-cool-core Bright, red 2.85± 0.17 3.001± 0.028
All clusters Faint, red 2.51± 0.22 2.936± 0.026
Massive Faint, red 2.45± 0.35 3.131± 0.032
Low mass Faint, red 2.54± 0.29 2.74± 0.04
Disturbed Faint, red 2.29± 0.27 2.853± 0.034
Regular Faint, red 2.70± 0.25 3.02± 0.04
Cool-core Faint, red 2.6± 0.5 2.70± 0.06
Non-cool-core Faint, red 2.43± 0.24 3.001± 0.028
All clusters Bright, blue 1.80± 0.24 2.936± 0.026
Massive Bright, blue −0.3± 1.8 3.131± 0.032
Low mass Bright, blue 1.85± 0.22 2.74± 0.04
Disturbed Bright, blue 1.67± 0.30 2.853± 0.034
Regular Bright, blue 2.04± 0.32 3.02± 0.04
Cool-core Bright, blue 1.311 2.70± 0.06
Non-cool-core Bright, blue 1.4± 0.4 3.001± 0.028
All clusters Faint, blue 1.4± 0.4 2.936± 0.026
Massive Faint, blue 1.5± 0.6 3.131± 0.032
Low mass Faint, blue 0.9± 1.2 2.74± 0.04
Disturbed Faint, blue 0.8± 0.7 2.853± 0.034
Regular Faint, blue 1.9± 0.6 3.02± 0.04
Cool-core Faint, blue 1.4± 1.4 2.70± 0.06
Non-cool-core Faint, blue 1.3± 0.4 3.001± 0.028
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Figure 4.10: Cumulative fraction of red galaxies. The top two panels show (left) bright
and faint galaxies for the whole sample and (right) only bright galaxies for the whole
sample. The remaining panels show bright and faint galaxies for the specified subsamples.
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Figure 4.11: Stacked luminosity functions for the annuli bounded by (0, 0.15, 0.5 and
1.0) r500. The functions are normalised and then artificially separated by a factor of 10.
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Figure 4.12: Stacked luminosity functions for the annuli bounded by (0, 0.15, 0.5 and
1.0) r500. The functions are normalised and then artificially separated by a factor of 10.

it appears that the faint galaxy count continues the trend seen at brighter magnitudes.
We note that the massive clusters are more distant on average, and that the magnitude
limit is lower for these observations, but not sufficiently low that it explains the break at
RAB abs K = −18. Additionally, the stacking procedure – normalising to a complete part of
the luminosity function and ensuring that truncated magnitude bins do not contribute to
the mean – should minimize any influence of the completeness limit on the final luminosity
function shapes. There is some evidence that the massive sample luminosity function is
a little flatter than the low mass sample one, but given the size of the uncertainties it is
difficult to be certain.

The blue object luminosity functions vary strongly with respect to cluster-centric
distance. Figure 4.11b shows an excess of bright galaxies in the outer cluster regions
(0.5 < r/r500 < 1) which isn’t seen at smaller radii, and we found that there was an
excess of bright blue galaxies in the off-target region as well. In the two inner regions
sampled (r/r500 < 0.15 and 0.15 < r/r500 < 0.5) there is strong variation in shape of the
luminosity function, away from a simple Schechter function.

There is no evidence of a difference between the luminosity function of disturbed and
regular clusters, shown in Figure 4.12. Any differences which are apparent are consistent
with being statistical effects.
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4.3.9.2 Residual cluster luminosity function in the off-target region

Given the evidence of structures in the off-target region in Section §4.3.8.2 and Sec-
tion §4.3.8.4, we re-analysed the luminosity function in the r200 < r region to try to
find a residual cluster luminosity function, once our assumed field galaxy function was
subtracted.

The possible excess of cluster galaxies outside r500 means that the normalisation factor
fg found for the assumed field galaxy function ξMetcalfe (see Section §4.3.3.1) may be
slightly overestimated. However, since the cluster luminosity function is largely invariant
with distance from the cluster centre, we can attempt to fit both cluster and field simul-
taneously for the full image. This should give an improved estimate of fg, which can be
used with ξMetcalfe as the background.

Assuming values for α and M∗ from Table 4.64 we fitted a combined model
ξfalloff (Φ(L) + fg ξMetcalfe) to the luminosity histogram of each full field, making no mag-
nitude or red-sequence based selections since these may alter the field number counts.
The ξMetcalfe component was subtracted from the count histogram in the off-target region,
and the results are shown in Figure 4.13.

The shape of the residual in Figure 4.13 appears, in most cases, inconsistent with
the shape of the background number counts function which is also shown. The residual
often resembles the cluster luminosity function. This is consistent with the tentative
conclusion drawn in Section §4.3.8.2, that the cluster does extend some distance outside
of r200. Compared with the on-target luminosity functions shown in Section §4.3.9.1, these
residuals have denser faint components, with an upturn at fainter magnitudes similar to
the dwarf upturn seen in Popesso et al. (2006), but are also consistent with being due to
some remnant field contamination.

4.3.9.3 Total cluster luminosity

The total cluster luminosity and the related mass-to-light ratio are useful parameters
when assessing the efficiency or disruption of star formation in different types of galaxy
clusters. Since we are dealing with projected data, a correction needed to be made for the
cluster galaxies outside of r500 or r200 but, when seen in projection, in one of the annular
bins.

We considered two populations of galaxies when calculating the total cluster lumin-
osities: |wrs| < 3 which includes only galaxies on the red sequence, and wrs < 3 which
includes both the red sequence and the blue cloud, but excludes objects redder than the
red sequence. To ensure that the correction to the total luminosity required due to the
magnitude limit was approximately equal for all the clusters in the sample, we considered
galaxies satisfying R < R∗ + 5.

4α and M∗ were fitted to the entire sample. Since the cluster luminosity function is invariant with
distance from the cluster centre, the background subtraction performed before the stacking operation in
Section §4.3.3.2 should not bias the shape of the final luminosity function, despite the small residual of
cluster galaxies in the region used as the background.
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Figure 4.13: Off-target region (r200 < r) residual cluster luminosity function. The as-
sumed background model (including the falloff component) is shown as a dashed line for
comparison.
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Using the best fitting NFW models – which include a background estimate – for
each of the galaxy populations, we assign a weight w which represents the probabil-
ity that a galaxy seen in a particular radial bin is within r∆. If the total best fitting
model count density for a particular radial bin is Stotal = SbgNFW + SNFW,rcutoff=2.5r500 (as
described in Section §4.3.8.1), the weight assigned to each galaxy in that radial bin is
w∆ = SNFW,rcutoff=r∆/Stotal, where SNFW is found by integrating the volume density model
ρ in annuli along the line of sight, and setting ρ = 0 where r > rcutoff . The total lumin-
osity within r∆ is then the sum

∑
i w∆ i Li, and the total count is

∑
i wi for all galaxies

i in the particular population. The major source of uncertainty in this calculation is the
uncertainty on w, arising from the uncertainties on the fitting parameters in the model.
The BCG is assigned w = 1, but other galaxies are not specially treated. Typical values
of w are around 0.9 in the innermost radial bins.

Since the radial count density profiles for the bright red, faint red, bright blue and
faint blue populations are different, we calculate luminosities for all four subpopulations
separately, and then sum the relevant sub-populations to get total red or red plus blue
luminosities. In cases where the best fitting model is consistent with there being no
overdensity for a particular population and has very large uncertainties on the relevant
fit parameters this subpopulation is not included in the final total luminosity. Only the
RXC J0345.7–4112 faint blue population is affected by this step.

The total luminosities for each cluster are given in Table 4.15.

4.3.9.4 Mass-to-light ratio relation

M500 and M200 were calculated using r500 from Table 4.1, concentration parameters from
Table 4.9 (to transform between r500 and r200) and the fiducial cosmology. We calculated
mass-to-light ratios M∆/L∆ for each of the clusters, which are plotted against M∆ in
Figure 4.14. Using M∆/L∆ = η (M∆/Mpivot)

ε as a model, with Mpivot = 5× 1014 M�, we
found best fitting parameters to the mass-to-light vs. mass relation, which are given in
Table 4.16.

Three objects – RXC J0345.7–4112 (cool-core), RXC J00605.8–3518 (cool-core and
massive) and RXC J2218.6–3853 (massive and disturbed) – lie slightly above the fitted
mass-to-light relationship, but do not significantly affect the fit.

We find a slope ε of 0.01 ± 0.10 for the red sequence within r200, and 0.11 ± 0.14
for the red plus blue galaxy population within r200. The increase in slope when the blue
luminosity is included compared with the case with just the red sequence luminosity is
consistent with a decrease in blue fraction at high masses, already noted in Section §4.3.8.4
and shown in Figure 4.10. The increase in the mean luminosity of blue galaxies as cluster
mass increases and faint galaxies are disrupted/otherwise suppressed is insufficient to
compensate for the decreased blue fraction.

Popesso et al. (2007) measured M200/L200 for red sequence objects and quote a slope
ε = 0.18±0.04, once projection effects are taken into account. Whilst this result is in fair
agreement with our measurements given the uncertainties, both of our best estimates for
the red sequence are somewhat flatter.
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Table 4.15: Total R band luminosities.

Object Galaxy filter L500 L200

1012 L� 1012 L�
RXCJ0006.0–3443 Bright and faint, red 1.70± 0.19 2.52± 0.28
RXCJ0006.0–3443 Bright and faint, red and blue 2.03± 0.20 3.23± 0.32
RXCJ0049.4–2931 Bright and faint, red 1.16± 0.13 1.47± 0.16
RXCJ0049.4–2931 Bright and faint, red and blue 1.39± 0.17 1.98± 0.26
RXCJ0345.7–4112 Bright and faint, red 0.283± 0.028 0.36± 0.04
RXCJ0345.7–4112 Bright and faint, red and blue 0.330± 0.033 0.41± 0.05
RXCJ0547.6–3152 Bright and faint, red 2.48± 0.20 3.42± 0.29
RXCJ0547.6–3152 Bright and faint, red and blue 2.62± 0.26 3.7± 0.4
RXCJ0605.8–3518 Bright and faint, red 1.34± 0.10 1.75± 0.13
RXCJ0605.8–3518 Bright and faint, red and blue 1.39± 0.11 1.82± 0.14
RXCJ0616.8–4748 Bright and faint, red 1.10± 0.07 1.64± 0.13
RXCJ0616.8–4748 Bright and faint, red and blue 1.39± 0.11 2.13± 0.17
RXCJ0645.4–5413 Bright and faint, red 4.34± 0.28 6.0± 0.4
RXCJ0645.4–5413 Bright and faint, red and blue 4.43± 0.28 6.2± 0.4
RXCJ0821.8+0112 Bright and faint, red 0.82± 0.07 1.31± 0.13
RXCJ0821.8+0112 Bright and faint, red and blue 1.06± 0.09 1.80± 0.19
RXCJ2023.0–2056 Bright and faint, red 0.49± 0.10 0.68± 0.16
RXCJ2023.0–2056 Bright and faint, red and blue 0.64± 0.14 0.88± 0.22
RXCJ2048.1–1750 Bright and faint, red 2.55± 0.28 4.1± 0.5
RXCJ2048.1–1750 Bright and faint, red and blue 3.09± 0.29 5.3± 0.5
RXCJ2129.8–5048 Bright and faint, red 0.98± 0.14 1.23± 0.21
RXCJ2129.8–5048 Bright and faint, red and blue 1.02± 0.15 1.32± 0.21
RXCJ2218.6–3853 Bright and faint, red 1.20± 0.26 1.44± 0.30
RXCJ2218.6–3853 Bright and faint, red and blue 1.35± 0.27 1.71± 0.33
RXCJ2234.5–3744 Bright and faint, red 3.98± 0.16 5.23± 0.21
RXCJ2234.5–3744 Bright and faint, red and blue 4.52± 0.23 6.5± 0.5
RXCJ2319.6–7313 Bright and faint, red 0.50± 0.06 0.86± 0.10
RXCJ2319.6–7313 Bright and faint, red and blue 0.62± 0.08 1.02± 0.12



104 4. Optical and X-ray profiles in REXCESS

102

103

M
∆
L
−

1
∆

⁄M
�

L
−

1
�

1

2

3

4

5

6

7

8

9

A

B

C

D

E

(
R < R∗+5

)
∧ (|wrs| < 3)

∆ = 200

1

2

3

4

5

6

7
8

9

A

B

C

D

E

(
R < R∗+5

)
∧ (|wrs| < 3)

∆ = 500

1014 1015

M∆ ⁄ M�

102

103

M
∆
L
−

1
∆

⁄M
�

L
−

1
�

1

2

3

4

5

6
7

8

9

A

B

C

D

E

(
R < R∗+5

)
∧ (wrs < 3)

∆ = 200

1014 1015

M∆ ⁄ M�

1

2

3

4

5

6

7

8

9

A

B

C

D

E

(
R < R∗+5

)
∧ (wrs < 3)

∆ = 500

Regular
Regular and cool-core

Disturbed
Disturbed and cool-core
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Sheldon et al. (2009b) quote a logarithmic slope on the mass-to-light ratio of ε =
0.33± 0.02 for objects in the MaxBCG catalogue of galaxy clusters in the Sloan Digital
Sky Survey measured in the i band, a value in fair agreement with our measurement for
the red and blue populations, but in this case too, our result is flatter.

The ∼ (5× 1012 – 1015) h−1 M� range in M200 available to both Popesso et al. and
Sheldon et al. is substantially larger than the single order of magnitude mass range in
REXCESS, lending their analyses greater power to resolve mass dependent effects.

Carlberg et al. (1997) quote an asymptotic value (289± 50) hM� L−1
� for the Gunn

r band, in excellent agreement with our value of (251.1± 33.7) hM� L−1
� for the red and

blue galaxies in the R band, measured at 1015 M�.

4.4 Discussion

Both the invariance of the cluster luminosity function with respect to radius (outside of
cluster centres, i.e. r > 0.15 r500) and suppression of faint galaxies in the central regions
of galaxy clusters have been noted before (Popesso et al., 2006). Popesso et al. found
significant suppression in the late type luminosity function (corresponding to our blue
population) for small cluster-centric distances; we find that there is substantial change in
the red luminosity function close to the cluster core as well.

The colour-magnitude relation parameters drawn from theWINGS clusters (Valentinuzzi
et al., 2011) are quite similar to the values we see here, although the gradient scatter from
our sample is twice as large as that from WINGS. That sample is also X-ray selected, but
from clusters with lower redshifts. Whilst it may be the case that there is a tightening of
the distribution of red sequence parameters at redshifts approaching z = 0, it is difficult
to distinguish this effect from the increased measurement uncertainties introduced by
increasing numbers of field galaxies in the same region of colour-magnitude space.

Of particular interest to us was any indication that the galaxy density profile of dis-
turbed clusters is also disturbed. Both the slope of the galaxy count density distribution
(βg) and the luminosity functions could have shown differences, but there is no signific-
ant evidence of a difference in either of these two properties in the disturbed and regular
subsamples. The similarity in the luminosity functions echoes the findings of De Propris
et al. (2013) where luminosity functions of collisional and normal clusters in a sample
selected by X-ray, optical and weak and strong lensing were studied.

We suggest that two main processes can be invoked to explain the distribution of
red and blue, bright and faint galaxies in clusters. Ram pressure stripping occurs as a
galaxy moves with velocity v through the intracluster medium (ICM) with density ρ,
and the gas in the galaxy is subjected to pressure P ∝ ρv2 (Gunn and Gott, 1972).
The pressure ablates cool gas from the halo, slowing star formation and turning blue
galaxies redder. This effect should be more pronounced in regions of galaxy clusters with
high gas densities, in particular in cool-cores. The galaxy infall velocity is related to the
cluster mass M by v2 ∝ M , so ram pressure stripping should also be stronger for more
massive clusters. Because this process affects bright (as well as faint) galaxies, which
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dominate the total luminosity of the cluster, it should lead to a decrease in fraction of the
cluster luminosity provided by the blue galaxy population as cluster mass increases. As
it affects star formation as a whole, it should also lead to decreased overall star formation
efficiency in more massive clusters and to a positive slope on the mass-to-light ratio
relation measured using just red sequence galaxies.

The second main process, harassment, occurs as weakly bound galaxies interact tidally
with more massive objects. Parts of the weakly bound galaxy are stripped away, or the
galaxy is completely disrupted. The remnants are a source of intracluster light (ICL).
This process is strongest in regions where galaxy count densities and velocities are highest
and affects more weakly bound (less massive/lower luminosity) galaxies more. Because
the galaxy count densities in the central regions of the clusters are not strongly dependent
on mass, this effect is expected to be less mass dependent than ram pressure stripping.

There are several key pieces of evidence we can use to disentangle the two processes.
The suppression of faint galaxies independent of the galaxy colour in the densest regions
of the galaxy clusters, with the strongest effect in the most massive clusters, suggests
harassment – a gravitational process independent of gas density and star formation in
the affected galaxy – is important. The steeper mass-to-light ratio relation for the blue
plus red galaxies vs. the red sequence alone, as well as decreasing blue galaxy fraction
with higher mass, is evidence that ram pressure stripping – a process which primarily
affects blue galaxies – is increasingly effective in reducing star formation rates as infall
velocities of galaxies rise. From the flatter blue galaxy count density profiles in all of
the clusters, it is clear that the blue galaxy population does not survive long enough to
relax into the cluster potential before being stripped of its cold gas and becoming part
of the red population. There is some evidence that the suppression of blue galaxies is
most pronounced in the regions with the highest gas densities at the centres of cool-core
clusters, but given the small sample size we cannot be certain that this is not a statistical
anomaly.

The REXCESS sample was selected by X-ray luminosity, ensuring that only clusters
which are well evolved and have deep gravitational potential wells with hot, dense ICM are
selected. This is in contrast to clusters in optically selected samples which are not always
as well evolved, and consequently may not have a sufficiently dense ICM for efficient ram
pressure stripping. Böhringer et al. (2004) note that cool-cores in clusters are long-lived,
which may allow more time for processes which disrupt galaxies and stop star formation
from taking place.

Both the red sequence and red plus blue mass-to-light ratio relation slopes we measure
are flatter than in the literature, compared to both X-ray selected samples (Popesso
et al., 2007) or optically selected samples (Sheldon et al., 2009a). Given the scatter
in the relation and the relatively large uncertainties on the best fitting parameters, as
well as the fact that the REXCESS sample contains only clusters spanning one order of
magnitude at the highest masses, it is impossible using these data to distinguish between
the case where the differences between the slopes measured here and in the literature are
purely statistical in nature, or due to different physical processes in the two samples –
e.g. stronger ICM effects.
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The ICL has not been taken into account in this work, but if the relative density of
the ICL in the centres of massive clusters were higher than in low mass clusters, then this
would be further evidence for increased harassment. If we assume that 10% of the light
of galaxy clusters is ICL (e.g. Zibetti et al., 2005), our mass-to-light ratio normalisations
may be overestimated by a factor of ∼ 1.1, leading to a correction of comparable size to
the normalisation uncertainties. However, based on the measurements of the BCG sizes
and luminosities as compared with Haarsma et al. (2010) described in Section §4.3.7, it
seems likely that a substantial fraction of the intracluster light is included in the BCG
luminosity we measure, so the correction may well be smaller.

Gonzalez et al. (2007) and Gonzalez et al. (2013) discuss the reduced efficiency of ICL
generation in more massive objects which is coupled with a higher X-ray gas fraction.
Zibetti et al. (2005) find that the ICL surface brightness is correlated with BCG lumin-
osity, but that the total fraction of light contributed by the ICL is almost independent of
cluster richness and BCG luminosity. Given the open discussion on the ICL light fraction
as a function of cluster mass, it is too premature to include the effect of the ICL in the
mass-to-light ratio in our results.

4.5 Summary and conclusions
We have used a sample of 14 galaxy clusters from the REXCESS survey to investigate
radial density profiles of galaxies and intra-cluster medium.

• The red galaxy density traces the dark matter density closely outside of the cluster
centres (in the region r > 0.15 r500). The best fitting NFW model outer-slopes βg

are roughly consistent with βg = 3, with a best estimate βg = 2.76± 0.16, fitted to
the stacked bright red sequence galaxy density profile of all the clusters.

• The blue sequence count density profile slopes are substantially shallower than the
β = 3 total mass model, with a best estimate βg = 1.80±0.24, fitted to the stacked
bright blue galaxy density profile of all the clusters.

• The mean outer slope for the gas density profiles of the full sample is βe = 2.936±
0.026. Within the cluster centres the gas and dark matter profiles tend to diverge.

• We find that faint blue galaxies are suppressed in the centres of massive and regular
clusters. Faint red galaxies are also suppressed in the centres of massive clusters.
Both bright and faint blue galaxies are heavily suppressed in the centres of cool-
core clusters, but the faint red galaxies are unaffected. This is consistent with the
idea that the suppression of star formation is driven by ram pressure stripping of
gas from galaxies, but that wholesale disruption of galaxies is caused by galaxy
interactions in regions with high galaxy densities.

• Our measurement of the logarithmic slope ε of the galaxy cluster mass-to-light
relation within r200 of 0.11±0.14 for all galaxies, measured in the R band, is in fair
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agreement with ε = 0.33±0.02 from Sheldon et al. (2009b), measured in the i band.
Our measurement of the mass to light ratio normalisation of (251.1± 33.7) hM� L−1

�
(evaluated at 1015 M�) in the R band is in excellent agreement with Carlberg et al.
(1997) measured in the Gunn r band.

• There is no evidence of any difference in the galaxy count density profiles when com-
paring clusters classified as having disturbed X-ray morphology with those which
are regular.
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Chapter 5

Optical and X-ray substructure in the
REXCESS sample of galaxy clusters

John G. Holland, Hans Böhringer, Gayoung Chon and Daniele Pierini

Abstract

Gas and galaxies behave differently during galaxy cluster mergers, retaining complement-
ary information about past cluster evolution. We study the gas and galaxies in 14 clusters
in the REXCESS galaxy cluster survey to find this complementary information. XMM-
Newton X-ray surface brightness maps of the intracluster medium (ICM) are compared
with smoothed galaxy count density maps based on BVR data from the 2.2 m MPG/ESO
telescope. Both datasets are characterised with various structure and substructure al-
gorithms, and sub-clump catalogues for each cluster are produced.

We find weak correlation between the centre shift parameter measured on X-ray im-
ages and the distribution of red sequence galaxies, but no correlation with blue cloud
galaxies. There is good correlation between ellipticity and orientation in the red se-
quence galaxy distribution and ICM, but the blue galaxy distribution does not trace the
ICM. Sub-clumps are detected in the red sequence galaxy distribution in clusters which
are regular when measured in X-rays. We attribute this to the longer relaxation time of
sub-clumps of galaxies as compared with the ICM. No correlation is found between the
density of optical clumps in the cluster or its nearby environment and the X-ray centre
shift parameter; the lack of correlation is observed because almost all of the clusters have
significant optical substructure which remains long after the ICM relaxes. We use com-
plementary information available in X-ray and optical maps to characterise a subset of
the clusters as pre- and post-merger systems, and find that X-ray or photometric optical
measurements alone are insufficient to characterise cluster dynamical state unambigu-
ously.
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5.1 Introduction

Galaxy clusters are useful cosmological tracers because they are the largest bound and
virialised objects in the observable Universe. They have properties fundamentally linked
with the initial conditions of the Universe’s expansion, with the history of cosmic ex-
pansion, and with the gravitational processes which dominate dynamics of astrophysical
systems on large scales (reviewed in Kravtsov and Borgani, 2012). Their matter constitu-
ents are roughly consistent with those of the universe as a whole. They each contain a
sample of galaxies which have evolved under quite similar circumstances. Galaxy clusters
show a range of morphologies (Bautz and Morgan, 1970) which presumably represent
different evolutionary histories.

They contain several matter components whose dynamics are quite different and are,
to some extent, independent. These different matter components retain the signatures of
major events like mergers with other clusters or galaxy groups, allowing these processes
to be studied and compared with cosmological simulations. Their gas makeup and dy-
namics is affected by feedback from their constituent galaxies in addition to gravitational
processes.

We are interested in looking for correlations and complementary information about
galaxy cluster dynamical state which can be gained by comparing X-ray observations of
the intracluster medium (ICM) and optical observations of the galaxy populations within
clusters. In the last two decades several groups have performed join X-ray–optical analysis
on individual clusters and cluster samples (e.g. Zabludoff and Zaritsky, 1995; Kolokotronis
et al., 2001; Hashimoto et al., 2007; Ramella et al., 2007; Haarsma et al., 2010; Verdugo
et al., 2012; Mahdavi et al., 2013). In this study, we present an analysis based on high
quality XMM-Newton and wide field optical follow-up data for a representative sample
of X-ray luminous clusters, selected independent of morphological type.

The dominant component of galaxy clusters is the dark matter halo composed of
collisionless particles, which can be detected by the influence it has on the dynamics of
gas and galaxies in clusters, and because it acts as a gravitational lens for light from more
distant galaxies.

The dominant baryonic component, the hot intra cluster medium (ICM), is a plasma
which can be treated as a collisional fluid and – because it can redistribute linear momenta
– relaxes more quickly than the dark matter halo (e.g. Gunn and Gott, 1972). Gas can
be stripped away from the dark matter halo of a galaxy or sub-cluster by ram pressure
interactions with other gas clouds (Gunn and Gott, 1972; McCarthy et al., 2008). In the
centres of clusters, runaway cooling is moderated by feedback from active galactic nuclei
(AGN) and supernovae (Bower et al. 2006; Hlavacek-Larrondo et al. 2013; Mittal et al.
2009; Nulsen and McNamara 2013; Ogrean et al. 2010; AGN feedback was reviewed in
Fabian, 2012).

Galaxies act as a collisionless fluid and relax slowly, and therefore their distribution
retains disturbances induced by mergers for longer than the ICM. Galaxies show a range
of colours dependent on star formation rate. Those forming large numbers of stars are
bluer and contain cool gas clouds, which, if poorly bound, can be stripped away by ram
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pressure interaction with the ICM. The majority of galaxies in clusters have low star
formation rates and redder colours, and follow a colour-magnitude relation – the red-
sequence (e.g. Gladders and Yee, 2000). The brightest galaxy in the red sequence is
often a large cD type galaxy at the centre of the cluster, often coincident with the X-ray
peak (Haarsma et al., 2010) and with the reddest colour. Galaxies on the red sequence
have progressively bluer colours at fainter magnitudes. The colour magnitude relation
gradient and intercept for a particular colour-magnitude pair varies with redshift due to
red-shifting of the spectral energy distribution and due to changes in the evolution of
galaxies in clusters over cosmic time.A minority of galaxies in clusters are substantially
bluer than the red sequence and form a scattered cloud in colour-magnitude space. The
red fraction decreases with increasing cluster-centric distance and redshift (Loh et al.,
2008), and in low density field environments bluer galaxies predominate (Verdugo et al.,
2012).

The thermodynamics of the ICM can only be observed in detail with X-ray telescopes
within the region where the gas is shock heated, dense and luminous Markevitch and
Vikhlinin (shocks are reviewed in 2007); Kravtsov and Borgani (shocks are reviewed in
2012). Using XMM-Newton and Chandra this is typically the region bounded by radius
r500, defined such that the mean total matter density enclosed is 500× the critical density
of the Universe at the time the cluster is observed (e.g. Allen et al., 2011). Galaxies,
which are self luminous, can be observed at larger distances. Simulations have shown
that the radius outside of which infalling galaxies are in the majority is r200, analogously
defined (Balogh et al., 2000; Moore et al., 2004). In the REXCESS sample r500 is typically
on the order of ∼ 1 Mpc and r200 ∼ 1.5 r500.

The baryonic components’ dynamics are very different, but they are related by the
common gravitational potential which is dominated by the dark matter distribution. Be-
cause of the different behaviour of gas and galaxies during events like mergers, we can use
complementary observations of the two components to learn more about the structure and
history of clusters.In the hierarchical structure formation scenario which forms the basis
of the concordance cosmology, galaxy clusters were the most recent structures to form,
with massive clusters only emerging after z = 2. Clusters’ growth continues today and
is characterised by constant smooth accretion of matter, punctuated by violent mergers
with other massive systems. Mergers cause distinctive morphological characteristics.

If infalling clumps are sufficiently massive and not too near to the primary cluster,
they may be identified in X-ray observations as an asymmetry in or as an independent
overdensity near the primary object’s X-ray emission. As these accrete, the gas haloes of
the primary and infalling object collide causing a disturbance in the X-ray appearance of
the primary which may be measurable. The gas from the infalling cloud is rapidly merged
into the primary’s ICM. However, because the galaxies and dark matter associated with
the infalling clump are collisionless, their structure is not as readily disrupted, and longer
term gravitational processes are required to merge the secondary galaxy distribution with
the primary. Sub-clumps of galaxies may be detected long after the gas cloud with which
they were originally associated has been assimilated into the primary ICM.

By measuring asymmetry and detecting sub-clumps in galaxy clusters, we are able
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in some circumstances to characterise the current dynamical state of a cluster – whether
a merger is happening now, is about to occur, or has just happened (all three of which
may be the case for a single cluster at a single time). By looking for substructures traced
by bluer galaxies, which are rapidly stripped of gas and become red during infall, it may
be possible to detect recently accreted clumps, or a signal of smooth accretion from the
environment, e.g. along a filament.

In our previous study of the same sample (Holland et al., 2015, henceforth H2015) we
compared the distribution of galaxies and X-ray luminous gas in terms of radial density
profiles and showed that whilst galaxies on the red sequence in clusters follow the ICM
density profiles reasonably well, the blue galaxies are distributed differently to the ICM.
It was also found that there is no significant difference in the average radial profiles of
clusters classified as having disturbed or regular intracluster media. In this paper, we
extend that analysis of the galaxy and ICM distributions into 2D and find that the dif-
ferences in the radial profiles between red and blue galaxy populations are not purely
statistical or restricted to the cluster centres where the highest gas densities are found,
but are a consequence of fundamental differences in the way the two components are dis-
tributed. We use several widely used techniques to quantify galaxy and gas distributions
in our data. In Böhringer et al. (2010, henceforth B2010) the centre shifts technique,
which parametrises the variability of the centroid of X-ray surface brightness at scales
in the range (0.1 – 1) r500, was applied to X-ray observations of the REXCESS clusters.
Here, the same method is applied to the red and blue galaxy populations to discover if
galaxy density maps can be analysed in the same way. We compare the orientation and
ellipticity of X-ray gas and galaxies in order to check if the galaxy distribution is broadly
similar to the gas on very large scales. Finally, we make a survey of optically detected
sub-clumps of galaxies within individual clusters’ X-ray and galaxy density maps to in-
form our understanding of the distributions and to try to identify clusters in pre- and
post-merger states.

The REXCESS cluster sample, optical catalogues and X-ray data are described in
Section §5.2. The density map analysis methods are described in Section §5.3. Centre
shift and shape analysis results, individual clump descriptions and a summary of the
trends found in the whole sample of galaxy count density maps are given in Section §5.4.
The results are discussed in Section §5.5 and the conclusions recapitulated in Section §5.6.

A flat cosmology with h = 0.7, H0 = 100 h km s−1 Mpc−1, Ωm = 0.3 and ΩΛ = 0.7 is
adopted.

5.2 Sample description

REXCESS is a sample of galaxy clusters, which is representative of those selected by their
X-ray luminosity and is independent of morphology. The sample and the X-ray data are
described in detail in Böhringer et al. (2007). Clusters have redshifts between 0.055 – 0.183
and X-ray luminosities LX > 0.4× 1044 h−2

70 erg s−1 in the (0.1 – 2.4) keV band. They are
distributed relatively homogeneously in X-ray luminosity. The mass range is M200 =
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(1.36 – 10.8)× 1014 M�. Angular size is such that r500 and a background region outside
this are within the XMM-Newton and WFI@2.2 m field of view (both∼ 30′).

We use approximately half of the REXCESS sample. Our subsample was selected for
ease of follow up observation by right ascension. A table of cluster details is shown in
Table 5.1.

The X-ray surface brightness maps are based on combined data from the MOS and
PN detectors of XMM-Newton. Exposures were cleaned of times of high background and
the fraction of time lost was ∼ 0.35 for PN and ∼ 0.25 for MOS1/2, leading to mean final
exposure times of (2.1± 0.9)× 104 s for MOS1/2 and (1.4± 0.7)× 104 s for PN. PN data
were corrected for out-of-time events. The data from the three sensors were stacked.

Optical follow up was carried out using the Wide Field Imager on the MPG/ESO 2.2 m
Telescope at La Silla, which has a similar field of view to XMM-Newton and is therefore
well suited for follow-up observations. The optical observations and galaxy catalogues
are described in detail in H2015. Dithered observations were made in ESO filters B/123,
V/89, and Rc/162 (henceforth B, V and R respectively). Individual exposures were
reduced and co-added using eso/mvm (alambic). Regions with low exposure times in
any of the bands were excluded. The PSF was equalised across all the images in each
band.

Galaxy catalogues were generated from the images using sextractor (version 2.8.6;
Bertin and Arnouts, 1996) including magnitudes and colours.

All the catalogues were found to have close to complete coverage down to R∗+5, where
R∗ is the Schechter magnitude in the R band, determined from the catalogues themselves.
Two groups of objects are defined based on R∗: ‘bright’ objects with R < R∗ + 2.5 and
‘faint’ objects with R∗ + 2.5 < R < R∗ + 5. The 50% completeness limit for the R
observations was typically > 23 mag, except in RXC J2218.6–3853 [(22.25± 0.03) mag]
and RXC J2319.6–7313 [(21.93± 0.05) mag].

The slope, intercept and width of the red sequence for each cluster was determined
using the algorithm described in H2015. The spread of the red sequence was fitted in
colour space with a Gaussian profile centred on the colour-magnitude relation. Each
galaxy was assigned a ‘red sequence distance’ value wrs – the displacement from the
centre of the fitted Gaussian in units of the standard deviation (RMS width). Two
further groups of objects are defined: objects ‘on the red sequence’ have |wrs| < 3 and
objects ‘bluer than the red sequence’ have wrs < −3. Objects redder than wrs = 3 are
assumed to be at higher redshift than the cluster and are not considered.

5.3 Methods

5.3.1 Cluster X-ray peak centred coordinate system

We define a coordinate system for the cluster which has its origin at the cluster X-ray
peak, as measured with the brightest point on the X-ray image smoothed on a scale of
8.2′′. The (xCluster, yCluster) coordinate system is aligned with the RA–Dec axes at the
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Table 5.2: Cluster X-ray peak positions. In each case, the point represents the brightest
pixel of the X-ray surface density map, when smoothed using an 8.2′′ kernel.

Object RA Dec.
RXCJ0006.0–3443 1.49844 −34.72189
RXCJ0049.4–2931 12.34573 −29.52059
RXCJ0345.7–4112 56.44281 −41.20401
RXCJ0547.6–3152 86.90890 −31.87123
RXCJ0605.8–3518 91.47558 −35.30256
RXCJ0616.8–4748 94.21554 −47.79458
RXCJ0645.4–5413 101.37207 −54.22781
RXCJ0821.8+0112 125.46083 1.19777
RXCJ2023.0–2056 305.74489 −20.95001
RXCJ2048.1–1750 312.04039 −17.83328
RXCJ2129.8–5048 322.40369 −50.81452
RXCJ2218.6–3853 334.66804 −38.90045
RXCJ2234.5–3744 338.61683 −37.73337
RXCJ2319.6–7313 349.91751 −73.22730

cluster centre position such that x increases with decreasing RA.
This redefinition with respect to the more complex algorithm and selection implemen-

ted in B2010 (where dipole minimisation or similar peak detection on an image smoothed
with a similar ∼ 8 ′′ kernel was used) should not have a large impact any of the results.
Changes of the origin of the cluster centred coordinate system may have a marginal effect
on the normalised clump count described in Section §5.4.3.2, which includes a region
selection around the origin. The origin of the coordinate system for each of the clusters
is shown in Table 5.2.

5.3.2 Smoothed density map generation

We can recover a reasonable approximation of the galaxy density distribution by smooth-
ing the galaxy count maps, which represent one realisation of points sampled from the
distribution. Using smoothed maps makes several stages of our analysis simpler. Al-
gorithms to perform background subtraction on un-smoothed point maps are difficult to
implement. Those relying on stochastic removal of a background density of points rely
on excellent background level measurements, which are dependent on reliable algorithms
to exclude structured regions from the background measurement. In particular, we found
it extremely difficult to apply this type of method to galaxy catalogues which have back-
ground count density gradients (which may be statistical or may be structures on scales
larger than the field of view).

Algorithms to perform background subtraction on smoothed density maps are much
less complicated and measurements made on smoothed density maps which are back-
ground subtracted are more robust to changes in the background level measurement.

Smoothing algorithms can be designed to ameliorate regions with missing data – e.g.
where stars have been excised, or there is a gap in the exposure. (It is possible to fill
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such regions with simulated data, but generating the simulated data requires running a
smoothing algorithm on the image.)

After smoothing, the X-ray and optical data can be analysed with precisely the same
algorithms, so we can make direct comparisons between the two bands.

5.3.2.1 Smoothing algorithm

Taking each pixel in the image as a centre, we find the minimum sized aperture around
that pixel which includes at least ci > 32 count. The exposed area ai – equal to the
aperture area minus the area of any masked pixels – is measured, and the surface count
density is given by Si = ci/ai. We found in tests on simulated observations that 32 counts
as a minimum ci produced reasonable smoothness whilst limiting the unwanted introduc-
tion of spurious large artefacts in regions with low counts. The Poisson uncertainties
associated with 32 counts allow us to measure 18 % over-densities at the 1σ level.

The convolution of the adaptive aperture with the count map and exposure map to
compute ci and ai at each scale is accelerated using Fourier transforms.

A series of 30 resampled count maps Sresamp were also produced for each original red
or blue count map, to assist in assessing uncertainties on parameters. The value of each
pixel in a resampled map is generated by passing the smoothed count map pixel value as
the expectation value into a Poisson random number generator, which generates a sparse
array of positive small integers in a field of zeroes. The adaptive smoothing algorithm is
run on each of the resampled count maps independently.

5.3.2.2 Background level estimate

Background levels Sbg are estimated using the approach of H2015. A radial profile is
made around the origin of the coordinate system in the cluster, and the profile is fitted
using a Navarro-Frenk-White model (NFW, Navarro et al., 1997) with a free outer slope
parameter plus a uniform component which we use as the background. Uncertainty on
the background is the fit uncertainty in the Levenberg-Marquadt algorithm used to get
the best fit.

We found in H2015 that the red sequence/blue cloud, bright/faint galaxy populations
have different distributions. Taking this into account, we calculate an independent back-
ground density for each colour-magnitude selection. Wherever a measurement based on
the total red sequence or total blue cloud background-subtracted density is made, it is
calculated independently for the two magnitude selections, and the results are combined.

Total object counts after background subtraction for each colour-magnitude selection
are given in Table 5.3.

5.3.2.3 Overdensity contours

We need to estimate the overdensity of a particular smoothed density map region with
respect to its surroundings – the background or the bulk of the cluster – in order to
discriminate between noise and real substructures.
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Table 5.3: Total galaxy counts n in each full WFI@2.2 m field after background subtrac-
tion. Subscript B refers to the bright subsample, F to the faint subsample, r to the red
sequence subsample and b to the blue cloud subsample.

Object nBr nFr nBb nFb
RXCJ0006.0–3443 132.4± 34.2 (1.6± 0.6)× 102 51.3± 26.5 (4.9± 1.6)× 102

RXCJ0049.4–2931 67.5± 14.8 71.3± 26.2 43.5± 20.2 29.5± 32.6
RXCJ0345.7–4112 14.0± 8.4 78.1± 31.3 3.1± 4.3 0.5± 9.0
RXCJ0547.6–3152 145.5± 24.8 (1.5± 0.5)× 102 8.6± 22.8 (2.0± 0.8)× 102

RXCJ0605.8–3518 94.7± 24.0 (1.2± 0.6)× 102 7.6± 17.6 (0.7± 1.0)× 102

RXCJ0616.8–4748 91.4± 16.4 (1.0± 0.6)× 102 18.4± 13.3 (1.7± 0.6)× 102

RXCJ0645.4–5413 270.8± 35.4 (3.5± 0.9)× 102 (2.3± 3.7)× 101 (1.4± 0.7)× 102

RXCJ0821.8+0112 78.4± 16.5 (1.4± 0.4)× 102 32.2± 15.2 (1.3± 0.6)× 102

RXCJ2023.0–2056 31.6± 10.7 73.5± 25.8 12.9± 9.2 8.8± 12.1
RXCJ2048.1–1750 (2.2± 0.5)× 102 (2.9± 1.0)× 102 98.8± 30.0 (2.6± 0.7)× 102

RXCJ2129.8–5048 50.8± 16.8 97.4± 26.1 3.5± 5.9 (1.4± 0.8)× 102

RXCJ2218.6–3853 52.6± 25.7 (3.9± 4.0)× 101 16.0± 16.0 (1.0± 4.7)× 101

RXCJ2234.5–3744 218.4± 23.9 (1.4± 0.7)× 102 (1.0± 0.7)× 102 (3.9± 6.4)× 101

RXCJ2319.6–7313 58.8± 13.6 (5.7± 4.6)× 101 10.9± 13.8 (5.6± 6.1)× 101

The measured surface count density is S = Sbgsub+Sbg where Sbgsub is the background-
subtracted count density we want to characterise. We assume a squared uncertainty
on Sbgsub, α2

Sbgsub
= α2

S + α2
Sbg

where αS and αSbg
are the uncertainties on S and Sbg

respectively. This should be a reasonable upper bound as S and Sbg are not independent.
Using the relation S

αS
=
√
c this leads to α2

Sbgsub
= α2

Sbg
+ S2

c
. We generate overdensity

contours ςi using

ς0 = Sbg, (5.1)

ςi+1 = ςi +

√
α2
Sbg

+
ς2
i

c
, (5.2)

with increases in Sbgsub of 1σ at each contour.
Galaxy count density maps overlaid with these contours for the red and blue galaxy

populations in each cluster are shown in Section §E.1.

5.3.3 Image analysis

Simple tools to find centroids and alignment of elliptical features in images will be required
to calculate the centre shift parameter and for comparison of the ellipticity and orientation
of the X-ray and galaxy density distributions in the following sections.

5.3.3.1 Moments

For an image V with pixels i, at positions (xi, yi), pixel intensity Ii the 2D moment is
given by

Mpq =
∑
i

(xpi y
q
i )Ii. (5.3)
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The centroid of the image is

centroid (V ) = (xc, yc) = (M10/M00,M01/M00) , (5.4)

and the central 2D moment (invariant under translation) is

µpq =
∑
i

[(xi − xc)p (yi − yc)q] Ii. (5.5)

Defining µ′pq = µpq/µ00, the covariance matrix of the sub-image is

cov (I) =

[
µ′20 µ′11

µ′11 µ′02

]
. (5.6)

The orientation and ellipticity of the sub-image can be recovered from the eigenvectors
λmajor and λminor corresponding to eigenvalues λmajor and λminor respectively, where λmajor ≥
λminor. The direction of the eigenvector with the largest eigenvalue is along the semi-major
axis. The ellipticity of the image is given by

ε =

√
λmajor −

√
λminor√

λmajor

. (5.7)

Differences in orientation between the galaxy and ICM distributions are of interest,
and we need a coordinate-system-independent way of measuring the offset. The difference
in orientation between axes aligned with two vectors λ0 and λ1 is

Θ01 = arccos (|λ0 · λ1|) , (5.8)

which is invariant under reversal of either of the vectors and always returns a value in
the range 0 – π

2
.

5.3.3.2 Centroiding algorithm

A robust centroiding algorithm for circular apertures is required for the following centre
shift and shape analyses. We need to be able to characterise the centroid of different
types of smooth or clumpy, symmetric or irregular density maps, potentially with low
counts on a range of scales, from a few pixels up to most of the image. It was found that
iterative re-centring techniques did not reliably find the centroid of simple test data with
similar statistics to the galaxy catalogues without both excellent starting values (with
the target centre within the central half of the aperture) and fudges to the algorithm, like
additional smoothing at aperture edges. In cases where there was increased degeneracy,
like a ‘ridge’ of high density (e.g. in the smoothed density map of RXC J0006.0–3443
shown in 5.1b) or several possible centres (like many of the clumpy blue count density
maps), iterative algorithms often failed.

We wish to locate a stable centre on an image V within an aperture of radius rmax.
Let W be a circular sub-image of V with radius rmax centred on a guess for the centroid
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(xj, yj). The centroid offset in W is δj = centroid (W )− (xj, yj). In iterative centroiding
methods, the calculation(xj+1, yj+1) = (xj, yj) + δj is repeated until a convergence cri-
terion is satisfied – usually that the length fi = |δi| drops below a threshold (typically
1 pixel on an image), or an iteration limit is reached. The final (xj, yj) is taken as the
centre.

By calculating δi for all pixels in the image, we can directly find centres which satisfy
the convergence criterion f = min (fi) locally for a given rmax. Using aperture functions
defined by

M(x′, y′) =

{
1 ∈ |r′| ≤ rmax,

0 ∈ |r′| > rmax,
(5.9)

X(x′, y′) = x′M(x′, y′), (5.10)
Y (x′, y′) = y′M(x′, y′), (5.11)

where r′ =

[
x′

y′

]
(and r′ =

[
0
0

]
at the centre of each aperture), we compute the

convolved images X = V ∗X, Y = V ∗Y andM = V ∗M which lead to δi =
(
Xi
Mi
, YiMi

)
.

We accelerate the convolutions using fast Fourier transforms.
Local stable centres are located by finding pixels with the lowest f in a moving square

aperture of side-length rmax. From these, we select a global centroid rCOM,i for each rmax

by finding the stable centre with the highest Mi (which is necessary to avoid finding
stable, but empty, regions in the density map).

The new algorithm is different from the centroid implemented in B2010, as it is
effectively a brute force search of the image field for the most stable region for a given
aperture, but produces the same results if the starting parameters of the iterative method
are appropriately set. It also overcomes the issue of nowhere-stable and looping solutions
– where min (fi) > 1 pixel – which can affect iterative centroiding.

Both looping solutions and no stable path cases exist in the REXCESS smoothed
galaxy density map dataset, so the use of iterative centroiding or dipole minimisation
was not appropriate. Diagrams showing stable and unstable centroiding paths versus the
cost function minimisation algorithm in two cases of the current dataset are shown in
Figure 5.1.

It is potentially computationally costly, but the use of fast Fourier transforms and
array multiplication to compute the convolution step rather than implementing direct
convolution increase its speed by several orders of magnitude.

5.3.4 Centre shifts

The centre shift parameter is a simple measurement which is suited to characterising
scale dependent offsets in perturbed modal distributions at multiple scales. It produces
intuitive results and has been proven to be useful on X-ray data in the past (Mohr et al.
1993, 1995; O’Hara et al. 2006; Poole et al. 2006; B2010).
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(a) Example density map of a cluster which appears reasonably regular in optical galaxy count density,
showing a clear minimum in f (left panel) and many stable routes to the centre (right panel).
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(b) Example density map of a cluster which appears irregular in optical galaxy count density, showing a
ridge of minima in f (left panel) and few stable routes to this ridge (right panel).

Figure 5.1: The left panels show plots of the f field over the smoothed optical density
map. The right panels show the offset of the centre of mass measured in a circular
aperture around a sample of pixels (where the tail of the arrow shows the starting pixel,
and the head of the arrow points to the centre of mass). The aperture size is shown as a
circle in the bottom left corner of each plot.
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Using the method from Section §5.3.3.2 we locate the stable centroids of ten apertures
with n radii rmax (0.1, 0.2, . . . , 1.0) r500 on 3 maps: X-ray, red galaxy density and blue
galaxy density.

Given some fiducial centre rfc, we calculate the centre shift ∆i = |rCOM,i − rfc|, and
the mean ∆, and define the centre shift parameter as

w =
1

r500

√∑n
i=1

(
∆i −∆

)2

n− 1
. (5.12)

To reduce dependence on assumptions about the cluster morphology and shape and to
minimise w, we take rfc = rCOM,i, the mean centre of all of the apertures.

An identical process is run on each of the resampled smoothed galaxy density maps
described in Section §5.3.2.1, and we use the 32nd and 68th percentiles w as the uncer-
tainty bounds. A simple standard deviation is not used because the distribution of results
is non-Gaussian.

5.3.5 Ellipticity and orientation

One widely used metric of disturbance in X-ray clusters is the ellipticity of the surface
brightness. Ellipticity is increased during pre-mergers where the infalling gas appears to
be an anisotropic extension of the primary, and in post-mergers the infalling CDM halo
can overshoot, drawing ICM into an elongated structure. We calculate the ellipticity ε
and semi-major axis λmajor within each of the n apertures defined in Section §5.3.4 using
the methods described in Section §5.3.3.1, on the red, blue and X-ray cluster images. We
also calculate the orientation offsets between the 3 semi-major axes for each rmax using
Equation (5.8).

The same measurements are made independently on each pair of the resampled galaxy
count density maps. Uncertainties on ellipticity and orientation offset are found by taking
the standard deviation of the values measured on resampled maps with respect to the
un-sampled result. The uncertainties on ellipticity and orientation are much larger on
the galaxy density maps, as these have many fewer counts than the X-ray data.

5.4 Results

5.4.1 Centre shift parameter

Figure 5.2 shows the correlation between the centre shift parameter measured in B2010
and using the algorithm in Section §5.3.4. The results are correlated, but do not trace
each other tightly. In B2010, the offset comparison is made with respect to the X-ray peak
position, whereas we use the mean centre at all scales. Here in addition, no correction
is made for the presence of cool cores. These changes are known to make a significant
difference to measured parameters.
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Figure 5.2: wB2010 vs. wX using the algorithm defined in this paper. The point labels
correspond to the ID column in Table 5.1.

10−3 10−2 10−1

wB2010

10−3

10−2

10−1

100

w
r

1

2

3

45

6
7

8

9

AB

C
D

E

(a) wB2010 vs. wr.

10−3 10−2 10−1

wB2010

10−2

10−1

100

w
b

1

2

3

4

5

6
7

8 9

A

B

C

D

E

(b) wB2010 vs. wb.

Figure 5.3: Optical centre shift parameters w measured in apertures (0.1, 0.2, . . . , 1.0) r500

on red and blue smoothed galaxy density maps compared with wB2010 from B2010. The
point labels correspond to the ID column in Table 5.1.
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The centre shift parameters of smoothed density maps of red sequence galaxies and
galaxies bluer than the red sequence, to a magnitude limit of R∗ + 5, were calculated in
apertures (0.1, 0.2, . . . , 1.0) r500. The results are shown in Figure 5.3.

The calculation of the X-ray uncertainties using the method of B2010 was not re-
produced for the galaxy distribution because the assumption of approximate circular
symmetry is more often than not unacceptable for the galaxy density maps.

Figures 5.3a and 5.3b show the centre shift parameter measured on X-ray surface
brightness maps in B2010 compared with a similar measure on red and blue galaxy count
density maps. There is weak correlation between the centre shift parameter of the red
sequence galaxy distribution and X-ray surface brightness, but no correlation between
the parameter when measured on the blue cloud galaxy distribution and compared to the
X-ray. The mean wr

wX
= 3.6.

The centre shift measurement is good at measuring relatively small asymmetries in a
dominant clump. If very strong asymmetries and clumpiness are apparent (as is clearly
the case in some of the galaxy density maps), the relation between ‘perceived substructure’
by inspection and ‘measured substructure’ by the centre shift parameter breaks down.

There are also cases where there is clearly something of interest occurring in the
galaxy density map which is not picked up by the centre shift parameter – e.g. in the
RXC J2218.6–3853 map – but because the disturbance is largely symmetrical this is not
detected.

Given the relatively low counts of galaxies versus X-ray photons, the uncertainties on
the centre shift parameter measured on galaxy density maps are necessarily quite large,
making a correlation analysis difficult.

5.4.2 Cluster shape analysis

Using the smoothed density map within each of the apertures produced in the centre shifts
measurement, measurements of ellipticity ε and semi-major axis orientation based on 2D
central moments were made with respect to the cluster centred coordinate system. These
shape measurements were also run on the X-ray maps.Figure 5.4 shows comparisons of
X-ray ellipticity εX vs. red and blue ellipticity εr, εb at each scale rmax, and the red–X-ray
and blue–X-ray orientation offsets ΘrX and ΘbX vs. εX.

Figure 5.4a shows that the red galaxy population orientation is increasingly aligned
with the X-ray gas as the X-ray ellipticity increases. (The exceptional case of RXC J2319.6-
7313 is discussed in Section §5.4.4.)

Based on the large scatter of X-ray orientation offsets at low ellipticities shown in
Figure 5.4a, we surmise that orientations cannot be compared reliably in cases where
εX < 0.05.

We found that the distribution of orientation offset between blue and X-ray orienta-
tions shown in Figure 5.4b was consistent with chance. A possible signal of correlation
within objects with X-ray centre shift parameter wB2010 > 0.01 (the ‘disturbed’ sub-
sample) was investigated but was found not to be significant at the 2σ level.
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(a) Orientation offsets between X-ray and red
galaxy distribution measurements with respect
to X-ray ellipticity. The horizontal line marks
π
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(b) Orientation offsets between X-ray and blue
galaxy distribution measurements with respect to
X-ray ellipticity. The horizontal line marks π

6 =
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(c) Comparison of X-ray and red galaxy distribu-
tion ellipticity. The vertical line marks εX = 0.05;
red orientation offsets appear to be random when
εX < 0.05.
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(d) Comparison of X-ray and blue galaxy distribu-
tion ellipticity. The vertical line marks εX = 0.05;
red orientation offsets appear to be random when
εX < 0.05. The scale is the same as in Figure 5.4c.

Figure 5.4: Orientation and ellipticity comparison in red and blue galaxy distribution
and X-ray surface brightness. The labels correspond to the ID column in Table 5.1. Each
cluster has two measurements in each plot: the result for an r500 sized aperture is marked
with a circle and that for the 0.5 r500 with a square.
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Figures 5.4c and 5.4d show that there is no clear relationship between X-ray and
red/blue galaxy population ellipticity.

5.4.3 Sub-clumps within clusters

The detection of individual sub-clumps within clusters gives us a more intuitive way to
measure optical ‘disturbance,’ where the key indicators that something of interest has
happened are individual collisionless over-densities of galaxies, rather than the global
disturbances characteristic of collisions between gas clouds. In the following sections,
we outline a method to detect sub-clumps, and then investigate the similarities and
mismatches when using sub clump count and X-ray centre shifts parameter to describe
galaxy clusters.

5.4.3.1 Clump detection and significance measurement

It was shown in H2015 that the 1D radial density distributions of the red and blue galaxies
within this sample are quite different, and that the red galaxies approximately trace the
ICM. From inspection of the density maps shown in Section §E.1, one can see that
the structure traced by red galaxies can usually be described by a circularly symmetric
primary overdensity C0 and background, centred at the X-ray centre (xCluster, yCluster) =
(0, 0), plus approximately circularly symmetric sub-clumps Ci = (C1,C2, . . . ). We adopt
a model where we expect individual sub-clumps to be traced by red galaxies, and then
test whether they have significant X-ray or blue components. Clumps identified by their
red sequence, even those outside of r200, are likely to be at the cluster z.

We inspected the map of overdensity contour levels described in Section §5.3.2.3 for
the red galaxies, and marked all approximately circular regions with a peak at least two
contour levels (2σ) above their surroundings. This is a variation on the method of Geller
and Beers (1982).

The significance of the red and blue galaxy count within each projected sub clump
region was measured.

First, a radial count density profile was produced centred at (xCluster, yCluster) = (0, 0),
excluding all the regions Ci. This profile includes both C0 and the background component
which is implicitly taken to be uniform. The profile was computed with equal width
annuli, where the total number of bins was set by dividing the total number of galaxies in
the profile region by 25, and then ensuring that the annuli had width 0.05 < w

r500
< 0.25.

For each clump, the observed count co and expected count ce due to the C0/background
profile were calculated. Where sub-clumps overlapped, those with lower numbers were
fitted first, excluding any regions where they intersected clumps with higher numbers.
When the higher numbered sub clump was fitted, the density of the intersecting region
was taken into account in the background estimation step. The probability P (co ≥ ce)
was calculated, assuming a Poisson distribution. We took clumps with P < 0.05 as
significant.
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A similar procedure was used to estimate the significance of any X-ray overdensity
within each sub clump region. A radial density profile with annulus width 0.05 r500 was
produced for C0 plus the background, excluding all sub-clumps, where the mean and
standard deviation of pixels in each annulus were taken as the density and uncertainty.
The mean and standard deviation So and αSo within each clump region were calculated.
The mean expected density due to the C0/background profile Se and its uncertainty
αSe were calculated. The probability P (co ≥ ce) was calculated, assuming a Gaussian
distribution with mean Se and σ = αSe . We took clumps with P < 0.05 as significant.

The significant sub-clumps are listed in Table 5.4. Clump maps with all of the regions
are shown in Section §E.1. Clumps with significant blue components are rare, and most
of these are outside r500. A similar number of clumps have significant X-ray components,
and 4 out of 6 of these have significant blue components as well.

5.4.3.2 Normalised clump count

Based on the significant clumps detected in the previous section, we investigated the
relative number of galaxies in the sub-clumps in each cluster compared with the number of
galaxies in C0. This can be compared with the X-ray centre shift parameter to investigate
the relationship between X-ray disturbance and the presence of merger remnants within
a cluster, and with clumps near to a cluster.

We calculated a uniform background for each cluster count density map by finding
the total galaxy density in the region > r200, excluding any areas identified as possibly
containing sub-clumps. This allowed us to subtract the background and produce a count
density profile for C0 alone.

We estimated the the total number of galaxies within < r500 of C0 by multiplying the
density by the total area of each annulus (thus correcting for any masked or sub clump
regions), and then summing the result out to r500. No correction is included for projection
effects. The total count of galaxies within each sub clump was produced by calculating
the observed density in each sub clump, less the density due to the C0/background profile,
and then multiplying by the sub clump area. No projection correction is applied to the
counts for Ci. The count within each sub clump was divided by the number of galaxies
in C0 to give a normalised count N .

The normalised clump count Nr<r200 is the sum over these normalised counts in the
r < r200. A similar measure Nr>r200 is the sum over normalised counts in the r > r200

region, divided by the exposed area in units of Mpc2 calculated at the cluster z. The
results are tabulated in Table 5.5 and plotted against the X-ray centre shift parameter
in in Figure 5.5.

The results show no clear trend. When we ignore the outliers RXC J0006.0–3443
and RXC J2218.6–3853, the normalised clump count – X-ray centre shift parameter
relationship is flat. Loosening the probability threshold for significance to P < 0.2 (a
1σ detection) does not substantially change the results because clumps with low counts
have little influence on the final result even if they are included. Fewer than half of
the clusters have significant clumps within r500, but those without detectable sub-clumps
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Table 5.4: Significant sub-clumps selected using the red galaxy distribution. Px is the
probability that the sub-clump excess in map x arose by chance and Sx is shown when
Px < 0.05; subscript r represents the map of red galaxies, subscript b represents the map
of blue galaxies and subscript X represents the X-ray surface brightness.

Object Region r Pr Pb Sb PX SX
r500

RXCJ0006.0–3443 C1 0.57 0.000 0.793 0.000 SX
RXCJ0006.0–3443 C2 1.15 0.000 0.005 Sb 0.012 SX
RXCJ0006.0–3443 C5 1.79 0.006 0.123 0.437
RXCJ0006.0–3443 C6 1.93 0.022 0.166 0.439
RXCJ0049.4–2931 C1 1.39 0.003 0.643 0.319
RXCJ0049.4–2931 C3 1.77 0.034 0.143 0.614
RXCJ0049.4–2931 C4 2.77 0.007 0.275 0.399
RXCJ0547.6–3152 C1 0.88 0.000 0.142 0.570
RXCJ0605.8–3518 C1 1.37 0.033 0.754 0.190
RXCJ0605.8–3518 C2 2.04 0.024 0.056 0.445
RXCJ0605.8–3518 C3 2.67 0.000 0.001 Sb 0.423
RXCJ0605.8–3518 C5 1.23 0.014 0.941 0.688
RXCJ0616.8–4748 C1 0.64 0.024 0.884 0.920
RXCJ0616.8–4748 C2 2.15 0.030 0.314 0.555
RXCJ0616.8–4748 C3 2.51 0.003 0.054 0.574
RXCJ0616.8–4748 C5 1.16 0.047 0.074 0.016 SX
RXCJ0645.4–5413 C1 1.87 0.010 0.340 0.450
RXCJ0645.4–5413 C2 2.19 0.000 0.134 0.465
RXCJ0645.4–5413 C3 2.06 0.004 0.910 0.536
RXCJ0645.4–5413 C4 1.82 0.000 0.387 0.218
RXCJ0821.8+0112 C1 1.44 0.000 0.005 Sb 0.008 SX
RXCJ2023.0–2056 C1 0.78 0.000 0.168 0.441
RXCJ2048.1–1750 C1 1.11 0.006 0.239 0.157
RXCJ2048.1–1750 C2 1.76 0.000 0.051 0.003 SX
RXCJ2048.1–1750 C3 1.88 0.008 0.135 0.532
RXCJ2048.1–1750 C4 2.61 0.019 0.554 0.527
RXCJ2129.8–5048 C1 1.33 0.007 0.165 0.470
RXCJ2218.6–3853 C1 1.37 0.001 0.009 Sb 0.001 SX
RXCJ2218.6–3853 C2 2.55 0.000 0.007 Sb 0.518
RXCJ2218.6–3853 C3 1.28 0.012 0.781 0.539
RXCJ2234.5–3744 C1 1.02 0.009 0.671 0.223
RXCJ2234.5–3744 C2 1.31 0.004 0.353 0.532
RXCJ2234.5–3744 C3 2.17 0.005 0.050 0.623
RXCJ2234.5–3744 C4 1.73 0.005 0.585 0.565
RXCJ2234.5–3744 C5 2.24 0.032 0.826 0.501
RXCJ2319.6–7313 C1 0.95 0.006 0.006 Sb 0.008 SX
RXCJ2319.6–7313 C2 1.42 0.049 0.218 0.447
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Table 5.5: Cluster normalised clump count and classifications. D means the object was
classified as disturbed based on X-ray centre shift criteria in B2010. Nr<r200 is the norm-
alised clump count within r200, and objects marked DO have Nr<r200 > median (Nr<r200).
Nr>r200 is the normalised clump count outside r200 which is normalised by the exposed
area in Mpc2, and points marked Cr>r200 have Nr>r200 > median (Nr>r200).

Object D Nr<r200 DO Nr>r200 Cr>r200

RXCJ0006.0–3443 D 1.2± 0.1 DO 0.043± 0.018 Cr>r200

RXCJ0049.4–2931 1.2± 0.1 DO 0.033± 0.016 Cr>r200

RXCJ0345.7–4112 1.0± 0 0.0± 0
RXCJ0547.6–3152 1.1± 0.1 0.0± 0
RXCJ0605.8–3518 1.2± 0.1 DO 0.029± 0.009 Cr>r200

RXCJ0616.8–4748 D 1.1± 0.1 0.015± 0.006 Cr>r200

RXCJ0645.4–5413 1.0± 0 0.0079± 0.0016
RXCJ0821.8+0112 1.2± 0.1 DO 0.0± 0
RXCJ2023.0–2056 D 1.3± 0.1 DO 0.0± 0
RXCJ2048.1–1750 D 1.1± 0.0 0.024± 0.007 Cr>r200

RXCJ2129.8–5048 D 1.1± 0.1 0.0± 0
RXCJ2218.6–3853 D 1.5± 0.2 DO 0.055± 0.019 Cr>r200

RXCJ2234.5–3744 1.2± 0.1 0.015± 0.005 Cr>r200

RXCJ2319.6–7313 D 1.5± 0.2 DO 0.0± 0

still represent the full range of X-ray morphology from very regular to very disturbed.
To assist in the discussion of the individual morphologies which follow, we introduce an
optical disturbance criterion where clusters with Nr<r200 > median (Nr<r200) are classified
as optically disturbed (and labelled DO).

The background density estimates derived from the C0 profile were compared with
those from the NFW background model described in H2015 and were found to be system-
atically higher by 19 % on average for the red galaxies and by lower by 15 % for the blue.
The slightly higher result is expected for the red, because the NFW background model
includes the effect of the low density tail of the NFW profile, which using the sub clump
method is always subsumed into the background count. The difference in the background
density for the blue galaxies is due to the fact that the assumption of symmetry used for
the 1D method for the blue is incorrect. The uncertainties introduced by these differences
are too small to affect the overall trends.

Ways to improve the background estimate, and thus increase the detectability of
clumps outside r200 but still within the WFI@2.2 m field-of-view, are limited. Although
it is possible to make observations of ‘empty fields’ devoid of galaxy clusters, these may
not represent the background we aim to subtract from the galaxy clusters studied. The
scatter in the surface density of field galaxies along the lines of sight in the regions r > r200

around the REXCESS clusters spans a factor of 2 and is always above the density expected
from measurements of non-cluster fields (figure 3 in H2015), due to the the location of
galaxy clusters in regions of enhanced large scale structure.
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(a) Normalised clump count in the region r < r200

Nr<r200 vs. X-ray centre shift parameter.
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(b) Normalised clump count in the region r > r200,
Nr>r200 which is divided by the observed area, vs.
X-ray centre shift parameter.

Figure 5.5: Normalised clump count versus the X-ray centre shift parameter.

5.4.4 Optical morphology and mismatched classifications of dis-
turbance

The reasons for the lack of correlation between the r < r200 normalised clump count and
X-ray centre shift parameter deserve closer scrutiny. Even a cursory inspection of the
individual cluster density maps reveals that cluster structures are much more complicated
than a simple model where red galaxies follow the form laid down by the ICM, and blue
galaxies are a low density admixture.

In this section, we look at the individual cluster morphologies, and put them in context
with whether the X-ray and optical disturbance classifications based on the X-ray centre
shift parameter and normalised count density match or are mismatched.

5.4.4.1 Matched: optically- and X-ray-regular

Despite being the subgroup of regular clusters where one might expect nothing of interest
to be happening, some clusters in this group have curious morphological features.

RXC J0345.7–4112 This is the most optically regular cluster in the sample. There
are no detectable substructures.

RXC J0547.6–3152 This cluster has one red sub clump C1 which is coincident with
an apparent X-ray enhancement that fails the significance test. Its blue structure is much
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more complex, comprising several knots of galaxies which encircle the X-ray–red central
density peak. If these blue galaxies are at the cluster redshift, their distribution suggests
the presence of a large scale structure at the position angle of C1.

RXC J0645.4–5413 Despite being classified as regular using the X-ray centre shift
parameter, this cluster has an obvious NW–SE elongation in X-ray surface brightness
which aligns with the elongation of the red galaxy distribution measured in Section §5.4.2,
and several over-densities on its outskirts which appear to be contiguous with the primary
red overdensity (C0).

RXC J2234.5–3744 This is the only case with a compact blue region which coincides
with the main X-ray and red galaxy density peak (as opposed to a broad blue overdensity
which is detectable across the whole of C0).

5.4.4.2 Matched: optically- and X-ray-disturbed

This group appears to include cases where there is a pre-merger group about to cross
the main cluster but still at a sufficient distance to be detectable in both galaxy count
density and X-ray surface brightness, or in cases with a recent merger where the ICM
has not yet relaxed but the remnant red galaxy distribution of the impinging object is
far enough from the centre to be detectable.

RXC J0006.0–3443 There are two candidate pre-merger sub-clumps with a significant
X-ray component, C1 and C2. C2 is slightly offset from the the centre of a circularly
symmetric blue galaxy density peak, which may be the true centre of C2, if we relax
our assumption that infalling clumps are primarily traced by red galaxies. Most of the
prominent galaxies within C2 have z comparable with the cluster z = 0.114 (Teague
et al., 1990). There is a large region with a significant blue density across most of C0.

RXC J2218.6–3853 C1 is a candidate pre-merger with a significant X-ray compon-
ent. The C1–C3 axis is in excellent alignment with the X-ray elongation measured in
Section §5.4.2. The configuration is consistent with a scenario where C3 is the remnant
clump after a crossing on the C1–C3 axis. However, given the small number of galaxies
in C3 (∼ 10), this could equally well be a pre-merger where the X-ray component is too
faint to see.

RXC J2319.6–7313 We noted RXC J2319.6–7313 in H2015 as having a particularly
difficult to detect red sequence. It has a candidate pre-merger clump C1 with excess X-ray
emission. The orientation comparison in Section §5.4.2 showed a large offset between the
X-ray and red galaxy density orientations, despite very strong X-ray ellipticity. Inspection
of the density maps shows that the red galaxy overdensity is substantially offset from the
X-ray peak, in the direction of the X-ray elongation. The BCG of the cluster is precisely
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centred at the X-ray peak. The line passing through the main red cloud, the main
blue cloud, the BCG, a clump identified as being infalling by its X-ray excess C1, and
the smeared out region of blue of galaxies extending away from the cluster is in good
alignment with the ICM elongation axis. The observations here are consistent with a
scenario where the galaxies accreted from the direction of C1 are stripped of their gas
reserves during the first crossing, and become red sequence objects by the time they reach
the other side. Given the weak red sequence in this cluster, it may be the case that the
infalling population is not completely stripped of gas on the first pass.

RXC J2023.0–2056 This cluster has been handled differently to the others in terms
of clump detection; C1 appears to be a uniform density extension with no significant blue
component, but is only distinguishable from C0 if we take into account the location of
the blue overdensity centred near the X-ray centre. If C1 were a major merger, which
seems likely given its extent, we would expect it to cause either X-ray disturbance in
the post-crossing phase, or to perhaps be identifiable as an X-ray overdense region in
the pre-merger phase. Neither of these markers is present. There are two prominent red
sequence galaxies north of the nominal centre of C1 at 20h23m38.40s − 20◦55′18.7′′ and
20h23m37.72s − 20◦55′51.6′′ (J2000), but we found no redshifts for these in the SIMBAD
database.

5.4.4.3 Mismatched: optically-disturbed and X-ray-regular

This group appears to include several cases where sub-clumps are observed at relatively
large distances from the centre of the cluster. This is consistent with a post-merger
scenario where the ICM has relaxed but the red galaxy distribution has not, perhaps due
to insufficient time. This does not exclude pre-mergers, so long as the infalling clump is
at a sufficient distance not to affect the X-ray centre shift parameter.

RXC J0049.4–2931 This cluster has a regular primary clump C0, and several mod-
erately sized sub-clumps at a moderately large distance from the cluster centre. It has a
blue galaxy overdensity largely restricted to one side of the cluster centre. This cluster
has a very regular X-ray appearance.

RXC J0605.8–3518 This cluster is regular, but appears to have symmetric lobes C5
and C1. The C5–C1 axis is aligned with the X-ray elongation. There is a cluster-like
clump C3 at large cluster-centric distance, which is largely outside the XMM-Newton
field, and shows no sign of X-ray excess. There is a faint trail of blue galaxies between
the cluster centre and C3.

RXC J0821.8+0112 C1 is a candidate pre-merger with X-ray excess. X-ray point
sources have been excised from the X-ray surface brightness map in the same region. The
internal cluster structure is of particular interest in this case. The overall shape of the
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red galaxy distribution echoes the very disturbed distribution of the ICM, but no clump
is detected. This is an exceptional case where there is a significant blue galaxy density
across the whole of the primary red overdensity C0.

5.4.4.4 Mismatched: optically-regular and X-ray-disturbed

The objects in this group are can be characterised as having few or no detectable red
galaxy sub-clumps within r500, but include the two clusters with the highest X-ray centre
shift parameter which appear to be current major mergers. Serendipitous alignment of
the two cluster centres may be the reason why no sub-clumps can be detected in these
two cases.

RXC J0616.8–4748 This cluster has a candidate pre-merger clump C5 with a signi-
ficant X-ray component. Within r500 there is a single sub clump C1, and the cluster has
a non-circular overall appearance with a low density trail of red galaxies extending SW
to the field edge. There is a blue galaxy overdensity which appears to be restricted to
one side of the X-ray density peak and is contiguous to the SE edge of the field.

RXC J2048.1–1750 This cluster has an irregular red galaxy density distribution,
albeit with a clearly defined density peak slightly offset from the BCG position, but
no detectable red sub-clumps within r500, and one candidate pre-merger clump C2. Its
blue galaxy density distribution is unique amongst the clusters in this sample – there is
a blue galaxy overdensity opposite the red overdensity peak with the BCG and X-ray
peak between. The axis connecting the red peak – X-ray peak – blue peak is aligned with
the X-ray elongation of the cluster as a whole. The red galaxy density peak appears to
be encircled by two arms comprising of blue galaxies. The offset of the main red galaxy
density peak from the X-ray centre suggests a current merger where the two merging
clumps are approximately overlaid.

RXC J2129.8–5048 No sub-clumps are detected within r500 and the red galaxy dis-
tribution appears very circularly symmetric and regular, and with very low ellipticity.
There is a red galaxy density enhancement north of the cluster centre which is not well
aligned with the X-ray distribution and where no independent sub-clumps can be de-
tected. The central X-ray morphology has two closely spaced peaks, which are each
overlain with a prominent elliptical galaxy. The larger and brighter of the two – the
actual BCG – overlays the slightly broader X-ray peak. The fainter elliptical galaxy
overlays a sharper X-ray peak which is chosen by the algorithm in Section §5.3.1 as the
origin of the cluster centred coordinate system because it is slightly more dense when
smoothed on ∼ 8 ′′ scales. Redshifts available in the literature for the two objects show
that the BCG has recessional velocity v = (21 625± 45) km s−1, and the smaller elliptical
has v = (22 173± 31) km s−1 (Jones et al., 2009). The redshifts and recessional velocities
are consistent with a current head on collision approximately in the line of sight.
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5.5 Discussion

We showed in H2015 that under azimuthal averaging, red galaxies appear to trace an
assumed dark matter dominated NFW model potential of the cluster out to ∼ r200. Using
the data presented here, it is clear that that the primary dominant clump of red galaxies
of the cluster does follow an approximately symmetric distribution, usually around the
ICM density peak. They typically have a dominant primary clump with a common central
density peak position. The red galaxy distribution shows increasing alignment with the
ICM as the ICM ellipticity increases, but at X-ray ellipticities ε < 0.05, orientation offsets
between the X-ray and red galaxy distribution become increasingly scattered and appear
to be random.

However, the red galaxy distribution is usually less regular than the ICM, with iden-
tifiable clumps within r200 in most clusters. Extremely strong disturbance of the ICM,
where several identifiable peaks can be picked out, is rare, and so it can usually be treated
as being regular with a perturbation. 2/14 clusters have catastrophically disrupted ICM
appearance where the assumption of a smooth gas distribution with perturbations breaks
down, whereas 6/14 clusters have major detectable red sequence sub-clumps projected
within r500 but are still largely symmetrical. 3/14 clusters have a significant offset between
the densest clump of red sequence galaxies and the X-ray centre.

We showed in H2015 that the blue galaxy distribution was substantially shallower
than an assumed NFW model of the dark matter potential, and that regions of high
ICM density are usually associated with blue under-densities. The results presented here
show very clearly that blue galaxies are usually found in irregular patterns rather than
tracing the ICM. The distribution of offsets between ICM and blue galaxy distribution
orientations is consistent with being random. These data make clear that the assumption
of azimuthal symmetry for the blue galaxy distribution is inappropriate.

Blue cloud galaxy over-densities within r500 which are contiguous with candidate pre-
mergers often terminate before reaching the cluster centre and are restricted to the side of
the cluster towards the infalling clump. This is consistent with the rapid transformation
of galaxies from blue to red during infall (Verdugo et al., 2012), on timescales of less
than the crossing time. Some exceptions are noted: in RXC J0547.6–3152, an apparent
ring of clumps is seen which encircles the centre; in RXC J2048.1–1750, a large (∼ r500)
approximately symmetrical structure with a dense peak offset from the cluster centre is
seen; in only one case, RXC J2234.5–3744, is there a substantial compact blue overdensity
near the ICM peak. The blue galaxy distribution irregularity, and the circumstantial
evidence of blue distributions being restricted to one side of a cluster are consistent with
the distribution of blue galaxies being subjected to baryonic processes which disrupt star
formation and transform them into red galaxies on timescales shorter than those required
for relaxation of the galaxies into the cluster potential.

There is no obvious morphological difference between disturbed and regular clusters
in the morphology of the red sequence galaxy distribution. Clusters which are disturbed
or regular according to X-ray classifications have the same form of red galaxy distribution
characterised by a dominant primary clump with a number of strong additional overdense
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regions. We take this as evidence that the red galaxy distribution of clusters retains
signatures of disturbance for much longer than the ICM; almost all clusters ought to be
classified as ‘disturbed’ using optical criteria.

Using the centre shift formulation described here and B2010 we find that the optical
centre shift parameter has a normalisation a few times higher than the X-ray, and that
there is a weak correlation between the centre shift parameter of the red sequence galaxy
distribution and X-ray surface brightness map. There is no correlation between the centre
shift parameter measured on the density map of blue cloud galaxies and X-ray surface
brightness map. This result is in agreement with Kolokotronis et al. (2001), where it was
found that a centroid estimator normalised using Monte-Carlo simulations showed weak
correlation between optical and X-ray centroid shift measures, with a high scatter.

The centre shift parameter we use is most sensitive to cases where there is a dominant
primary clump with a single small perturbation, which leads to moderate offsets of the
centroid position measured on different scales. This is not the case in the REXCESS
optical dataset where relatively strong sub-clumps – compared to the relative size of most
perturbations in the X-ray dataset – are seen at all distances from the cluster centre.

The uncertainties on the optical centre shift parameter based on centroid shifts cal-
culated on resampled galaxy density maps are up to an order of magnitude larger than
those from X-ray measurements. It was remarked in B2010 that the uncertainties on
X-ray centre shift parameters were quite large; with the reduced counts which the op-
tical galaxy catalogues have compared to the X-ray data, this increase of uncertainty is
unsurprising.

Detection of substructure clumps by measuring their significance enables us to describe
morphological trends in the data qualitatively. The prevalence of ‘optical substructure’ in
clusters is reported to be in the range ∼ (40 – 70) % (Geller and Beers, 1982; Rizza et al.,
1998; Kolokotronis et al., 2001), and our measurement criteria prefer a higher prevalence
since only 2/14 of the clusters have no detectable sub-clumps within r200. In clusters with
strong ICM disturbance, the optical data are usually consistent with a current merger,
and none of the clusters with regular ICM have extremely high optical sub-clumps. ICM
disturbance appears to be a better indicator of a very recent merger, since the galaxy
distribution retains merger signals for longer.

We were interested in the possibility that clusters with more disturbed ICM morpho-
logy might be situated in denser regions of the cosmic web, where clump infall might be
more frequent and more clumps might be detected in the region > r200. However, the
low number of signifiant clumps seen in these regions – a handful in each field – means
that this measurement lacks discriminatory power.

A more robust method, compared to the normalised clump count we employ, would
be to use wider field data to locate and measure the density of filaments surround-
ing each cluster. The 2σ primary galaxy count overdensity contour extends at least
to the edge of the WFI@2.2 m field and suggests the presence of structures on scales
larger than the cluster in RXC J0006.0–3443, RXC J0616.8–4748, RXC J0645.4–5413,
RXC J0821.8+0112, RXC J2129.8–5048 and RXC J2218.6–3853. However, the field of
view of order ∼ 5 Mpc is too small for robust detection.



5.6 Conclusions 137

Verdugo et al. (2012) showed that a 20 Mpc wide field spectroscopic catalogue of a
cluster and its environs can be used for a direct assessment of the local density, and
allowing the clusters to be assessed in context, rather than as quasi-isolated entities as
we have shown in this analysis.

5.6 Conclusions

Red galaxy distributions are dominated by a large central overdensity where the peak
density is coincident with the ICM peak density. Where ICM ellipticities can be measured,
increasing ICM ellipticity is correlated with increasing alignment between ICM and red
galaxy distribution. Unlike the ICM, infalling sub-clumps retain their identities for long
periods after accreting onto the cluster, which means that most red galaxy distributions
in clusters have significant substructures within r200 long after the ICM has relaxed.
Consequently, we are unable to identify any unambiguous purely optical parameters with
which to identify merging clusters – one is unable to distinguish a current/pre-merger
from an older post-merger clump using purely optical images. This also leads to the large
scatter seen in the correlation of the centre shift parameter measured on the red galaxy
distribution compared with the X-ray surface brightness.

Blue galaxy distributions are dominated by baryonic effects, and are very dissimilar
to the ICM distribution. In particular it is very rare that a blue overdensity is found
at the ICM density peak, and there is no correlation between blue galaxy distribution
orientation and the ICM orientation. Contiguous regions of blue galaxy overdensity are
often restricted to one side of the cluster, consistent with a model where infalling blue
galaxies are stripped of their cool gas and turn red during the first pass through the
densest regions of the ICM.

The centre shift parameter is a poor metric of substructure for galaxy point data.
Sub-clumps in the galaxy distribution retain their identities for long periods and increase
the centre shift parameter normalisation by an order of magnitude with respect to values
measured for the ICM. The uncertainties on centre shifts measured using galaxy point
data are larger because the number of counts for each cluster is substantially smaller than
the X-ray photon count.
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Chapter 6

Summary of findings and outlook

So much Universe, and so little time.

Terry Pratchett, The Last Hero, 2001

6.1 Summary of findings

We showed how the synthesis of optical galaxy position catalogues and X-ray observa-
tions can be used to give insights about the recent merger history of individual galaxy
clusters. In particular, we identified some groups of galaxies just outside clusters with a
red sequence suggesting they are at the same redshift, which also have significant X-ray
emission indicative that they have not crossed the cluster with which they are associated.
We also identified some cases where the distribution of galaxies on the outskirts of clusters
was irregular but where the X-ray emission was regular, suggesting a post-merger state
where the ICM had already relaxed but the galaxy distribution retained the signature of
previous merger events.

We were motivated by a wish to explore whether X-ray and optical photometric
observations showed highly correlated or complementary results. The literature is awash
with spectroscopic investigations of the dynamics of galaxies in clusters, but wide field
imaging and photometry allows deeper catalogues of galaxies to be produced, giving a
clearer understanding of the projected spatial distribution of galaxies with less observation
time.

The whole analysis pivots around the robust and repeatable detection of the red se-
quence of galaxies in colour–magnitude measurements of the galaxies in galaxy clusters.
A range of approaches were tried before the final method based on fitting two distribu-
tions for the red sequence and blue cloud simultaneously was found. The description in
Chapter 3 of the process by which the different methods were investigated is much sim-
pler than the process itself was. It only became clear after the fact, that the fundamental
problem could not be solved using clever background subtraction techniques; what was
required to understand the data was a shift in the assumptions about a reasonable model.
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Only once this understanding was in place could the rest of the analysis proceed.
The galaxies on the red sequence are the old guard of the galaxies within a cluster –

poor in the gas which allows star formation, they have undergone harassment, strangula-
tion and ram pressure stripping over a long period of time to relax into virialised orbits
within the cluster. In Chapter 4, we compared the projected count density of red galaxies
with the projected density of electrons observed with XMM-Newton and showed that the
1D radial count density profile of red sequence galaxies appeared to trace the ICM. In
Chapter 5 we extended the analysis to 2D where we found clumps of galaxies within
clusters which corresponded to unexplained peaks in the radial count density profiles.
Our expectation that the red galaxy distribution would be approximately symmetrical
and follow the ICM was confirmed.

The blue galaxy distribution is more interesting and confusing, since blue galaxies
are evolutionarily much younger than red galaxies and much more strongly affected by
the processes which drive evolution of galaxies within clusters. In Chapter 4 we showed
that the 1D radial count density profile of blue galaxies was much flatter than we would
expect if they followed the same kind of relaxed virialised orbits typical of red sequence
galaxies. We also showed that they were not found in the regions with the highest gas
densities. The 2D analysis in Chapter 5 showed that their distribution was generally
clumpy, asymmetric, and not at all like the red sequence galaxies. Blue galaxies do not
survive long after falling into a cluster – the evidence suggests that they can lose most of
their star forming gas during the time it takes to cross the cluster once.

In Chapter 5 we searched for correlations between the result of 2D structural analysis
of optical galaxy catalogues and X-ray surface brightness maps of the ICM. We found
increasing correlation between the orientation of the red galaxy distribution and the X-
ray surface brightness as the X-ray ellipticity increased. After an event like a merger
between a cluster and a smaller group, the ICM relaxes quickly, whereas the red galaxies
from the infalling object can be detected as a small group and density peak for longer.
The blue galaxies trace infall of galaxies on the shortest timescales, turning red as quickly
as their gas reserves are depleted.

6.2 Outlook

Dark matter and dark energy, which make up the vast majority of the Universe’s energy
budget, are the two key unexplained phenomena facing physicists today. Another major
challenge is the approaching glut of data which will be produced by surveys and compiled
by collaborations in the near future.

Very wide field astronomical surveys with unprecedented depth are expected in the
next few decades: the Extended Roentgen Survey with an Imaging Telescope Array
(eROSITA) will allow the detection with X-rays of tens of thousands of galaxy clusters,
and the 8 m-class Large Synoptic Survey Telescope (LSST) will be able to survey the whole
southern sky in three days. Collaborations to pool and share data, like the International
Virtual Observatory Alliance (IVOA) will likewise put a great deal of data in the hands
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of scientists.
The analysis of these data will doubtless be complicated. Observational astronomers

face becoming computer scientists first and theoreticians second. Even with the relatively
small amount of data used for this project, image handling and processing in such a way
that results could be repeated, cross-checked and verified became a major undertaking.
The problem is magnified with each new instrument and with each new analysis step, but
the payoff is a rich dataset spanning many wavelengths, spatial scales and time scales.

The methods we used for data calibration, 2D density mapping, red sequence detection
and background subtraction are directly applicable to the expected survey data. This type
of analysis will allow us to probe the new datasets, to gain insights into the interactions
and evolution of galaxies in clusters, the dynamics of the ICM and the distribution and
dynamics of dark matter in both finer detail and on much larger scales. The Universe
has never been as ready to give up its secrets as it is today.
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Appendix A

X-ray surface brightness maps and
optical wide field images

Figures A.1 to A.28 show X-ray surface brightness maps and enhanced colour optical
wide field images of each of the cluster fields.
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Figure A.1: X-ray flux density map of RXC J0006.0–3443 in the (0.5 – 2) keV band. The
lowest contour is at 3× 10−5 s−1 pixel−1 and subsequent contours represent a 2× increase
in flux density. The pixel size is 4′′ × 4′′.
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Figure A.2: Optical image of RXC J0006.0–3443 where the WFI@2.2 m Rc, V
and B bands are mapped to the red, green and blue channels respectively. The
3× 10−5 s−1 pixel−1 flux density contour from the (0.5 – 2) keV X-ray band image (on
the facing page) is also shown.
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Figure A.3: X-ray flux density map of RXC J0049.4–2931 in the (0.5 – 2) keV band. The
lowest contour is at 3× 10−5 s−1 pixel−1 and subsequent contours represent a 2× increase
in flux density. The pixel size is 4′′ × 4′′.
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Figure A.4: Optical image of RXC J0049.4–2931 where the WFI@2.2 m Rc, V
and B bands are mapped to the red, green and blue channels respectively. The
3× 10−5 s−1 pixel−1 flux density contour from the (0.5 – 2) keV X-ray band image (on
the facing page) is also shown.
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Figure A.5: X-ray flux density map of RXC J0345.7–4112 in the (0.5 – 2) keV band. The
lowest contour is at 3× 10−5 s−1 pixel−1 and subsequent contours represent a 2× increase
in flux density. The pixel size is 4′′ × 4′′.
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Figure A.6: Optical image of RXC J0345.7–4112 where the WFI@2.2 m Rc, V
and B bands are mapped to the red, green and blue channels respectively. The
3× 10−5 s−1 pixel−1 flux density contour from the (0.5 – 2) keV X-ray band image (on
the facing page) is also shown.
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Figure A.7: X-ray flux density map of RXC J0547.6–3152 in the (0.5 – 2) keV band. The
lowest contour is at 3× 10−5 s−1 pixel−1 and subsequent contours represent a 2× increase
in flux density. The pixel size is 4′′ × 4′′.



151

5h47m00s30s48m00s30s49m00s

RA

05′00′′

−32◦00′00′′

55′00′′

50′00′′

−31◦45′00′′

D
ec

.

Figure A.8: Optical image of RXC J0547.6–3152 where the WFI@2.2 m Rc, V
and B bands are mapped to the red, green and blue channels respectively. The
3× 10−5 s−1 pixel−1 flux density contour from the (0.5 – 2) keV X-ray band image (on
the facing page) is also shown.
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Figure A.9: X-ray flux density map of RXC J0605.8–3518 in the (0.5 – 2) keV band. The
lowest contour is at 3× 10−5 s−1 pixel−1 and subsequent contours represent a 2× increase
in flux density. The pixel size is 4′′ × 4′′.
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Figure A.10: Optical image of RXC J0605.8–3518 where the WFI@2.2 m Rc, V
and B bands are mapped to the red, green and blue channels respectively. The
3× 10−5 s−1 pixel−1 flux density contour from the (0.5 – 2) keV X-ray band image (on
the facing page) is also shown.
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Figure A.11: X-ray flux density map of RXC J0616.8–4748 in the (0.5 – 2) keV band. The
lowest contour is at 3× 10−5 s−1 pixel−1 and subsequent contours represent a 2× increase
in flux density. The pixel size is 4′′ × 4′′.
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Figure A.12: Optical image of RXC J0616.8–4748 where the WFI@2.2 m Rc, V
and B bands are mapped to the red, green and blue channels respectively. The
3× 10−5 s−1 pixel−1 flux density contour from the (0.5 – 2) keV X-ray band image (on
the facing page) is also shown.
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Figure A.13: X-ray flux density map of RXC J0645.4–5413 in the (0.5 – 2) keV band. The
lowest contour is at 3× 10−5 s−1 pixel−1 and subsequent contours represent a 2× increase
in flux density. The pixel size is 4′′ × 4′′.
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Figure A.14: Optical image of RXC J0645.4–5413 where the WFI@2.2 m Rc, V
and B bands are mapped to the red, green and blue channels respectively. The
3× 10−5 s−1 pixel−1 flux density contour from the (0.5 – 2) keV X-ray band image (on
the facing page) is also shown.
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Figure A.15: X-ray flux density map of RXC J0821.8+0112 in the (0.5 – 2) keV band. The
lowest contour is at 3× 10−5 s−1 pixel−1 and subsequent contours represent a 2× increase
in flux density. The pixel size is 4′′ × 4′′.
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Figure A.16: Optical image of RXC J0821.8+0112 where the WFI@2.2 m Rc, V
and B bands are mapped to the red, green and blue channels respectively. The
3× 10−5 s−1 pixel−1 flux density contour from the (0.5 – 2) keV X-ray band image (on
the facing page) is also shown.
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Figure A.17: X-ray flux density map of RXC J2023.0–2056 in the (0.5 – 2) keV band. The
lowest contour is at 3× 10−5 s−1 pixel−1 and subsequent contours represent a 2× increase
in flux density. The pixel size is 4′′ × 4′′.
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Figure A.18: Optical image of RXC J2023.0–2056 where the WFI@2.2 m Rc, V
and B bands are mapped to the red, green and blue channels respectively. The
3× 10−5 s−1 pixel−1 flux density contour from the (0.5 – 2) keV X-ray band image (on
the facing page) is also shown.
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Figure A.19: X-ray flux density map of RXC J2048.1–1750 in the (0.5 – 2) keV band. The
lowest contour is at 3× 10−5 s−1 pixel−1 and subsequent contours represent a 2× increase
in flux density. The pixel size is 4′′ × 4′′.
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Figure A.20: Optical image of RXC J2048.1–1750 where the WFI@2.2 m Rc, V
and B bands are mapped to the red, green and blue channels respectively. The
3× 10−5 s−1 pixel−1 flux density contour from the (0.5 – 2) keV X-ray band image (on
the facing page) is also shown.
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Figure A.21: X-ray flux density map of RXC J2129.8–5048 in the (0.5 – 2) keV band. The
lowest contour is at 3× 10−5 s−1 pixel−1 and subsequent contours represent a 2× increase
in flux density. The pixel size is 4′′ × 4′′.
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Figure A.22: Optical image of RXC J2129.8–5048 where the WFI@2.2 m Rc, V
and B bands are mapped to the red, green and blue channels respectively. The
3× 10−5 s−1 pixel−1 flux density contour from the (0.5 – 2) keV X-ray band image (on
the facing page) is also shown.
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Figure A.23: X-ray flux density map of RXC J2218.6–3853 in the (0.5 – 2) keV band. The
lowest contour is at 3× 10−5 s−1 pixel−1 and subsequent contours represent a 2× increase
in flux density. The pixel size is 4′′ × 4′′.
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Figure A.24: Optical image of RXC J2218.6–3853 where the WFI@2.2 m Rc, V
and B bands are mapped to the red, green and blue channels respectively. The
3× 10−5 s−1 pixel−1 flux density contour from the (0.5 – 2) keV X-ray band image (on
the facing page) is also shown.
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Figure A.25: X-ray flux density map of RXC J2234.5–3744 in the (0.5 – 2) keV band. The
lowest contour is at 3× 10−5 s−1 pixel−1 and subsequent contours represent a 2× increase
in flux density. The pixel size is 4′′ × 4′′.
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Figure A.26: Optical image of RXC J2234.5–3744 where the WFI@2.2 m Rc, V
and B bands are mapped to the red, green and blue channels respectively. The
3× 10−5 s−1 pixel−1 flux density contour from the (0.5 – 2) keV X-ray band image (on
the facing page) is also shown.
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Figure A.27: X-ray flux density map of RXC J2319.6–7313 in the (0.5 – 2) keV band. The
lowest contour is at 3× 10−5 s−1 pixel−1 and subsequent contours represent a 2× increase
in flux density. The pixel size is 4′′ × 4′′.
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Figure A.28: Optical image of RXC J2319.6–7313 where the WFI@2.2 m Rc, V
and B bands are mapped to the red, green and blue channels respectively. The
3× 10−5 s−1 pixel−1 flux density contour from the (0.5 – 2) keV X-ray band image (on
the facing page) is also shown.
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Appendix B

sextractor parameters

The parameters used in the sextractor analysis of the cluster images are listed here.
# Conf igurat ion f i l e f o r SExtractor 2 . 8 . 6

# We found tha t many SExtractor parameters were b e s t s e t on an
# image−by−image bas i s , and are marked [ image ] .
# The r e c i p e s used to c a l c u l a t e the se are de sc r i b ed in the
# f o l l ow i n g s e c t i on s . These parameters were passed
# as command l i n e arguments .
# Other parameters cou ld be s e t g l o b a l l y . These are de sc r i b ed below .
# For parameters not l i s t e d here , the d e f a u l t s were used .

# The be s t approach by fa r i s to s imu la te images o f ga l a x i e s , and then t ry to
# run your ana l y s i s p i p e l i n e on those , check ing t ha t the r e s u l t s are as
# expec ted .
# Only then shou ld you t ry to run the ana l y s i s on anything r e a l . Real data
# has f e a t u r e s you w i l l not be ab l e to s imulate , and i t ’ s b e s t to dea l wi th
# those f e a t u r e s independent ly , as f a r as p o s s i b l e .
# Simulat ions cou ld be done us ing the Astromatic ’ Skymaker ’ so f tware package .
# I cannot s t r e s s t h i s po in t enough .

#−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−− Catalog −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

CATALOG_TYPE FITS_LDAC # We found tha t FITS formats were the
# the e a s i e s t to dea l wi th . They encapsu la te
# a l l o f the necessary metadata , and handle
# multi−exposure f i t s inpu t s ( consecu t i v e s i n g l e
# frames o f the same targe t , or mul t i ch ip data ,
# e . g . from WFI@2.2 )
# The only v i a b l e a l t e r n a t i v e i s VOTABLE.

#−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−− Extrac t ion −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

DETECT_TYPE CCD # CCD ( l i n e a r ) or PHOTO ( with gamma cor rec t i on )
DETECT_MINAREA 5 # minimum number o f p i x e l s above t h r e s ho l d
THRESH_TYPE RELATIVE # thr e sho l d type : RELATIVE ( in sigmas )

# or ABSOLUTE ( in ADUs)

DETECT_THRESH 2.0 # <sigmas> or <thresho ld >,<ZP> in mag . arcsec−2
# This t h r e s ho l d i s a c t i v e on the
# de t e c t i on image .

ANALYSIS_THRESH 1.0 # <sigmas> or <thresho ld >,<ZP> in mag . arcsec−2
# This t h r e s ho l d i s a c t i v e on the
# measurement image , and i s t h e r e f o r e n e c e s s a r i l y
# lower than the more s e n s i t i v e d e t e c t i on image .
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# I f t h i s parameter s e t higher , then most
# ob j e c t s aren ’ t ass i gned FWHMs or
# s t e l l a r i t y c l a s s e s .

FILTER Y # apply f i l t e r f o r d e t e c t i on (Y or N)?

FILTER_NAME [ image ] # Ind i v i dua l f i l t e r s were generated
# for each de t e c t i on image . These are the
# same shape as the po in t spread func t i on .
# This suppres ses background noise , because
# the noise va r i e s on s c a l e s sho r t e r than the PSF.
# This PSF f i l t e r e f f e c t i v e l y inc rea se s the s i g n a l
# from poin t sources .

DEBLEND_NTHRESH 32 # Number o f deb l end ing sub−t h r e s ho l d s
DEBLEND_MINCONT 0.00005 # Minimum con t ra s t parameter f o r deb l end ing

# We found tha t some o b j e c t s were missed when
# the de−b l end ing con t ra s t t h r e s ho l d
# was the d e f a u l t o f 0 .005 .

CLEAN Y # Clean spur ious d e t e c t i on s ? (Y or N)?
CLEAN_PARAM 2.0 # Cleaning e f f i c i e n c y

# We increased t h i s from the d e f a u l t va lue o f 1 . 0 .

MASK_TYPE CORRECT # type o f d e t e c t i on MASKing : can be one o f
# NONE, BLANK or CORRECT

#−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−− WEIGHTing −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

# Each WFI image was accompanied by an exposure map, showing the
# t o t a l exposure time in seconds at each image p i x e l .
# These are e f f e c t i v e l y gain maps . They were used fo r both
# de t e c t i on and measurement images in doub le image mode ;
# in s i n g l e image mode ( f o r example when measuring PSF)
# WEIGHT_TYPE=MAP_WEIGHT and WEIGHT_GAIN=Y were s e t on the command l i n e .

WEIGHT_TYPE MAP_WEIGHT,MAP_WEIGHT
# type o f WEIGHTing: NONE, BACKGROUND,
# MAP_RMS, MAP_VAR or MAP_WEIGHT

WEIGHT_GAIN Y,Y # modulate gain (E/ADU) with we igh t s ? (Y/N)
# This e f f e c t i v e l y changes weight maps to
# gain maps ; g iven tha t weight maps are
# exposure maps ( we l l approximated by f l a t
# f i e l d s ) t h i s i s co r r e c t .
# This shou ld be s e t to Y,Y for doub le image
# mode , and to Y for s i n g l e image mode .

WEIGHT_THRESH # weight t h r e s ho l d [ s ] f o r bad p i x e l s

#−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−− FLAGging −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

FLAG_IMAGE f l a g . f i t s # fi lename fo r an input FLAG−image
FLAG_TYPE OR # f l a g p i x e l combination : OR, AND, MIN, MAX

# or MOST

#−−−−−−−−−−−−−−−−−−−−−−−−−−−−−− Photometry −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
# The photometry parameters f o r MAG_AUTO were
# l e f t as t h e i r d e f a u l t va lue s .

PHOT_AUTOPARAMS 2 .5 , 3 . 5 # MAG_AUTO parameters : <Kron_fact>,<min_radius>

PHOT_AUTOAPERS 0 . 0 , 0 . 0 # <est imat ion >,<measurement> minimum aper tures
# for MAG_AUTO and MAG_PETRO

SATUR_LEVEL 0 .0 # l e v e l ( in ADUs) at which sa tu ra t i on a r i s e s
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SATUR_KEY SATURATE # keyword fo r sa tu ra t i on l e v e l ( in ADUs)
# The va lue o f t h i s parameter g i v e s the SATUR_LEVEL.
# This i s not equa l to the a b so l u t e WFI sa tu ra t i on
# va lue due to the f u l l w e l l capac i t y (>200k e−) and
# the analogue−d i g i t a l convers ion (2 .0 e−/ADU)
# because the images are shor t exposures which are
# stacked , inc rea s ing the maximum va lue
# be fo r e sa tu ra t i on .

MAG_ZEROPOINT 0 .0 # magnitude zero−po in t
# We handled the zero po in t in post−measurement
# ana l y s i s o f the ca ta logues , ra ther than here , as the
# zero po in t i s dependent on the c a l i b r a t i on ,
# and no c a l i b r a t i o n data were a v a i l a b l e f o r the
# REXCESS WFI data . We boot s t rapped the zero po in t
# from the data themse lves .

GAIN [ image ] # de t e c t o r gain in e−/ADU
# 0.0 = i n f i n i t e gain
# This i s s e t in conjunct ion with the
# normal i sa t ion o f the weight maps .
# Although the de t e c t o r has a known gain o f
# 2.0 e−/ADU, s tack ing , f l a t f i e l d i n g e t c . modi f i e s
# the r e l a t i o n s h i p between the f i n a l va lue in the image
# (ADU) and the number o f e l e c t r on s which needed to be
# l i b e r a t e d to reach i t .

GAIN_KEY GAIN # keyword fo r d e t e c t o r gain in e−/ADU
PIXEL_SCALE 0 # s i z e o f p i x e l in arcsec (0=use FITS WCS in fo )

# For WFI images , the p i x e l s c a l e i s constant ,
# s e t by the f /5.9 f o c a l reducer o f the WFI camera .
# Because t h i s parameter i s s e t in the image headers ,
# there ’ s no need to s e t i t here .

#−−−−−−−−−−−−−−−−−−−−−−−−− Star /Galaxy Separat ion −−−−−−−−−−−−−−−−−−−−−−−−−−−−

SEEING_FWHM [ image ] # s t e l l a r FWHM in arcsec
# We measured the FWHM automat i ca l l y f o r each
# image , and s e t i t in the command l i n e .
# On WFI images under good condi t ions ,
# you can j u s t take a histogram in FWHM space .
# The l a r g e s t peak in the 0.4−−3.0 arcsecond reg ion
# i s almost always the co r r e c t va lue .
# A more robus t method i s to :
# f ind the po in t source sa tu ra t i on l im i t Mlim
# by in sp e c t i n g the FWHM−magnitude diagram ,
# s e l e c t a l l o b j e c t s with magnitudes between tha t and
# Mlim + [ a few −− cou ld use 4 ]
# and then f ind the l a r g e s t peak in t ha t histogram .
# The sa tu ra t i on l im i t goes to b r i g h t e r magnitudes
# with worsening seeing , so c a l i b r a t i n g the
# l im i t under cond i t i ons o f good see ing g i v e s a
# reasonab l e g l o b a l va lue .

#−−−−−−−−−−−−−−−−−−−−−−−−−−−−−− Background −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

BACK_TYPE AUTO # AUTO or MANUAL
BACK_SIZE 32 # Background mesh : <s i z e> or <width>,<heigh t>
BACK_FILTERSIZE 3 # Background f i l t e r : <s i z e> or <width>,<he igh t>

# The va lue BACK_SIZE ∗ BACK_FILTERSIZE g i v e s the
# sca l e on which the background i s sampled
# and must be h a l f the s c a l e o f the sma l l e s t
# f ea t u r e the background map has to cha ra c t e r i s e .
# We i n v e s t i g a t e d much l a r g e r background s i z e s
# (BACK_SIZE~128 , BACK_FILTERSIZE~5) which sub t rac t ed
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# l e s s o f the i n t r a c l u s t e r l i g h t , but found tha t t h i s
# would a l s o a l l ow f a i r l y we l l de f ined , compact
# ga l a x i e s to extend to very l a r g e s i z e s , because the
# background l e v e l remained qu i t e h igh .
# A double−pass approach i s b e t t e r −− handle the obv ious
# ob j e c t s f i r s t , wi th a smal l f i l t e r s i z e ,
# remove those o b j e c t s us ing an image mask ,
# and then cha ra c t e r i s e the l a r g e r s c a l e f e a t u r e s
# using a l a r g e r f i l t e r s c a l e .

BACKPHOTO_TYPE LOCAL # can be GLOBAL or LOCAL
# On wide f i e l d images , the background l e v e l can e x h i b i t
# a l o t o f v a r i a b i l i t y .

BACKPHOTO_THICK 24 # th i c kne s s o f the background LOCAL annulus
BACK_FILTTHRESH 0.0 # Threshold above which the background−

# map f i l t e r opera tes

#−−−−−−−−−−−−−−−−−−−−−−−−−−−−−− Check Image −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
# Check images shou ld always be in spec t ed .

#−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−− ASSOCiation −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
# Al l ca ta l ogue matching and mixing was done us ing other t o o l s .



Appendix C

Additional galaxy distribution
structural analysis examples

C.1 2D point distribution smoothing examples

We ran additional tests of the smoothing analyses shown in Section §3.1 on a red sequence
plus blue cloud model.

In Section §3.3.1.2, we outlined a red sequence detection method which disregards data
about the magnitude of galaxies during the critical clipping stage. By re-introducing the
magnitude information – the luminosity function of galaxies – we can make a full 2D
model of the red sequence and blue cloud of clusters. After transforming the Schechter
function Φ into magnitude space the density of galaxies in colour–magnitude space is
given by Ψ(Cresidual)Φ(M). A simplified field galaxy distribution can be generated using
the interpolated number counts function ξMetcalfe described in Section §4.3.3.1, multiplied
by a broad Gaussian. The model was used to generate the colour–magnitude density
diagram shown in Figure C.1b. It has an identical total expectation value nt = 210 to the
distribution used in Section §3.1, but has no compact component and has a much stronger
background level variation due to the galaxy number counts distribution discussed in
Section §1.3.2.3. This was used to generate the point catalogue shown in Figure C.1b.
These points are smoothed by the algorithms described in Section §3.1. Comparable
difference maps Σ and Υ as defined in Equations 3.1 and 3.2 are shown in Figure C.2a
and Figure C.2b.

C.2 Additional background subtraction examples

We ran additional tests of background subtraction methods discussed in Sections 3.1 and
3.2 on the blue cloud model described in Section §C.1.

The results of running the stochastic point removal algorithm described in Section §3.2.1
with a perfect background model are shown in Figure C.3. Several background points
in the regions x < 50, y < 50 and y > 200 are missed by the algorithm. The num-
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(b) Simulated point distribution based on Fig-
ure C.1a.
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(c) Smoothed versions of Figure C.1b using different algorithms: i.) fixed bin histogram; ii.) fixed
aperture smoothing; iii.) Voronoi tesselation; iv.) adaptive top-hat filter with SNRt = 5; v.) adaptive
Gaussian with SNRt = 5; vi.) adaptive Gaussian with SNRt =

√
8. The contour levels correspond with

the levels shown in Figure C.1a.

Figure C.1: Point distribution and smoothing results for a simulated colour–magnitude
diagram.
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(a) Σ difference maps in units of the smoothed density map uncertainty [defined in Equation (3.1)].
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(b) Υ absolute difference maps in units of the original density map value [defined in Equation (3.2)].

Figure C.2: Differences between original input density from Figure C.1a and the smoothed
density map results from Figure C.1c. Values above and below the colour range shown
in the colour bar are shown as black and white respectively.
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ber counts function component of the background distribution which was introduced in
Section §1.3.2.3 leads to a much stronger background variation in the colour–magnitude
diagram than when looking at the galaxy spatial distribution. The stronger variation in
background level in this case leads to the complete removal of all points x < 225 if the
background is modelled incorrectly as a uniform distribution.

The results of running the target probability estimation algorithm described in Sec-
tion §3.2.2 under ideal conditions with perfect target and background density maps are
shown in Figure C.4. The results highlight the issue noted in Section §3.2.2 – Pt for
individual points is not a particularly valuable parameter; it is the overall distribution
of Pt across points in high and low density regions of the field which reveals the density
structure of the target object.
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Figure C.3: Stochastic point removal applied to the point distribution shown in Fig-
ure C.1b, using background points derived from a perfect background map. The details
are as in Figure 3.4.
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Figure C.4: Membership probability estimates for the point distribution shown in Fig-
ure C.1b. Probabilities are calculated using Equation (3.5), and the target and back-
ground densities used are identical to those used to generate the point data.
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Additional plots and tables for
Chapter 4

D.1 Additional figures
Figure D.1, Figure D.2, Figure D.3 and Figure D.4 show Rc band images of a selection
of our targets, where the stars have been excised from the images.
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Figure D.1: RXC J0006.0–3443 in the Rc band. Stars have been excised from this image.
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Figure D.2: RXC J0616.8–4748 in the Rc band. Stars have been excised from this image.
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Figure D.3: RXC J2234.5–3744 in the Rc band. Stars have been excised from this image.
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Figure D.4: The centre of RXC J0006.0–3443 in the Rc band. Stars have been excised
from this image.
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D.2 Individual cluster radial profiles
Figures D.5 to D.8 show radial count density profiles and best fitting models, before
background subtraction, of individual clusters in the REXCESS sample. The best fit-
ting radial profile parameters for each galaxy population in individual clusters in the
REXCESS sample are given in Table D.1.
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(a) Radial density profiles for RXC J0006.0–3443.
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(b) Radial density profiles for RXC J0049.4–2931.
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(c) Radial density profiles for RXC J0345.7–4112.
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Figure D.5: Individual radial density profiles. The points with uncertainties represent
the galaxy count density profile, normalised by r2

500, and the red dashed line is the best
fitting model with parameters given in Table D.1.
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(b) Radial density profiles for RXC J0616.8–4748.
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(c) Radial density profiles for RXC J0645.4–5413.
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(d) Radial density profiles for RXC
J0821.8+0112.

Figure D.6: Individual radial density profiles. The lines are as described in Figure D.5.
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(a) Radial density profiles for RXC J2023.0–2056.
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(b) Radial density profiles for RXC J2048.1–1750.
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(c) Radial density profiles for RXC J2129.8–5048.
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(d) Radial density profiles for RXC J2218.6–3853.

Figure D.7: Individual radial density profiles. The lines are as described in Figure D.5.
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(a) Radial density profiles for RXC J2234.5–3744.
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(b) Radial density profiles for RXC J2319.6–7313.

Figure D.8: Individual radial density profiles. The lines are as described in Figure D.5.
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Table D.1: NFW fitting results for individual clusters.

Object Galaxy filter β S0 SbgNFW

r−3
500 r−2

500

RXCJ0006.0–3443 Bright, red 2.7± 0.5 49.7± 9.0 7.2± 2.1
RXCJ0049.4–2931 Bright, red 3.4± 0.4 60.2± 10.7 1.9± 0.5
RXCJ0345.7–4112 Bright, red 3.0± 0.9 10.5± 3.3 2.1± 0.6
RXCJ0547.6–3152 Bright, red 2.65± 0.34 50.7± 6.7 5.5± 1.4
RXCJ0605.8–3518 Bright, red 3.1± 0.4 54.9± 8.8 7.2± 0.8
RXCJ0616.8–4748 Bright, red 2.54± 0.28 29.2± 3.5 2.6± 0.6
RXCJ0645.4–5413 Bright, red 2.87± 0.26 112.3± 12.9 9.9± 1.3
RXCJ0821.8+0112 Bright, red 2.4± 0.4 22.5± 3.4 1.4± 0.9
RXCJ2023.0–2056 Bright, red 3.0± 0.8 26.6± 6.6 0.8± 1.2
RXCJ2048.1–1750 Bright, red 2.2± 0.4 37.0± 7.6 5.8± 2.2
RXCJ2129.8–5048 Bright, red 3.3± 0.7 41.8± 10.3 3.2± 1.4
RXCJ2218.6–3853 Bright, red 3.3± 1.1 26.7± 8.9 5.8± 1.1
RXCJ2234.5–3744 Bright, red 3.13± 0.15 125.8± 6.7 8.8± 0.9
RXCJ2319.6–7313 Bright, red 1.6± 0.4 4.5± 0.9 2.2± 0.5
RXCJ0006.0–3443 Faint, red 1.9± 0.5 20.1± 3.4 36.2± 3.4
RXCJ0049.4–2931 Faint, red 3.24± 0.33 59.7± 7.5 15.5± 0.8
RXCJ0345.7–4112 Faint, red 2.7± 0.8 38.6± 11.4 5.4± 2.9
RXCJ0547.6–3152 Faint, red 2.3± 0.6 32.5± 7.5 26.7± 3.4
RXCJ0605.8–3518 Faint, red 2.8± 0.6 45.6± 10.4 34.6± 2.1
RXCJ0616.8–4748 Faint, red 2.3± 0.7 22.0± 6.4 26.9± 2.5
RXCJ0645.4–5413 Faint, red 1.8± 0.5 31.3± 7.2 39.4± 4.1
RXCJ0821.8+0112 Faint, red 1.8± 0.5 18.1± 3.6 13.1± 2.9
RXCJ2023.0–2056 Faint, red 2.1± 0.5 18.0± 3.1 10.5± 3.2
RXCJ2048.1–1750 Faint, red 2.3± 0.5 52.2± 10.4 47.4± 4.3
RXCJ2129.8–5048 Faint, red 2.93± 0.34 62.7± 7.7 20.1± 2.0
RXCJ2218.6–3853 Faint, red 3.6± 1.2 34.0± 13.8 30.4± 1.6
RXCJ2234.5–3744 Faint, red 2.8± 0.7 49.0± 12.5 43.6± 3.9
RXCJ2319.6–7313 Faint, red 2.3± 1.3 11.2± 4.8 17.6± 2.1
RXCJ0006.0–3443 Bright, blue 1.7± 0.9 4.9± 1.4 5.9± 1.7
RXCJ0049.4–2931 Bright, blue 1.2± 1.2 1.4± 0.9 2.0± 0.8
RXCJ0345.7–4112 Bright, blue 5.9± 1.7 (1.1± 0.5)× 102 1.09± 0.20
RXCJ0547.6–3152 Bright, blue 4.2± 6.4 22.0± 34.6 6.6± 1.4
RXCJ0605.8–3518 Bright, blue 9.6± 14.3 (1.5± 3.0)× 102 6.9± 0.6
RXCJ0616.8–4748 Bright, blue 3.0± 0.8 11.8± 3.6 3.8± 0.5
RXCJ0645.4–5413 Bright, blue 0.9± 4.7 0.4± 1.0 11.4± 1.6
RXCJ0821.8+0112 Bright, blue 2.0± 0.9 5.2± 1.7 0.8± 1.0
RXCJ2023.0–2056 Bright, blue 4.1± 2.5 33.9± 21.7 0.4± 1.2
RXCJ2048.1–1750 Bright, blue 1.1± 0.6 3.2± 1.0 6.8± 1.2
RXCJ2129.8–5048 Bright, blue 6.2± 2.9 (7.2± 5.3)× 101 2.29± 0.29
RXCJ2218.6–3853 Bright, blue 2.7± 1.2 7.1± 4.1 3.8± 0.6
RXCJ2234.5–3744 Bright, blue 0.9± 1.6 2.1± 1.2 12.4± 4.3
RXCJ2319.6–7313 Bright, blue 5.2± 2.5 53.4± 32.3 4.3± 0.5
RXCJ0006.0–3443 Faint, blue −0.5± 0.6 1.02± 0.30 38.7± 10.8
RXCJ0049.4–2931 Faint, blue 3.0± 0.7 20.0± 5.5 30.0± 0.9
RXCJ0345.7–4112 Faint, blue 20.0± 12.8 (0.0± 1.7)× 106 6.86± 0.35
RXCJ0547.6–3152 Faint, blue 0.3± 0.8 2.3± 1.0 48.7± 5.3
RXCJ0605.8–3518 Faint, blue 2.3± 1.9 11.5± 9.4 73.4± 4.3
RXCJ0616.8–4748 Faint, blue −1.2± 1.1 0.08± 0.06 37.5± 2.7
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Table D.1: (continued)

Object Galaxy filter β S0 SbgNFW

r−3
500 r−2

500

RXCJ0645.4–5413 Faint, blue 1.2± 0.7 5.5± 1.8 88.3± 2.6
RXCJ0821.8+0112 Faint, blue 0.9± 0.7 3.2± 0.9 7.0± 3.7
RXCJ2023.0–2056 Faint, blue 4.1± 3.2 13.8± 17.0 6.2± 1.4
RXCJ2048.1–1750 Faint, blue 1.4± 0.4 12.2± 2.1 59.3± 2.8
RXCJ2129.8–5048 Faint, blue −1.0± 0.7 0.14± 0.04 5.6± 8.0
RXCJ2218.6–3853 Faint, blue 3.001 0.001 50.5± 1.7
RXCJ2234.5–3744 Faint, blue 4.6± 1.7 (8.0± 4.3)× 101 113.2± 2.8
RXCJ2319.6–7313 Faint, blue 1.6± 1.3 4.2± 2.5 33.1± 2.7
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D.3 Background count density analysis
The background count densities for all of the objects, using the four main galaxy popu-
lation filters are shown in Table D.2.

Table D.2: Background count density measurements. In the case of the RXC J2023.0–
2056 bright blue filter, no objects are detected in the region used for measuring Sbgsimple.

Object Galaxy filter Sbgsimple αSbgsector
SbgNFW

Sbgsimple

SbgNFW

arcmin−2 arcmin−2 arcmin−2

RXCJ0006.0–3443 Bright, red 0.166± 0.020 0.02 0.12± 0.04 1.34
RXCJ0006.0–3443 Faint, red 0.70± 0.04 0.04 0.62± 0.06 1.13
RXCJ0006.0–3443 Bright, blue 0.128± 0.017 0.02 0.102± 0.029 1.25
RXCJ0006.0–3443 Faint, blue 1.15± 0.05 0.07 0.67± 0.19 1.72
RXCJ0049.4–2931 Bright, red 0.064± 0.011 0.01 0.050± 0.013 1.27
RXCJ0049.4–2931 Faint, red 0.427± 0.027 0.03 0.413± 0.020 1.03
RXCJ0049.4–2931 Bright, blue 0.074± 0.011 0.01 0.054± 0.022 1.38
RXCJ0049.4–2931 Faint, blue 0.82± 0.04 0.04 0.797± 0.023 1.02
RXCJ0345.7–4112 Bright, red 0.026± 0.010 0.01 0.024± 0.007 1.05
RXCJ0345.7–4112 Faint, red 0.095± 0.019 0.02 0.063± 0.034 1.52
RXCJ0345.7–4112 Bright, blue 0.011± 0.006 0.00 0.0126± 0.0024 0.87
RXCJ0345.7–4112 Faint, blue 0.080± 0.017 0.02 0.079± 0.004 1.01
RXCJ0547.6–3152 Bright, red 0.185± 0.024 0.05 0.135± 0.034 1.37
RXCJ0547.6–3152 Faint, red 0.74± 0.05 0.07 0.66± 0.08 1.12
RXCJ0547.6–3152 Bright, blue 0.191± 0.025 0.05 0.164± 0.035 1.16
RXCJ0547.6–3152 Faint, blue 1.36± 0.07 0.21 1.21± 0.13 1.13
RXCJ0605.8–3518 Bright, red 0.212± 0.019 0.03 0.186± 0.021 1.14
RXCJ0605.8–3518 Faint, red 0.92± 0.04 0.06 0.89± 0.06 1.03
RXCJ0605.8–3518 Bright, blue 0.183± 0.018 0.02 0.177± 0.015 1.03
RXCJ0605.8–3518 Faint, blue 1.93± 0.06 0.06 1.89± 0.11 1.02
RXCJ0616.8–4748 Bright, red 0.087± 0.012 0.01 0.059± 0.013 1.46
RXCJ0616.8–4748 Faint, red 0.647± 0.034 0.04 0.61± 0.06 1.06
RXCJ0616.8–4748 Bright, blue 0.090± 0.013 0.03 0.086± 0.010 1.05
RXCJ0616.8–4748 Faint, blue 1.00± 0.04 0.05 0.85± 0.06 1.18
RXCJ0645.4–5413 Bright, red 0.292± 0.022 0.08 0.234± 0.031 1.25
RXCJ0645.4–5413 Faint, red 1.06± 0.04 0.06 0.93± 0.10 1.13
RXCJ0645.4–5413 Bright, blue 0.272± 0.021 0.07 0.27± 0.04 1.01
RXCJ0645.4–5413 Faint, blue 2.16± 0.06 0.08 2.09± 0.06 1.03
RXCJ0821.8+0112 Bright, red 0.052± 0.011 0.02 0.026± 0.016 2.05
RXCJ0821.8+0112 Faint, red 0.291± 0.026 0.04 0.23± 0.05 1.26
RXCJ0821.8+0112 Bright, blue 0.029± 0.008 0.01 0.013± 0.017 2.13
RXCJ0821.8+0112 Faint, blue 0.205± 0.022 0.02 0.12± 0.07 1.66
RXCJ2023.0–2056 Bright, red 0.011± 0.011 0.01 0.007± 0.011 1.66
RXCJ2023.0–2056 Faint, red 0.12± 0.04 0.04 0.092± 0.028 1.32
RXCJ2023.0–2056 Bright, blue 0.0± 0 0.00 0.004± 0.010 0.00
RXCJ2023.0–2056 Faint, blue 0.066± 0.027 0.02 0.055± 0.012 1.21
RXCJ2048.1–1750 Bright, red 0.249± 0.022 0.05 0.16± 0.06 1.59
RXCJ2048.1–1750 Faint, red 1.42± 0.05 0.08 1.29± 0.12 1.10
RXCJ2048.1–1750 Bright, blue 0.257± 0.022 0.03 0.183± 0.033 1.40
RXCJ2048.1–1750 Faint, blue 1.77± 0.06 0.06 1.61± 0.08 1.10
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Table D.2: (continued)

Object Galaxy filter Sbgsimple αSbgsector
SbgNFW

Sbgsimple

SbgNFW

arcmin−2 arcmin−2 arcmin−2

RXCJ2129.8–5048 Bright, red 0.051± 0.014 0.01 0.037± 0.017 1.37
RXCJ2129.8–5048 Faint, red 0.270± 0.033 0.07 0.235± 0.023 1.15
RXCJ2129.8–5048 Bright, blue 0.023± 0.010 0.01 0.0268± 0.0034 0.88
RXCJ2129.8–5048 Faint, blue 0.196± 0.028 0.04 0.07± 0.09 3.00
RXCJ2218.6–3853 Bright, red 0.140± 0.016 0.02 0.131± 0.025 1.07
RXCJ2218.6–3853 Faint, red 0.687± 0.034 0.06 0.688± 0.035 1.00
RXCJ2218.6–3853 Bright, blue 0.104± 0.013 0.02 0.086± 0.015 1.21
RXCJ2218.6–3853 Faint, blue 1.17± 0.04 0.04 1.14± 0.04 1.02
RXCJ2234.5–3744 Bright, red 0.236± 0.022 0.02 0.177± 0.017 1.34
RXCJ2234.5–3744 Faint, red 0.95± 0.04 0.05 0.87± 0.08 1.09
RXCJ2234.5–3744 Bright, blue 0.305± 0.025 0.02 0.25± 0.09 1.22
RXCJ2234.5–3744 Faint, blue 2.29± 0.07 0.06 2.27± 0.06 1.01
RXCJ2319.6–7313 Bright, red 0.088± 0.012 0.01 0.051± 0.010 1.74
RXCJ2319.6–7313 Faint, red 0.426± 0.027 0.02 0.41± 0.05 1.05
RXCJ2319.6–7313 Bright, blue 0.099± 0.013 0.01 0.099± 0.011 1.00
RXCJ2319.6–7313 Faint, blue 0.81± 0.04 0.06 0.76± 0.06 1.06
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Additional plots and tables for
Chapter 5

E.1 Smoothed density maps
Figures E.1 to E.14 red and blue count overdensity contour maps (described in Sec-
tion §5.3.2.3) and the X-ray surface brightness maps. Sub-clump positions identified by
inspection of the red galaxy contour map are also marked; those which failed to satisfy
the significance threshold defined in Section §5.4.3.1 are shown with dashed lines. The
clumps are listed in Table E.1.

Figures E.15 to E.28 show smoothed density maps for the clusters in X-ray, red
sequence galaxies and blue cloud galaxies, overlaid with apertures placed at the most
stable centres.

Table E.1: Significance measures and background subtracted object count for all the
clumps found by inspection. Significant clumps with probability Px < 0.05 are marked
Sx. Subscript r represents red galaxies, subscript b represents blue galaxies and subscript
X represents the X-ray surface brightness. Clumps with red or blue counts significantly
above the expected value from C0 and the global background are also given object counts
c.

Object Region r Pr cr Pb cb PX SX
r500

RXCJ0006.0–3443 C0 0.00 0.000 150.9± 18.6 0.000 71.1± 19.4 0.000 SX
RXCJ0006.0–3443 C1 0.57 0.000 19.2± 7.1 0.793 – 0.000 SX
RXCJ0006.0–3443 C2 1.15 0.000 17.5± 6.6 0.005 15.0± 7.1 0.012 SX
RXCJ0006.0–3443 C3 1.34 0.052 – 0.807 – 0.807
RXCJ0006.0–3443 C4 1.41 0.876 – 0.780 – 0.452
RXCJ0006.0–3443 C5 1.79 0.006 37.5± 18.8 0.123 – 0.437
RXCJ0006.0–3443 C6 1.93 0.022 16.0± 10.2 0.166 – 0.439
RXCJ0049.4–2931 C0 0.00 0.000 91.8± 12.5 0.000 26.0± 11.1 0.000 SX
RXCJ0049.4–2931 C1 1.39 0.003 14.8± 6.7 0.643 – 0.319
RXCJ0049.4–2931 C2 1.44 0.062 – 0.344 – 0.791
RXCJ0049.4–2931 C3 1.77 0.034 8.7± 6.1 0.143 – 0.614
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Table E.1: (continued)

Object Region r Pr cr Pb cb PX SX
r500

RXCJ0049.4–2931 C4 2.77 0.007 20.9± 12.6 0.275 – 0.399
RXCJ0345.7–4112 C0 0.00 0.000 66.6± 11.4 0.000 2.1± 6.9 0.000 SX
RXCJ0547.6–3152 C0 0.01 0.000 164.1± 16.6 0.000 70.4± 16.6 0.000 SX
RXCJ0547.6–3152 C1 0.88 0.000 22.7± 8.4 0.142 – 0.570
RXCJ0547.6–3152 C2 1.64 0.060 – 0.609 – 0.492
RXCJ0547.6–3152 C3 1.81 0.345 – 0.278 – 0.445
RXCJ0605.8–3518 C0 0.00 0.000 134.7± 16.5 0.000 56.2± 19.0 0.000 SX
RXCJ0605.8–3518 C1 1.37 0.033 13.8± 8.4 0.754 – 0.190
RXCJ0605.8–3518 C2 2.04 0.024 20.3± 13.3 0.056 – 0.445
RXCJ0605.8–3518 C3 2.67 0.000 45.6± 12.3 0.001 40.0± 15.5 0.423
RXCJ0605.8–3518 C4 3.05 0.315 – 0.290 – 0.783
RXCJ0605.8–3518 C5 1.23 0.014 12.4± 6.9 0.941 – 0.688
RXCJ0605.8–3518 C6 2.19 0.386 – 0.076 – 0.383
RXCJ0616.8–4748 C0 0.00 0.000 117.4± 15.9 0.000 36.2± 14.6 0.000 SX
RXCJ0616.8–4748 C1 0.64 0.024 9.1± 5.7 0.884 – 0.920
RXCJ0616.8–4748 C2 2.15 0.030 6.2± 4.3 0.314 – 0.555
RXCJ0616.8–4748 C3 2.51 0.003 13.5± 6.3 0.054 – 0.574
RXCJ0616.8–4748 C4 2.75 0.373 – 0.707 – –
RXCJ0616.8–4748 C5 1.16 0.047 7.1± 5.4 0.074 – 0.016 SX
RXCJ0645.4–5413 C0 0.00 0.000 336.2± 23.5 0.000 53.2± 20.5 0.000 SX
RXCJ0645.4–5413 C1 1.87 0.010 9.4± 5.1 0.340 – 0.450
RXCJ0645.4–5413 C2 2.19 0.000 18.3± 6.0 0.134 – 0.465
RXCJ0645.4–5413 C3 2.06 0.004 12.3± 5.8 0.910 – 0.536
RXCJ0645.4–5413 C4 1.82 0.000 22.9± 7.1 0.387 – 0.218
RXCJ0645.4–5413 C5 1.59 0.082 – 0.077 – 0.739
RXCJ0645.4–5413 C6 1.10 0.321 – 0.337 – 0.563
RXCJ0821.8+0112 C0 0.02 0.000 113.3± 14.0 0.000 52.5± 10.3 0.000 SX
RXCJ0821.8+0112 C1 1.44 0.000 25.5± 9.0 0.005 13.2± 7.3 0.008 SX
RXCJ0821.8+0112 C2 0.60 0.133 – 0.111 – 0.257
RXCJ2023.0–2056 C0 0.00 0.000 71.4± 13.3 0.000 9.9± 10.0 0.000 SX
RXCJ2023.0–2056 C1 0.78 0.000 22.7± 7.4 0.168 – 0.441
RXCJ2048.1–1750 C0 0.00 0.000 246.7± 21.9 0.000 101.3± 19.4 0.000 SX
RXCJ2048.1–1750 C1 1.11 0.006 16.3± 8.0 0.239 – 0.157
RXCJ2048.1–1750 C2 1.76 0.000 28.0± 8.4 0.051 – 0.003 SX
RXCJ2048.1–1750 C3 1.88 0.008 16.8± 8.2 0.135 – 0.532
RXCJ2048.1–1750 C4 2.61 0.019 54.1± 26.0 0.554 – 0.527
RXCJ2048.1–1750 C5 2.65 0.252 – 0.159 – 0.507
RXCJ2129.8–5048 C0 0.00 0.000 104.2± 15.5 0.000 12.8± 11.2 0.000 SX
RXCJ2129.8–5048 C1 1.33 0.007 10.3± 5.5 0.165 – 0.470
RXCJ2218.6–3853 C0 0.00 0.000 66.5± 13.0 0.000 17.2± 13.9 0.000 SX
RXCJ2218.6–3853 C1 1.37 0.001 25.5± 9.3 0.009 17.2± 10.0 0.001 SX
RXCJ2218.6–3853 C2 2.55 0.000 61.2± 17.0 0.007 38.4± 18.3 0.518
RXCJ2218.6–3853 C3 1.28 0.012 10.0± 5.6 0.781 – 0.539
RXCJ2234.5–3744 C0 0.00 0.000 224.4± 21.5 0.000 58.4± 23.3 0.000 SX
RXCJ2234.5–3744 C1 1.02 0.009 17.1± 8.7 0.671 – 0.223
RXCJ2234.5–3744 C2 1.31 0.004 16.6± 7.7 0.353 – 0.532
RXCJ2234.5–3744 C3 2.17 0.005 22.7± 10.5 0.050 – 0.623
RXCJ2234.5–3744 C4 1.73 0.005 14.9± 6.9 0.585 – 0.565
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Table E.1: (continued)

Object Region r Pr cr Pb cb PX SX
r500

RXCJ2234.5–3744 C5 2.24 0.032 15.6± 10.4 0.826 – 0.501
RXCJ2234.5–3744 C6 1.83 0.077 – 0.504 – 0.426
RXCJ2234.5–3744 C7 0.78 0.059 – 0.741 – 0.846
RXCJ2319.6–7313 C0 0.00 0.000 47.7± 11.2 0.000 38.4± 13.6 0.000 SX
RXCJ2319.6–7313 C1 0.95 0.006 13.2± 6.8 0.006 16.1± 7.8 0.008 SX
RXCJ2319.6–7313 C2 1.42 0.049 8.4± 6.2 0.218 – 0.447
RXCJ2319.6–7313 C3 1.26 0.497 – 0.016 7.6± 4.6 0.647
RXCJ2319.6–7313 C4 1.64 0.102 – 0.254 – 0.349
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Figure E.1: Clump maps for RXC J0006.0–3443. The left and centre panels show the
overdensity contours calculated with the method described in Section §5.3.2.3 for the red
and blue galaxies respectively, where the lowest contour is 2σ above the background level
and subsequent contours are spaced 1σ apart. The right panel shows the X-ray surface
brightness map in the (0.5 – 2.0) keV band, where the pixel size is 4′′ × 4′′, the lowest
contour is at a brightness of 3× 10−5 s−1 pixel−1, and contours are spaced by a factor 2×.
Each image is centred at the coordinates of the X-ray peak as listed in Table 5.2.
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Figure E.2: Clump maps for RXC J0049.4–2931. The details are the same as described
in Figure E.1.
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Figure E.3: Clump maps for RXC J0345.7–4112. The details are the same as described
in Figure E.1.
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Figure E.4: Clump maps for RXC J0547.6–3152. The details are the same as described
in Figure E.1.
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Figure E.5: Clump maps for RXC J0605.8–3518. The details are the same as described
in Figure E.1.
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Figure E.6: Clump maps for RXC J0616.8–4748. The details are the same as described
in Figure E.1.
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Figure E.7: Clump maps for RXC J0645.4–5413. The details are the same as described
in Figure E.1.
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Figure E.8: Clump maps for RXC J0821.8+0112. The details are the same as described
in Figure E.1.



E.1 Smoothed density maps 203

20h22m23m24m

RA

12′

06′

−21◦00′

54′

48′

−20◦42′

D
ec

.

C1

20h22m23m24m

RA

C1

20h22m23m24m

RA

C1

Figure E.9: Clump maps for RXC J2023.0–2056. The details are the same as described
in Figure E.1.
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Figure E.10: Clump maps for RXC J2048.1–1750. The details are the same as described
in Figure E.1.
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Figure E.11: Clump maps for RXC J2129.8–5048. The details are the same as described
in Figure E.1.
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Figure E.12: Clump maps for RXC J2218.6–3853. The details are the same as described
in Figure E.1.
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Figure E.13: Clump maps for RXC J2234.5–3744. The details are the same as described
in Figure E.1.
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Figure E.14: Clump maps for RXC J2319.6–7313. The details are the same as described
in Figure E.1.
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Figure E.15: Centre shift maps for RXC J0006.0–3443. The left and centre panels show
the overdensity contours calculated with the method described in Section §5.3.2.3 for the
red and blue galaxies respectively, where the lowest contour is 2σ above the background
level and subsequent contours are spaced 1σ apart. The right panel shows the X-ray
surface brightness map in the (0.5 – 2.0) keV band, where the pixel size is 4′′ × 4′′, the
lowest contour is at a brightness of 3× 10−5 s−1 pixel−1, and contours are spaced by a
factor 2×.
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Figure E.16: Centre shift maps for RXC J0049.4–2931. The details are the same as
described in Figure E.15.
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Figure E.17: Centre shift maps for RXC J0345.7–4112. The details are the same as
described in Figure E.15.
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Figure E.18: Centre shift maps for RXC J0547.6–3152. The details are the same as
described in Figure E.15.
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Figure E.19: Centre shift maps for RXC J0605.8–3518. The details are the same as
described in Figure E.15.
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Figure E.20: Centre shift maps for RXC J0616.8–4748. The details are the same as
described in Figure E.15.
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Figure E.21: Centre shift maps for RXC J0645.4–5413. The details are the same as
described in Figure E.15.
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Figure E.22: Centre shift maps for RXC J0821.8+0112. The details are the same as
described in Figure E.15.
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Figure E.23: Centre shift maps for RXC J2023.0–2056. The details are the same as
described in Figure E.15.
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Figure E.24: Centre shift maps for RXC J2048.1–1750. The details are the same as
described in Figure E.15.
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Figure E.25: Centre shift maps for RXC J2129.8–5048. The details are the same as
described in Figure E.15.
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Figure E.26: Centre shift maps for RXC J2218.6–3853. The details are the same as
described in Figure E.15.
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Figure E.27: Centre shift maps for RXC J2234.5–3744. The details are the same as
described in Figure E.15.
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Figure E.28: Centre shift maps for RXC J2319.6–7313. The details are the same as
described in Figure E.15.
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