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Róbert Šuhada

Dissertation
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Zusammenfassung

Wir erleben eine einzigartige Epoche in der Geschichte der Erforschung von Galaxienhaufen.
Wir haben nun Fenster zum Universum über das gesamte elektromagnetische Spektrum, die uns
sich ergänzende Ansätze für die Erkennung und Studien von Galaxienhaufen bieten. Fast vierzig
Jahre nach der theoretischen Voraussage haben die ersten großen Radioteleskope begonnen den
Himmel, auf der Suche nach massereichen Haufen zu untersuchen, die durch den Sunyaev-
Zel’dovich Effekt (SZE) mit ihrem heißen Gas auf dem kosmischen Mikrowellen-Hintergrund
als ”Schatten” sichtbar werden. Im Röntgenlicht kann dieses heiße Plasma auch direkt beo-
bachtet werden. Optische und Infrarot-Teleskope ermöglichen uns, die Galaxienpopulation von
Haufen zu studieren und durch den Gravitationslinseneffekt auch die beherrschende unsichtbare
Komponente - die dunkle Materie zu erforschen.

Das Aufkommen der Multi-Wellenlängen Himmelsdurchmusterungen bringt auch die Not-
wendigkeit mit sich, einzelne Methoden zur Identifizierungvon Galaxienhaufen zu vergleichen
und untereinander zu kalibrieren. Dies ist auch das Hauptziel dieser Arbeit, die im Rahmen des
XMM- Newton- Blanco Cosmology Survey (XMM-BCS) Projekts durchgeführt wird. Dieses
Projekt ist eine koordinierte Multi-Wellenlängen-Himmelsdurchmusterung in einer 14 Quadrat-
grad Testregion. Im optischen Band ist sie abgedeckt durch den Blanco Cosmology Survey,
im mittleren Infraroten durch Beobachtungen mit demSpitzer-Weltraumteleskop und im Rönt-
genlicht mit XMM-Newton. Diese Region wurde auch von beiden SZE Durchmusterungsin-
strumenten gescannt: das South Pole Telescope (SPT) und dasAtacama Cosmology Telescope
(ACT).

Im ersten Teil der Arbeit beschreibe ich die Analyse der 6 Quadratgrad Kernregion der
Röntgen-Himmelsdurchmusterung. Ein Haufenkatalog mit 46 Galaxienhaufen ist von den er-
fassten ausgedehnten Quellen konstruiert worden. Diese Haufen sind als signifikante Gala-
xienüberdichten in den optischen Daten bestätigt und ihre photometrische Rotverschiebungen
gemessen. Ich gebe die physikalischen Parameter der Haufenabgeleitet aus ihrer Röntgen-
Leuchtkraft an und führe einen ersten Vergleich mit optischen Himmelsdurchmusterungen durch.
Der Haufen-Katalog wird für den direkten Vergleich mit optischen/mittleren infraroten Kata-
logen nützlich sein, um die Anwahlfunktionen der Himmelsdurchmusterungen zu untersuchen,
für Stacking-Analysen des SZE Signals und nach der Ergänzung von detektierten Haufen aus der
Ausweitung des Röntgenfeldes auch für kosmologische Analysen.

Diese Ausweitung auf 14 Quadratgrad ist die erste wissenschaftliche Nutzung der neuen
XMM- NewtonMosaik-Modus Beobachtungen. Ich habe eine Datenanalyse-Pipeline für diese
neue XMM-NewtonBetriebsart entwickelt und berichte hier über die Entdeckung von zwei
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Galaxienhaufen, SPT-CL J2332-5358 und SPT-CL J2342-5411,im Röntgenlicht. Diese Haufen
wurden auch unabhängig durch ihr SZE Signal mit dem SPT und im optischen Band in den BCS
Daten erfasst. Sie sind damit die ersten Haufen, die unter Durchmusterungsbedingungen von
allen drei großen Haufenidentifikazionsmethoden detektiert wurden. Diese Arbeit zeigt auch
das Potenzial der Mosaik-Modus Beobachtungen große Himmelsbereiche effektiv abdecken zu
können und massereiche Haufen bis zu Rotverschiebungen∼ 1 auch mit kurzen Beobachtung-
szeiten erfassen zu können.

Der letzte Teil der Arbeit ist ein Beispiel für Multi-Wellenlängen-Analysen von Galaxien-
haufen mit hohen Rotverschiebungen (z> 1) im Rahmen des XMM-NewtonDistant Cluster-
Projekts. Mit der Entdeckung und dem Studium dieser hochrotverschobenen Galaxienhaufen
beginnen wir, zum ersten Mal zu sehen, wie sich die heute komplett passive Population von
Galaxien in Haufen bildet und wie bei den hohen Rotverschiebungen diese Galaxien immernoch
deutliche Anzeichen von Sternbildung zeigen.



Abstract

We are experiencing a unique epoch in the history of galaxy cluster studies. We have now open
windows across the whole electromagnetic spectrum which offer us complementary approaches
for cluster detection and analyses. Almost forty years after its theoretical prediction, first large
radio telescopes started to scan the sky looking for massiveclusters as ”shadows” in the cosmic
microwave background imprinted there by their hot gas content via the Sunyaev-Zel’dovich effect
(SZE). In X-rays this hot plasma can be observed also directly. Optical and infrared telescopes
give us a view on the galaxy population of clusters and through gravitational lensing also on its
dominant, invisible component - the dark matter.

The advent of multi-wavelength cluster surveys brings alsothe necessity to compare and
cross-calibrate each cluster detection approach. This is the main aim of this work carried out
in the framework of the XMM-Newton-Blanco Cosmology Survey project (XMM-BCS). This
project is a coordinated multi-wavelength survey in a 14 deg2 test region covered in the optical
band by the Blanco Cosmology Survey, in the mid-infrared by theSpitzerSpace Telescope and
in X-rays by XMM-Newton. This area is also part of the sky scanned by both SZE survey
instruments: the South Pole Telescope (SPT) and the AtacamaCosmology Telescope (ACT).

In the first part of the thesis I describe the analysis of the initial 6 deg2 core of the X-ray
survey field. From the detected extended sources a cluster catalog comprising 46 objects is con-
structed. These cluster candidates are confirmed as significant galaxy overdensities in the optical
data, their photometric redshifts are measured and for a subsample confirmed with spectroscopic
measurements. I provide physical parameters of the clusters derived from X-ray luminosity and
carry out a first comparison with optical studies. The cluster catalog will be useful for direct
cross-comparison with optical/mid-infrared catalogs, for the investigation of the surveyselection
functions, stacking analysis of the SZE signal and for cosmological analyses after combing with
clusters detected in the extension of the survey.

The extension of the survey to 14 deg2 is a first scientific utilization of the novel XMM-
Newtonmosaic mode observations. I have developed a data analysis pipeline for this opera-
tion mode and report on the discovery of two galaxy clusters,SPT-CL J2332-5358 and SPT-
CL J2342-5411, in X-rays. The clusters were also independently detected through their SZE
signal by the SPT and in the optical band in the BCS data. They are thus the first clusters detec-
ted under survey conditions by all major cluster search approaches. This work also demonstrates
the potential of the mosaic mode observations to effectively cover large sky areas and detect
massive clusters out to redshifts∼ 1 even with shallow exposures.

The last part of the thesis provides an example of a multi-wavelength analysis of two high-
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redshift (z > 1) systems in the framework of the XMM-NewtonDistant Cluster Project. With
the detection and studies of these high redshift systems we are for the first time able to see
the assembly phase of the galaxy population of the clusters,which in nearby systems is totally
passive, but at these high redshifts still show signatures of star formation.



Chapter 1

Introduction

Multi-wavelength surveys give us a comprehensive look at the population of galaxy clusters and
groups in the Universe. They allow us to study cluster evolution in the full relevant redshift
range, from the nearby Universe out to redshift ofz = 1 and beyond. We can also access
the full mass range spanning from 1013 M⊙ (the group regime) to∼ 1015 M⊙ (most massive
clusters). Observations in different parts of the electromagnetic spectrum offer us outlook on the
individual cluster components: the galaxy population fromUV through optical to infrared bands,
the intracluster medium (ICM) in X-rays and via the Sunyaev-Zel’dovich effect (SZE) and also
the dark matter (indirectly through gravitational lensing). The multi-wavelength approach thus
brings about many synergies: e.g. X-ray and SZE studies giveus a way to safely detect clusters,
study their thermodynamical evolution and provide good precision estimates of the total mass,
while optical observations then can establish the redshifts of the systems and investigate the
processes shaping their galaxy populations.

Cluster studies are, however, not motivated only by astrophysical interests, but are also part
of cosmological investigations. The mass distribution of the cluster population and its evolution
with redshift are very sensitive to the cosmological parameters and allow us to constraint not
only the parameters describing the matter content of the Universe (baryonic and dark matter),
but ultimately shed light on its most enigmatic component - the Dark Energy.

In order to access the full potential of such studies, we needto answer several important
questions. Firstly, what are the selection functions of these surveys, what kind of systems are
they sensitive to and why do they miss others? Since each surveying approach probes clusters
and groups in a different way it is not surprising that they will be more sensitive to different parts
of the cluster population and have different systematics. Simulations can give us estimates of
their selection functions, but comparing cluster samples extracted from a common test field is
crucial to gain full understanding of these surveying methods. Secondly, the total cluster mass
is the most important physical parameter of the cluster, butfrom observations it is accessible
only indirectly through scaling relations from an observable parameter. Construction of good
(unbiased and low scatter) mass scaling relations is crucial for future applications of cluster
surveys. A multi-wavelength cross-comparison can again test the assumptions and selection
effects of each approach and thus help to pave the way for future large surveys.

Most of the present work has been done in the framework of the XMM-BCS project. This
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project tries to answer these questions by combining optical, mid-infrared and X-ray observations
in a single test field covered also by the SZE surveys conducted by the South Pole Telescope and
Atacama Cosmology Telescope. This project is introduced indetail in Chapters 4 and 5, where
we describe our first results.

Before that, however, we provide three introductory chapters that give an overview of the
basic concepts relevant for studies presented in this work.Chapter 2 contains a concise introduc-
tion to clusters of galaxies, their main components and relevant undergoing physical processes.
We also highlight the observational signatures of clustersand discuss their detection in the main
surveying approaches. The cosmological perspective of theclusters is reviewed in Chapter 3. We
describe the evolution of clusters within the large-scale structure of the Universe and how this
can be related to the background cosmology. We also discuss how the survey selection function
enters this kind of studies.

The data analysed in the course of this work were obtained with the XMM-Newton X-ray
telescope. Therefore, we describe this instrument in Chapter 4, where we also provide an intro-
duction to the basic concepts of X-ray imaging. The chapter closes with a detailed description
of the mosaic mode observations by XMM-Newton. The materialcovered here also comprises
technical descriptions of analysis recipes for this new type of data developed during this thesis’
work.

The next three chapters collect research papers from the XMM-BCS cluster survey and the
XMM- NewtonDistant Cluster Project (XDCP). In Chapters 5 we provide first results from the
6 deg2 core region of the XMM-BCS survey. We construct here a catalog of 46 X-ray selected
clusters and groups of galaxies. We provide for them photometric redshift estimates and physical
parameters determined from their X-ray luminosities. The photometric redshifts are confirmed
for a subsample of clusters with spectroscopic measurements and a first comparison with optical
mass estimates is carried out. We provide extensive test of our X-ray analysis pipeline and give
an outlook on the ongoing studies based on this cluster catalog. Chapter 6 introduces the 8 deg2

extension of the survey and provides the analysis of two verymassive X-ray selected clusters, one
at low- and the second at high redshift. These systems were also independently detected through
their SZE signature by the South Pole Telescope and are thus the first systems to be found by all
major cluster search methods in survey conditions. We find good agreement between the X-ray
and SZE estimated properties of these clusters.

In Chapter 7 we provide the analysis of two high redshift (z> 1) systems detected in X-rays
by the XDCP survey. We confirm one of these to be a bona fide cluster at redshiftz= 1.185. We
provide its physical properties and investigate the galaxypopulation which shows signs of ongo-
ing star formation in many of its members. For the second system we find the X-ray detection to
be coincident with a dynamically bound galaxy system atz= 1.358. Optical spectroscopy, how-
ever, reveals the presence of a central active galactic nucleus, which can be a dominant source
of the detected X-ray emission from this system. We discuss cluster identification challenges in
the high-redshift, low-mass cluster regime and provide upper limits on X-ray parameters for this
system.

We summarize the main results of the thesis in the closing Chapter 8 and provide conclusions
and outlook on future work for these projects.



Chapter 2

Clusters of galaxies

One of the most astonishing features of our Universe is that the matter distribution on its largest
spatial scales (∼ 1024 m) was seeded by quantum fluctuation on the sub-atomic scales1 (i.e. below
∼ 10−15 m). The theory that bridges this incredible dynamical rangeand describes the distribution
and evolution of the matter in the Universe is the hot Big Bangmodel with an inflationary phase.

In this picture, the Universe originated∼ 13.8 Gyrs ago from a phase of extremely high
temperatures and densities and underwent a brief, but very efficient exponential expansion phase
- the inflation. It was during this phase that the quantum world left its imprint in the distribution
of matter that we now observe on cosmic scales. The inflationary expansion smoothed out the
matter density field, leaving only minuscule inhomogeneities - those that can be seen as one part
in 105 density fluctuations in the cosmic microwave background, giving us a snapshot of the
matter distribution 300 000 years after the Big Bang.

It is still one of the largest mysteries, why our Universe hadsuch a particularly low entropy in
the beginning.2 Nonetheless, the time evolution of gravitationally interacting systems looks much
different from a system filled with gas (where gravitation is negligible, Fig. 2.1). Remarkably,
gravity drives clumping and collapse of structures (thus exhibiting trends exactly opposite to the
gas system). On cosmic scale this leads to the formation of the large scale structure (LSS) of the
Universe and thus also to the assembly of the most massive, bound object - clusters of galaxies.3

Roughly 85% of the total gravitational mass involved in the dynamical evolution of the LSS
consists of a weakly interacting, collisionless form of matter - the so-called dark matter (DM,
often the term ”cold dark matter” (CDM) is used to stress thatthe kinetic energy of the DM
particles in the early development phases of the LSS is much smaller than their rest energy).

1We took here the scale of∼ 100 Mpc as a typical range where the large-scale distribution of matter becomes
nearly homogeneous. The lower bound characterizes the regime of atom nuclei. In principle, the link could be
extended down to thePlanck scale lP =

√

Gh/2πc3 ≈ 10−35 m, whereG is the gravitational constant,h the Planck
constant andc the speed of light.

2And how is this question connected to the fundamental question of the arrow of time and the second law of
thermodynamics.

3At the end of this chain of clumping/collapse one finds black holes, as the highest entropy regions in the
Universe. Also notable is a curious fact, that the existenceof gravitationally bound structures enables a negligible
part of baryonic matter to get organized into self-aware structures, some of which take interest in the cosmic structure
formation.
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Figure 2.1: Comparison of entropy increase with time for twodifferent systems. In both cases
we start from a low entropy initial state. In the top row we have a gas in a closed box. It evolves
from a low entropy state of being concentrated in one corner to reaching thermal equilibrium
by spreading and filling the whole box. If gravity is introduced (bottom row), the evolution
looks quite the opposite. Here a low entropy initial state consists of uniformly spread gravitating
bodies. Entropy increases as clumping occurs. If the particles are only weakly interacting,
collisionless a characteristic filamentary web is formed - as is the case of the large scale structure
of the Universe (see also Fig. 2.2). Image credit: Penrose (2005).

Figure 2.2: The large-scale structure of the Universe from the Millennium Run simulation. The
central object at the node of several filaments is a massive cluster of galaxies. Image credit:
Springel et al. (2005).
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Table 2.1: Galaxy cluster fact sheet.
Parameter Value
dark matter ∼ 85%
intracluster medium ∼ 15%
stars ∼ 5%
virial mass 1013− 1015 M⊙
temperature ∼ 0.5− 10 keV (107 − 108 K)
virial radius 1− 2 Mpc
ICM density 10−5 − 10−1 cm−3

X-ray luminosity 1043− 1045 erg/s
metallicity 0.2− 0.5 Z⊙
redshift range 0− ∼ 2

The shape of the matter distribution is thus determined not only by the initial density field and
the kinematics of the expansion of the Universe, but also by the composition of the matter field,
where ordinary baryonic matter is only a subdominant component.

All these factors (and their interactions) then cause that the large-scale distribution of matter
that we observe at the current epoch has a remarkable filamentary structure (Fig. 2.2). We can
directly study the LSS in galaxy surveys and using weak lensing tomography. Numerical N-body
simulations are nowadays able to reproduce the statisticalproperties of the distribution across a
large range of scales.

The densest regions of the filamentary web are its nodes. These places, where several fila-
ments intersect, are typically occupied by clusters of galaxies. Since the gravitationally driven
structure formation is a bottom-up process, smaller DM (e.g. galactic) halos collapse first. The
more massive the object is, the later its formation occurs. Since the Big Bang, the largest struc-
tures that could collapse and virialize up to now are clusters of galaxies (up to masses of few
times 1015 M⊙).4 In the mass range below 1014 M⊙ we find smaller systems - groups of galaxies -
populating lower density regions along the filaments. The lowest density regions of the LSS
contain almost no galaxies and are called voids.

Clusters are not only at the crossroads of the LSS, but also ina sense at a crossroad between
two viewpoints. They can be approached from the global, cosmological perspective as being
tracers of the evolution and growth of dark matter halos and tools to study the background cos-
mology. The second approach is to study the astrophysical processes that determine the thermo-
dynamical state and evolution of their gas content - the intracluster medium (ICM) - and their
galaxy population. Naturally, both these approaches are indispensable to get a complete picture
of clusters.

The most stunning illustration of the three cluster constituents (the DM halo, ICM and the
galaxies) is theBullet Cluster1E 0657-56 (Markevitch et al. 2002; Clowe et al. 2006). The sys-
tem consists of a main component undergoing a merger with a smaller, compact component (the

4Superclusters, collections of several clusters and groups, are not yet virialized.
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Figure 2.3: The Bullet Cluster (1E 0657-56) atz = 0.296. Overlayed on the optical image, we
display the X-ray emission observed by the Chandra satellite in pink and the weak lensing mass
reconstruction in blue. The collisionless DM and the galaxyoverdensities are coincident, while
the ICM was separated during the core passage. X-ray image: Markevitch et al. (2002), optical
image and weak lensing map: Clowe et al. (2006).

”bullet”). The merger happens almost exactly in the plane ofsky, giving us an unprecedented
view into the inner workings of a cluster. Figure 2.3 shows the optical image of the cluster with
the two distinct galaxy concentrations belonging to the twosystems well separated after the core
passage (galaxies are essentially non-collisional duringa cluster merger). The observed X-ray
emission is shown in pink. Unlike the galaxies and DM particles, the ICM is collisional and is
thus lagging behind the galaxies. The bullet-shaped ICM emission is trailing a shock front that
was driven into the plasma by the collision. Most remarkably, from the small distortions of the
shapes of the background galaxies by the gravitational potential of the foreground cluster (i.e.
weak gravitational lensing) we can reconstruct the distribution of the otherwise invisible DM
content. The weak lensing reconstructed mass concentrations are shown in blue. Since DM is
collisionless, its position coincides with the galaxy population. This system provides the best
empirical evidence for the existence of dark matter and an exceptional view of three components
of the cluster. The energy required to separate the components makes cluster mergers one of the
most energetic events in the Universe since the Big Bang (thepower (energy per unit time) of
merger events is surpassed only by the most energetic gamma ray bursts, but the total energy is,
in fact, unmatched).

Table 2.1 summarizes the basic properties of a galaxy cluster. In the following sections
we describe the three cluster components individually and review the most important ongoing
processes.
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2.1 Dark matter content of galaxy clusters

The collisionless, weakly interacting dark matter constitutes roughly 85% of the cluster total
mass (1013 − 1015 M⊙). Clusters were in fact the first objects5 to hint at the existence of an
invisible (but dominant) matter component in the Universe.Zwicky (1933) measured the radial
velocities of galaxies in the Coma cluster, and found the total cluster mass to be almost a factor
of ten larger than expected from the summed mass of all galaxies (i.e. the visible matter). He
posited, that the cluster must contain huge amounts of some invisible matter (part of which was
later detected as the X-ray emitting intracluster medium (Sect. 2.2) but the majority is indeed
DM).

When a virialized object is formed, the DM settles in a quasi-equilibrium state. The density
profile of the DM halos in simulations were found to be universal and essentially independent of
the halo mass (we sayscale independentor self-similar). The most commonly used description
of the density profile was provided by Navarro, Frenk and White, 1997 (the so-called NFW
profile) based on dark matter N-body simulations:

ρDM(r) =
ρs

(

r
rs

) (

1+ r
rs

)2
, (2.1)

wherers is the characteristic scale length andρs is the central DM density. The NFW profile has
a characteristic central cusp described by the central slopeρDM(r)∝ r−1, while at larger distances
(r ≫ rs) the density drops asρDM(r)∝ r−3.

Recent advances in N-body simulations have, however, shownthat three-parameter models,
in particular theEinasto profile, provide a better description of the three dimensional density
profiles than the NFW profile (Merritt et al. 2005, 2006, and references therein). The Einasto
profile was first introduced by Einasto (1965).6

For the purposes of describing the 3D density distribution of DM halos, the Einasto profile is
often written in the form:

ρDM(r) = ρe exp
{

−dn

[

(r/re)
1/n − 1

]}

, (2.2)

whereρe is the density at radiusre, which defines a sphere containing half of the total mass. The
indexn is theshape parameterand it controls the curvature of the profile. Typical values of this
parameter are in the range 4. n . 7. Thedn term is only a function ofn and can be obtained
from an approximation (Merritt et al. 2006):

dn ≈ 3n− 1/3+ 0.0079/n, for n & 0.5 . (2.3)

The Einasto profile has been verified to hold exceptionally well across 7 orders of magnitude
in mass in various N-body simulations. The NFW model still remains widely used, especially for
the analysis of observational data, which often does not reach the precision required to distinguish
between the two models.

5Although shortly before Zwicky, Oort (1932) found indirectevidence for missing matter in the galactic plane
from the observed perpendicular acceleration of stars. Seealso Einasto (2009).

6The profile is essentially an independent derivation (and re-parametrization) of the well-known Sérsic profile
(Sérsic 1963) used among others to fit surface brightness profiles of elliptical galaxies.
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2.2 The intracluster medium

Only roughly one third of the total baryon mass in a cluster islocked within galaxies as part
of the stellar population and interstellar gas. The majority of baryons are in the form of a hot,
diffuse gas in the intergalactic space within the potential wellof the cluster. This plasma is the
so-calledIntracluster medium(ICM) and contributes with 15% to the total mass of the cluster.

The ICM is a vestige of the inefficiency of galaxy formation, which leaves most of the gas
not bound in galaxy sized halos. During cluster formation the ICM undergoes adiabatic shock
heating by the infalling cold gas. Eventually, the ICM thermalizes and a quasi-equilibrium state
is established. In this state the virial theorem links the gravitational potential energy with the
mean kinetic energy of the ICM particles (or galaxies) as:

2〈Ekin〉 + 〈Epot〉 = 0 . (2.4)

The typical ICM densities are 10−5 − 10−1 particles per cm3 (from the outskirts to the densest
cool cores) and the gas is heated up to 107− 108 K. This implies that the ICM is an optically thin
plasma in collisionally ionized equilibrium.

The composition of the ICM is largely primordial, with Hydrogen being by far the most
dominant element. The metallicity of the gas (i.e. abundance of elements heavier than Helium) is
roughly 0.2−0.5 Z⊙. These metals are injected into the ICM from the galaxies’ stellar population,
e.g. through stellar winds from the asymptotic giant branchpopulation and most importantly
supernova explosions. Type Ia supernovae contribute primarily Fe, Ni, Si, S, Ar and Ca but
produce only small amounts of O, Ne and Mg. Supernovae type IIcreate predominantly O, Ne
and Mg but also otherα-elements like Si, S, Ar, Ca and additionally Fe and Ni. One can use the
difference in yields to determine the supernova type Ia/II fractions, constrain explosion models
and learn about enrichment and transportation processes inthe ICM (e.g. de Plaa et al. 2007;
Werner et al. 2006; Simionescu et al. 2008, 2009b; Lovisari et al. 2011).

These processes have a determining influence on the spatial distribution of the metals. The
abundance pattern of the elements exhibit radial trends (e.g. Sato et al. 2009; Tokoi et al. 2008;
Matsushita et al. 2007; Sanders and Fabian 2002), specific spatial distribution in the ICM (e.g.
due to the active galactic nucleus of the central galaxy, Simionescu et al. 2008, 2009b) and many
other effects for which we refer the reader to the reviews of Böhringer and Werner (2010) and
Werner et al. (2008).

2.2.1 X-ray properties of clusters

Plasma heated to temperatures& 107 K (equivalent to& 1 keV) radiates in the X-ray band.
Since the ICM is optically thin and in a highly ionized state,essentially every emitted photon
escapes the cluster volume.

The primary mechanism of thecontinuum emissionis the thermal bremsstrahlung (i.e. free-
free emission). This electromagnetic radiation is produced by the acceleration of a charged
particles (in the case of ICM free electrons), when deflectedby another charged particle (such
as an atom nucleus). Since in the ICM Hydrogen is the major constituent, the deflectors are
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Figure 2.4: X-ray spectra of the ICM for solar abundance and at different plasma temperat-
ures (left: 107 K and right: 108 K). Line colors mark the different contributions to the overall
spectrum (black): the largest contribution comes from the continuum emission of the thermal
bremsstrahlung (purple). Contribution from the recombination radiation emission is shown in
green and 2-photon radiation in magenta. Line emission is more prominent the lower is the tem-
perature of the cluster. We designate the major emission lines by the elements from which they
originate. Image credit: Böhringer and Werner (2010).

typically protons (recall that Hydrogen is fully ionized).The electron velocity distribution in
the ICM follows the Maxwellian distribution and a complete analysis of requires accounting not
only for binary Coulomb collisions, but as well for the collective (dielectric) properties of the
whole plasma. The full treatment can be found in e.g. Bekefi (1966), here we only provide the
final relation for the emissivity.

The bremsstrahlung emissivityǫ(ν)7 at frequencyν is given by

ǫ(ν) ≈ 6.8×10−38 Z2
i ne ni g

ff(ν,T) e−
hν
k T T−1/2 erg s−1cm−3 Hz−1 , (2.5)

whereT is the plasma temperature,ne andni are the number densities of electrons and ions, re-
spectively.Zi is the ion charge and the termgff(ν,T) corrects for quantum mechanical effects and
distant collisions (the Gaunt factor). We denoteh to be the Planck constant andk the Boltzmann
constant.

The bremsstrahlung spectrum (Fig. 2.4) determines the global shape of the cluster’s spectrum
with line emission superimposed on it (see below). The overall normalization of the spectrum
(i.e. the flux per unit emitting volume) depends primarily onthe square of the electron density
(thenine ≈ n2

e, term of Eq. 2.5). The squared density dependence is a characteristic of emission
processes originating in two-body interactions. The (projected) density of the ICM is thus the
most straightforward physical parameter that can be estimated from a cluster X-ray spectrum.

7Emissivity is the luminosity per unit volume and frequency interval.
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Temperature, on the other hand, determines the curvature ofthe spectrum. The shape of the
spectrum is roughly flat for low frequencies (in the X-ray band), ν ≪ kT/h, but around photon
energies≈ kT the spectrum has an exponential cut-off. The cut-off, determined by thee−

hν
k T T−1/2

term, depends on the temperature - the higher the temperature of the ICM the later (i.e. at higher
energies) the cut-off occurs. For limited band spectroscopy (typically 0.5− 10 keV), this implies
that higher temperature systems will have ”flatter” spectra. As an example compare the right and
left panels of Fig. 2.4.

Fig. 2.4 also shows the emission line complexes observable in the ICM. The most prominent
X-ray line feature in cluster spectra is the K-shell emission line complex of hydrogen-like iron
Fexxvi at∼ 6.7 keV (the Kα line). Other important features visible in Fig. 2.4 are attributed to
Mg, Si, S, C, N and O. The strength of the lines determines the abundance of the given elements.
From the energy of the line we can determine the redshift of the cluster (this might be useful in
specific cases when optical spectroscopy is not available, but the X-ray spectrum is good enough
to obtain the redshift from the Kα line).

In addition to the free-free bremsstrahlung emission and the bound-bound de-excitation line
emission there are additional processes contributing to the overall emission: the free-bound re-
combination continuum emission (with characteristic edges notable in Fig. 2.4) and the so-called
two photon emission which allows otherwise forbidden bound-bound transitions by emitting two
photons (thus splitting the transition energy into two parts giving rise to continuum emission).

Contemporary ICM radiation codes, most notably the MeKaL model of Mewe et al. (1985);
Kaastra (1992); Liedahl et al. (1995) and APEC of Smith et al.(2001), are able to fully account
for these emission processes. These radiative codes are implemented in the widely used spec-
tral fitting packages such as: XSPEC,8 SPEX9 and via XSPEC’s libraries also in SHERPA10 and
ISIS11. The detailed physics of the emission mechanisms is coveredby the review of Kaastra et al.
(2008b).

2.2.2 Spatial distribution of the cluster X-ray emission

One of the most important observational markers of clustersis that they areextendedsources of
X-ray emission (this holds also for Sunyaev-Zel’dovich effect observations, Sect. 2.2.6). This
fact is utilized in cluster surveys, which often necessitate a simple description of the surface
brightness (SB) distribution.

The most common description of the SB profile was derived by Cavaliere and Fusco-Femiano
(1976). It describes the cluster potential as that of a self-gravitating sphere (theKing model,
King 1966) and allows the gas densityρgas to be related to the total DM densityρDM through a
simple power law asρgas ∝ ρβDM. The gas temperature is assumed to be constant. For the three
dimensional radial gas density profile this implies:

8http://heasarc.nasa.gov/docs/xanadu/xspec/
9http://www.sron.nl/index.php?option=com content&task=view&id=125&Itemid=279

10http://cxc.harvard.edu/sherpa/
11http://space.mit.edu/cxc/isis/



2.2 The intracluster medium 11

ρgas(r) =
ρ0

gas

[

1+
(

r
rc

)2
]

3β
2

, (2.6)

whereρ0
gas is the core density of the profile,rc is the so-called core radius and sets the character-

istic extent scale of the source. Theβ parameter controls the steepness of the profile and lends
its name to this model - thebeta model.

Plugging this 3D density distribution into the bremsstrahlung emissivity (Eq. 2.5) and integ-
rating along the line-of-sight then gives the angular X-raySB profile:

S(θ) =
S0

[

1+
(

θ

θc

)2
]3β− 1

2

, (2.7)

with S0 being the central SB andθc is the angular core radius.
The typical value found for the beta parameter isβ = 2/3 (Jones and Forman 1984) and this

fixed value is often used in surveys when the photon statistics is too small to constrain bothβ and
θc (e.g. Sect. 5.3.1).

Naturally, this description is necessarily simplified and we often find clusters with rich mor-
phologies and substructures (an example is the Bullet cluster in Fig. 2.3). These can be quantified
in several ways, the most common being the power ratio method(Buote and Tsai 1996) and the
center shift method (Mohr et al. 1993). For recent examples of their utilization see Jeltema et al.
(2005); Böhringer et al. (2010) and Weißmann et al., in prep.

Another important example of clusters not conforming to thebeta model are the so-called
cool core clusters(see Sect. 2.2.3). This class of clusters has very steep SB peaks in the centers,
while the simple beta model predicts a flat core. In these cases we often resort to using adouble
beta model, which has two components (each described by Eq. 2.7), one modeling the SB of the
steep core and the other the outskirts.

As a final note to this section, we discuss the cosmological surface brightness dimming. In an
arbitrary cosmology, we relate the observed fluxf of an object to its luminosityL (i.e. the volume
integral of the emissivity) in a way to reproduce the inversesquare law in the flat Euclidean
space:f = L/(4πd2

lum). The distance defined by this relation is the so-calledluminosity distance,
dlum. Analogously, theangular distance dang is defined so that the Euclidean relation between
the physical linear scale dl and the apparent angular scaleθ is again recovered in an arbitrary
cosmology, i.e. so that dl = θdang. It can be shown (e.g. Hogg 1999) that the redshift dependence
of the two distance measures is

dlum ∝ (1+ z) (2.8)

dang ∝ (1+ z)−1 , (2.9)

and alsodlum = dang(1 + z)2. Given that a solid angle element dΩ depends on the square ofdang

we find that the total cosmological dimming of the bolometricsurface brightness is given by:

Ibol(observed)=
Ibol(emitted)

(1+ z)4
. (2.10)
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This equation is an expression of the so-calledTolman’s law. The 1/(1 + z)4 decrease makes it
very challenging to detect high redshift clusters in X-ray surveys. As we will see in Sect. 2.2.6,
the Sunyaev-Zel’dovich effect is not constrained by this limitation and is thus particularly suitable
for detection of very massive, high redshift systems.

2.2.3 Cool cores and AGN feedback

As we already alluded to, there exists a class of clusters, the so-called cool core clusters, which
exhibit very dense, cool cores, that give rise to a characteristic, highly peaked SB distribution.

Since the X-ray emissivity depends on the square of the density (Eq. 2.5), the radiative losses
in these particularly dense regions are much higher than in the outer parts of the cluster. Energy
loss leads to more cooling and thus to more gas condensation.This runaway process causes the
cooling time of the gas to become smaller than the Hubble time12 and thus large quantities of gas
should fall out of the X-ray regime, undergo star-formation, and be observable in UV and optical
light exhibiting typical tracers of cool gas like Hα, CO and H2 emission. The predicted mass
deposition rates of cool gas were are of the order 102 M⊙/year. This mechanism would allow the
brightest cluster galaxies (BCGs, see Sect. 2.3.1) to grow up to present time.

These clusters were termedcooling flowclusters and first models describing the gas cooling
were developed in the 1970s (Silk 1976; Fabian and Nulsen 1977; Mathews and Bregman 1978).
Several pieces of evidence were found that gas cooling indeed occurs: BCGs in the centers of
presumed cooling flows often exhibit signs of star formationactivity, are often more luminous
than their non-cooling flow counterparts and in several cases also associated Hα, CO and H2

emission was detected (McNamara and O’Connell 1989; Egami et al. 2006a,b; Cavagnolo et al.
2008).

In most cases, however, the strength of these signatures implies mass deposition rates of cool
gas one to two orders of magnitude smaller than those calculated from the simple cooling flow
models. The final resolution of this issue came only with the launch of the XMM-NewtonX-
ray satellite (Sect. 4.1). With its two reflection grating spectrometers, it was able to look for
unambiguous tracers of cool gas in the soft X-rays. However,Peterson et al. (2001, 2003) found
no emission lines that would indicate the presence of gas cooler than a factor∼ 0.3 of the virial
temperature of the clusters. To distinguish between the oldcooling flow model and the more
modest scenario, we use the termcool core clusters(Molendi and Pizzolato 2001) to indicate
that in the given cluster cooling indeed occurs (and hence the peaked SB profile etc.), but at
much lower rate than the ”cooling flow” model would predict.

These findings implied that there is a fine-tuned energy inputinto the central parts of the
ICM that would provide enough heat to prevent almost all of the gas from cooling out of the
X-ray band. Several mechanism were proposed, but energy feedback from the central active
galactic nuclei (AGN) was soon recognized as the most crucial by Böhringer and Morfill (1988)
and Binney and Tabor (1995).

The connection of AGNs with cool core clusters and their direct interaction with the ICM

12The Hubble time is defined astH = 1/H0, whereH0 is the Hubble constant (i.e. Hubble parameter at redshift
z= 0). The Hubble time is the age of Universe at current epoch,tH = 13.75± 0.11 Gyr (Jarosik et al. 2011).
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Figure 2.5: Left: Detailed Chandra X-ray pseudo-color image of the center of the Perseus
cluster. The observation reveals bright loops, ripples, and jet-like streaks, all caused by the
activity of the AGN in the core of NGC 1275 (the central galaxyof the core). The image is
∼ 5 arcmin per side. Source: Fabian et al. (2006).Middle: Radio image of the galaxy M87
in the center of the Virgo cluster. The image reveals the detailed structure of the radio-emitting
bubbles powered by the jets from the supermassive black holeat the galaxy’s center. The jet
on the left is roughly 20 kpc long. The image was taken by the Very Large Telescope (VLA,
Owen et al. 2000).Right: The Chandra image of the galaxy cluster MS 0735.6+7421 shows
two vast cavities - each∼ 200 kpc in diameter. The cavities are dark in the X-ray because they
contain very little hot gas. They are filled with a two-sided,elongated, magnetized bubble of
extremely high-energy electrons that emit radio waves. This is the most energetic known AGN
outburst (McNamara et al. 2005). The image is 4.2 arcmin per side.

was confirmed by multiwavelength studies. Radio observations revealed that cool core clusters
often harbor central radio sources associated with the BCGs(e.g. Burns 1990). The central AGN
can undergo multiple phases of activity, where it drives jets of relativistic particles into the ICM.
The jets initiate sound waves propagating outwards, can drive weak shocks and create lobes filled
with relativistic particles. The lobes can detach and the bubbles buoyantly rise in the ICM. The
plethora of these processes is demonstrated in the three panels of Fig. 2.5.

All these processes are able to deposit mechanical energy into the ICM and thus offset the
cooling effect. The activity of the AGN is episodic such that the ICM - AGNinteraction is largely
self-regulating and well tuned (e.g. low AGN activity leadsto more cooling of the ICM, cool
gas sinks into the BCG and feeds the next activity cycle). Theenergy scale of these processes is
remarkable - each AGN outburst is estimated to inject between 1058 and 1061 erg into the ICM.
This amount of energy is sufficient to suppress cooling flows assuming a∼ 108 year long AGN
duty cycles (time between two outbursts, Bı̂rzan et al. 2004; Rafferty et al. 2006). In addition to
energy deposition, rising bubbles entrain the enriched gasaround the BCG and provide a mean
of metal transportation and mixing.

These fascinating processes have been studied in detail in many cool core systems, e.g.: M87,
the nearest cool core, at the center of the Virgo cluster (Churazov et al. 2001; Forman et al.
2007; Simionescu et al. 2007, 2008, 2010; Werner et al. 2010), the Perseus cluster (Fabian et al.
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2003a,b, 2006; Sanders and Fabian 2007), Hydra A (McNamara et al. 2000; Nulsen et al. 2002,
2005; Simionescu et al. 2009a,b), the cluster MS0735.6+7421, which has up to now the largest
observed energy release (∼ 1061 ergs), analysed by McNamara et al. (2005) and a couple of other
systems. A comprehensive review of the field can be found in McNamara and Nulsen (2007).

2.2.4 X-ray scaling relations

In the previous section we have discussed some of the interesting (”micro-”) physics present in
clusters (and particularly in their cores). While this makes each system to some degree com-
pletely unique, there is also a lot of regularity found in thecluster population. For example the
underlying DM halos are self-similar and easily scalable for different masses (Sect. 2.1). This
gives hope that we can look at clusters also from a global, more reductive point-of-view. Ulti-
mately, only a single cluster parameter - the total cluster mass - is the most fundamental link to
the background cosmology.

Hydrostatic mass estimates

As the gas settles in the DM potential well during the clusterassembly phase (or after a major
merger), it takes only about 1 Gyr until it reaches a quasi-hydrostatic equilibrium state. Under
the assumptions of spherical symmetry the integrated totalmass within a radiusr can be derived
from the pressure equilibrium equation:

dpgas(r)

dr
= −ρgas(r)

G Mtot(< r)
r2

=
k
µmp

d
dr

(

ρgas(r) TX(r)
)

, (2.11)

whereµ is the mean molecular weight of the ICM (µ ≈ 0.6) andmp is the proton mass. We
can obtain the input gas density profileρgas(r) from X-ray surface brightness measurements
(Sect. 2.2.2) and the temperature profileTX(r) from spatially resolved spectroscopy (typically
fitting the spectra in circular bins). The total gravitatingmassMtot(< r) mass within radiusr is
then

Mtot(< r) = −k T(r) r
Gµmp

(

d ln ρgas

d ln r
+

d ln T
d ln r

)

. (2.12)

This approach of estimating the total cluster mass has however two important caveats. The first
one is, that the mass estimate is only valid to the extent to which the thermal pressure equilibrium
holds. If there is an additional pressure support in the ICM unaccounted by Eq. 2.12, then the
hydrostatic mass estimate will be biased low. The extra support can originate from subsonic bulk
motions of the gas and turbulences. Therefore the expectation is that this bias will be larger for
disturbed clusters.

The extent of the systematic effect in X-ray mass measurements has been studied in many
hydrodynamical N-body simulations, e.g. Lau et al. (2009);Piffaretti and Valdarnini (2008);
Jeltema et al. (2008); Nagai et al. (2007); Rasia et al. (2006); Lewis et al. (2000) and Evrard
(1990). All these simulations found a presence of the bias onroughly. 10% level (the range of
biases is∼ 5 − 25%, depending on the details of the simulations, radius of interest and several
other criteria).
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Beyond simulations, non-thermal pressure support can be quantified in real data by com-
paring gravitational lensing mass measurements (which areindependent of the assumption of
hydrostatic equilibrium) with X-ray estimates. This is a challenging task because lensing studies
have their own systematics, e.g. projection effects, since the lensing signal is sensitive to all
mass along the line of sight. A good understanding and control of these systematics is crucial
for non-thermal pressure support studies. Currently, several X-ray - weak lensing samples have
been constructed and the found X-ray mass bias is roughly in agreement with the predictions
from simulations (e.g. Zhang et al. 2010; Richard et al. 2010; Mahdavi et al. 2008; Allen 1998,
and references therein).

The second caveat of the Eq. 2.12 has an observational character. Using this equation to
estimate the total mass of the system requires to have fairlydeep X-ray data (e.g. in order to
be able to measure the temperature one needs& 500 counts per radial bin). This is not always
possible, especially in survey settings, when we have typically around∼ 100 counts for the
whole cluster. In these cases we can use the so-calledscaling relations- relations between some
simpler, observable parameter (e.g. the integrated luminosity within an aperture) and the total
mass.

2.2.5 Self-similar scaling relations

The existence of simple scaling relations for clusters is a direct prediction of the virial theorem
(Eq. 2.4), if a few assumptions hold (most of them we have already listed): A) spherical sym-
metry of clusters, B) ICM is in hydrostatic equilibrium, C) the gas mass fractionfgas= Mgas/M
is constant, whereM is the total mass, D) X-ray emission comes only from the bremsstrahlung
contribution and E) the DM halos are self-similar. Kaiser (1986) derived the following relations:

M-T relation The virial Eq. 2.4 can under these assumptions be simplified to:

3kT
µmp
−GM/r = 0 , (2.13)

given that for a spherically symmetric clusterM ∝ r3 we have

T ∝ M
r
∝ M2/3 (2.14)

L-T relation The integrated bolometric bremsstrahlung luminosity (assumption D) within the
aperturer is equal to the volume integral of the emissivity given by Eq.2.5. This gives the
proportionality

L ∝ ρgasT
1/2r3 ∝ T1/2M , (2.15)

where we utilized assumption C so thatρgas ∝ Mgas/r3 ∝ fgasM/r3 ∝ const. This yields
simply

L ∝ T2 . (2.16)



16 2. Clusters of galaxies

M-L relation Finally, plugging Eq. 2.14 into Eq. 2.16 we have the mass - luminosity relation

L ∝ M4/3 . (2.17)

M-Y X and L-YX relations Kravtsov et al. (2006) suggested to use theYX parameter, an X-ray
analogue to the integrated Compton parameter (see Eq. 2.34 in Sect. 2.2.6), as a low scatter
mass proxy. TheYX parameter is defined simply as the product of gas mass and temperat-
ure,YX = MgasT. From the already derived relations we get:

YX ∝ M5/3 and (2.18)

YX ∝ L5/4 . (2.19)

These relations, however, hold only for the virial values ofthe parameters at redshift zero. In
practice we determine the observables in an aperture where the cluster density reaches a fixed
overdensityδ with respect to the critical density of the Universe at the redshift of the cluster.
Typical choices ofδ are 200 (which is close to the virial overdensity in an Einstein-de Sitter
Universe) and 500 (often close to the outermost radius at which we have X-ray coverage of
the cluster with current instruments). This introduces an additional scaling factor13 that can be
expressed through the evolution factor of the Hubble parameter E(z) = H(z)/H(z = 0), where
H(z) is the Hubble parameter at the cluster’s redshiftz. The final self-similar scaling relations
for δ = 200 are given by:

M200 ∝ E(z)−1T3/2 (2.20)

L200 ∝ E(z)T2 (2.21)

L200 ∝ E(z)7/3M4/3
200 (2.22)

YX,200 ∝ E(z)2/5M5/3
200 (2.23)

YX,200 ∝ E(z)−9/5L5/4
200. (2.24)

A large effort has been made to confirm the predicted dependencies and their redshift evolution.
Currently, the scaling relations can be considered to be well established for nearby systems (z.
0.3), e.g. Markevitch (1998); Reiprich and Böhringer (2002); Pratt et al. (2009); Arnaud et al.
(2007) and many others. In this range the redshift evolutionseems consistent with the self-similar
scenario, although the slopes can differ (e.g. the L-T relation is significantly steeper). In fact,it
is the relations involving the luminosity that exhibit the largest deviations from the self-similar
scaling relations. The deviations hint at non-negligible effect of non-gravitational processes, e.g.
the heating and cooling mechanism described in Sect. 2.2.3.The feedback mechanisms then can
lead to modifications of the gas mass fraction especially in the central regions of the clusters and
thus to changes in luminosity (e.g. Böhringer et al., in prep.).

13Potentially an additional factor relating theΛCDM cosmological model to the Einstein-de Sitter cosmologycan
also be introduced (for an overview see Böhringer et al., inprep.).
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The evolution of the scaling relations at higher redshifts is still not well established. One
of the obstacles is to obtain sizable samples of high redshift clusters (z & 0.8). In addition,
these samples have to be constructed from surveys with well controlled selection functions, since
unaccounted selection effects can mask evolutionary effects (Stanek et al. 2006; Pacaud et al.
2006, 2007; Vikhlinin et al. 2009a; Mantz et al. 2010a). These issues are investigated in depth
by Reichert et al. (submitted), who extends these studies beyondz& 0.8.

2.2.6 The Sunyaev-Zel’dovich effect

In the previous chapters we focused mostly on X-ray studies of the ICM. The thermal electron
population of the ICM, however, also interacts with the photons of the cosmic microwave back-
ground (CMB) leading to the so-calledthermal Sunyaev-Zel’dovich effect (SZE), first described
by Sunyaev and Zel’dovich (1970, 1972). We give here a brief overview of the physical processes
behind the SZE following the approach of Birkinshaw (1999).

Elements of the SZE

Electrons in the ICM can scatter low energy CMB photons via inverse Compton scattering. Al-
though the scatterings are usually still referred to as inverse-Compton processes, they might
better be described in this limit as Thomson scattering, since the thermal electron population
is almost completely non-relativistic14 and the CMB photons have low energy. For these low-
energy interactions the scattering optical depth isτe ≈ neσT Reff ∼ 10−2, whereσT is the Thom-
son scattering cross-section,ne the electron density andReff the effective geometrical light path
length (e.g. roughly the cluster’s diameter). On average a single scattering produces only a
small change of the mean photon energy (∆ν/ν) ≈ (kT/mec2) ∼ 10−2, whereme is the electron
mass. The overall change in brightness of the CMB is on the 10−4 level, i.e. roughly an order of
magnitude larger than the cosmological signal from the primordial anisotropies.

The change in the photon energy (frequency) is described by the Compton scattering equa-
tion:

ǫ′ =
ǫ

1+ ǫ

mec2 (1− cosφ)
, (2.25)

under the assumption that the electron is at rest before the interaction (ǫ ≪ mec2). The photon
energies before and after the interaction areǫ andǫ′, respectively, andφ is the angle by which the
photon is deflected in the encounter (the angle between the post-scattering paths of the electron
and deflected photon).

Given that both the CMB and the Maxwellian velocity distribution of the electrons are almost
isotropic, photons scattered away from our line of sight arereplaced by photons from other
directions scatteredinto our line of sight. This means that there is no observable change in the
number of detected photons independently from whether there is an intervening cluster or not!

14ICM temperatures are. 10 keV, except for a few cases where shock heating occurs, butthis is always only in
small, confined regions.
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How is then possible that we indeed see a change in the brightness of the CMB sky towards
clusters?

The reason for this is, that although the number of photons isconserved in these processes
their energy spectrum is modified. The CMB photons (a low temperature system) and the ICM
gas (hot system) are in interaction and thus energy flows fromthe ICM to the CMB photons as
required by the second law of thermodynamics. This flow is mediated on the particle level by
the fact, that the up-scattering of photons (ǫ′ > ǫ in Eq. 2.25) is slightly more likely than the
converse.15 We will provide here a brief simplified derivation which gives insight into the basic
principles of this effect.

Let us denoteβ = v/c, wherev is the electron velocity andc the speed of light (for a 4 keV
plasmaβ ≈ 0.14) and further in the electron rest frame we denote the photon impact angle to be
θ and the angle after scatteringθ′. Eq. 2.25 then can be rewritten as

ν′ = ν (1+ βµ′) (1− βµ)−1 , (2.26)

whereν andν′ are the pre- and post-scattering photon frequencies and we denotedµ = cosθ. It is
convenient to express the resulting scattering in terms of the logarithmic frequency shift defined
as

s= log(ν′/ν) . (2.27)

Finally, the probability that the photon experiences a frequency shifts after a single scattering
on an electron with velocityβ is:

P(s, β) ds=
∫

p(µ) dµ φ(µ′, µ)

(

dµ′

ds

)

ds , (2.28)

wherep(µ) dµ is the probability of the photon having the impact angleθ before the scattering
(just from the simple Thomson scattering geometry) andφ(µ′, µ) dµ′ the probability of scattering
from this angle to angleθ′. Theφ(µ′, µ) distribution function was derived by Chandrasekhar
(1950) and we display only the finalP(s, β) function for several values ofβ in Fig. 2.6 (left).

As can be seen,P(s, β) is slightly asymmetric, with up-scatterings (positives) being slightly
more likely. The asymmetry and broadening increases with increasing mean electron velocity
(i.e. increasing ICM temperature). Since the velocity distribution of the electrons is Maxwellian
(we denote itpe(β)), the probability of a frequency shifts for a single photon and single scattering
is given by the convolution:

P1(s) =
∫ 1

βmin

pe(β) dβP(s, β). (2.29)

Electrons with velocities smaller thanβmin can not cause a frequency shifts. The effect of single
scattering on the CMB spectrum then is

I (ν′) =

∞
∫

−∞

P1(s) I0(ν) ds , (2.30)

15Photons interact with more ”head-on” electrons than those traveling in the same direction as the photon.
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Figure 2.6: Left: The inverse Compton scattering probability functionP(s, β) (Eq. 2.28), forβ =
0.01, 0.02, 0.05, 0.10, 0.20 and 0.50, whereβ = v/c. The probability distribution is increasingly
asymmetric and broadened asβ increases.Right: The spectrum of the CMB (black body, black
line) and its distortion after a passage through the ICM of anunrealistically massive cluster with
a Compton parameter ofy = 0.15. The red line shows the curve often displayed in literature
(e.g. Sunyaev and Zel’dovich 1980; Carlstrom et al. 2002), but which was obtained by a first
order approximation not applicable to this high values ofy. The blue curve shows the exact non-
relativistic solution fory = 0.15. See text for more discussion. Image courtesy of E. L. Wright,
http://www.astro.ucla.edu/∼wright/SZ-spectrum.html.

whereI0(ν) is the incident CMB spectrum (black-body):

I0(ν) =
2hν3

c2

(

ehν/kTCMB − 1
)−1
. (2.31)

The purpose of this simplified treatment we provided here wasto highlight the basic mech-
anisms at work. We made several important simplifications - we allowed only a single scat-
tering and assumed the Thomson scattering to hold for all values ofβ. The proper description
of the non-relativistic scattering process in this case is provided by the Kompaneets equation
(Kompaneets 1956) and the full derivation of the impact of the electrons on the CMB spectrum
was first given by Sunyaev and Zel’dovich (1970, 1972). In thefollowing we will provide only
the final results and their implications for cluster observations.

Observational signatures of the SZE

The SZE causes an increase in the CMB intensity in the high frequency (Wien) part of the
spectrum and a decrement in the Rayleigh-Jeans tail. The transition occurs at a frequency of
ν0 ≈ 218 GHz, equivalent to a wavelengthλ ≈ 0.14 cm. Clusters thus can be seen as ”shadows”
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in the background (in the Rayleigh-Jeans part of the spectrum) caused by a minuscule decrease
of the order of∼mK in the temperature surface brightness of the CMB.

The shape of the SZE spectrum is depicted in Fig. 2.6 (right).The original black body spec-
trum is shown in black. The red line shows the distorted spectrum for an unrealistically massive
cluster withy = 0.15 (roughly 1000 times more massive than real clusters). As was pointed out
by E. L. Wright16 this curve (to be found in e.g. Sunyaev and Zel’dovich 1980; Carlstrom et al.
2002), was obtained using the first order approximation in Sunyaev and Zel’dovich (1980) (their
Eq. A7) to the Sunyaev-Zel’dovich effect, and is not applicable fory = 0.15. The exact solution
is shown in blue (computed using Eq. A8 of Sunyaev and Zel’dovich 1980) and is significantly
wider than the approximation. Note that this still does not include relativistic corrections. The
first order approximation is still appropriate for real clusters.

The decrement in the CMB is equal to

∆I (ν)=−2y I(ν) , (2.32)

wherey is the so-calledCompton parameterdefined as

y ≡ σT kB

me c2

∫

Te ne dl , (2.33)

The integration runs along the line-of-sight. The decrement ∆I (ν) is defined as the difference in
the CMB intensity between the distorted spectrum in the direction of the cluster and the black
body spectrum of the unobstructed CMB.

Eq. 2.33 shows that the SZE is completely redshift independent.17 This is very different from
the X-ray observations, where the cosmological redshift dimming causes a fast decline of the
surface brightness∝ (1 + z)−4 (Sect. 2.2.2). In the case of SZE the redshift dimming is exactly
compensated by the increase of the CMB intensity∝ (1+ z)4 (at higher redshift we are probing
a younger Universe where the CMB temperature is higher). This is illustrated in Fig. 2.7 on the
example of three clusters at redshifts between 0.2− 0.8. The dimming of the X-rays is evident,
while the SZE decrement is comparable even for the most distant object. This gives SZE surveys
the ability to have a nearly redshift-independent selection function and thus allow to detect many
distant clusters.

This advantage started to be utilized by large area surveys carried out by large, single dish
telescopes: the South Pole Telescope (SPT, Staniszewski etal. 2009; Vanderlinde et al. 2010;
Williamson et al. 2011; Foley et al. 2011), the Atacama Cosmology Telescope (ACT, Marriage
et al. 2010; Hincks et al. 2010) and by thePlanckspace mission (Planck Collaboration et al.
2011a,b). The delivered samples have significantly higher median redshifts compared to X-ray
selected cluster catalogs. We provide a brief overview of the advances in the field in Sect. 5.1.

An additional feature of the SZE signal is that the Compton parameter is proportional to
the integrated pressure along the line-of-sight (compare Eq. 2.33 with the ideal gas pressure

16http://www.astro.ucla.edu/∼wright/SZ-spectrum.html
17The integrated Compton parameter within a solid angle woulddepend on the aperture size and thus the angular

distance.
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Figure 2.7: Comparison of SZE images and X-ray images (smallinsets, fromROSAT) of three
clusters at redshiftsz= 0.2, 0.5 and 0.8. While the SZE signal stays comparable across the whole
distance range, the X-ray surface brightness is quickly decreasing with the redshift. This demon-
strates the great strength of SZE observations to detect distant clusters. Credit: J. Carlstrom and
J. Mohr, 2002.

p=n k T). The surface area integrated Compton parameter is therefore

Y =
∫

ydA ≈
∫

neTe dV ≈ MgasTe , (2.34)

which shows thatY is proportional to the product of gas mass and temperature, and is thus ex-
pected to be a good, robust total cluster mass indicator withlow scatter, relatively insensitive to
the dynamical state of a cluster and a nearly self-similar evolution with redshift. This was con-
firmed by several cosmological simulations (da Silva et al. 2004; Motl et al. 2005; Nagai 2006)
and by now also by observational data (Planck Collaborationet al. 2011b; Melin et al. 2011;
Andersson et al. 2010; Afshordi et al. 2007) and see also Sect. 6.3.

More details on the SZE effect and related issues (such as the kinematic SZE, non-thermal
SZE and relativistic corrections) can be found in the reviews of Birkinshaw (1999); Carlstrom et al.
(2002) and Rephaeli (1995).

2.3 The galaxy population of the clusters

Although the galaxy populations of clusters contribute only . 5% to the total mass (roughly one
third of the baryonic mass), they were the first markers that allowed clusters to be recognized
as distinct astrophysical objects. Indeed, the first cluster catalogs were compiled by looking for
galaxy overdensities by Abell (1958) and Zwicky and Kowal (1968).

Each cluster comprises hundreds to thousand galaxies boundby the gravitational potential of
the DM halo (Fig. 2.8). The number of galaxies given a suitable selection criterion - the cluster
richness - was one of the first cluster classification schemes(first proposed by Abell 1958).
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Figure 2.8: Left: Optical image of the cluster Abell 2218. The cluster is an exceptional example
of a gravitational lens. Numerous background galaxies are multiply lensed and some even dis-
torted into large arcs. The supergiant brightest cluster galaxy is coincident with the center of the
lensing potential. Credit: Hubble Space Telescope, NASA.Right: Colormagnitude diagrams
of the very distant cluster XMMU J2235-2557. Although the cluster is at redshiftz = 1.39, it
exhibits a well populated, very tight red sequence - a good evidence of the evolved state of the
clusters galaxy population. Only spectroscopic members and galaxies with photoz values in the
range 0.96 < z < 1.82 are shown. The shape of all symbols are coded according to their mor-
phological classification: circles for early-type galaxies (ellipticals and S0), spirals for late-type
galaxies and squares for faint objects with no reliable classification. Filled symbols show spec-
troscopically confirmed members with (in blue) and without (in red) [Oii] emission lines. The
dotted, dashed and longdashed lines show the expected location of the red sequence based on the
Kodama and Arimoto (1997) models for different formation redshifts. The dark purple line in
the lower panel shows a fit to the red sequence galaxies withinthe gray shaded region. Figure is
taken from Strazzullo et al. (2010).

The fact that these galaxies really belong to a distinct system, rather than being only a fluc-
tuation in the background galaxy number counts, can be established by looking at their morpho-
logical and photometric properties.18

Galaxy evolution in cluster environments

It was realised early in the optical studies that the morphological census of the galaxies within
clusters is different compared to the field galaxies (Oemler 1974; Dressler 1980). This so-called
morphology-density relation describes the decrease of thefraction of late-type galaxies (e.g.

18Of course, the definitive test is to obtain spectroscopy for these galaxies and confirm them to be at the same
redshift.



2.3 The galaxy population of the clusters 23

spirals) when moving from the field towards more dense regions (i.e. cluster cores). At the
same time the fraction of early-type galaxies (ellipticalsand S0) is increasing. This difference
compared to field galaxies gives a hint that the environment has to play an important role in the
evolution of the galaxies. In particular, the denser environment facilitates more frequent galaxy-
galaxy interactions as well as the interaction with the ICM via mergers and colorfully named
processes like gas stripping, strangulation and galaxy harassment. Boselli and Gavazzi (2006)
provide a review of how these dire processes affect the evolution of unsuspecting galaxies.

Mergers and stripping of material from galaxies also leads to creation of theintracluster light
(ICL) - the aggregate of stars dispersed in the intergalactic space inside the cluster. Observations
of the ICL are very hard due to its low surface brightness and complications in separating it
from extended stellar halos of the galaxies. Therefore, thetotal amount of ICL in clusters and
galaxy groups is not very well constrained. Estimates rangefrom 5% to 25% of the total cluster
light (e.g. Da Rocha et al. 2008; Krick and Bernstein 2007; Feldmeier et al. 2004a,b), but could
be up to 50% in the immediate region of the brightest cluster galaxy (BCG, Zibetti 2008). The
properties of the BCGs and the ICL suggest a direct physical link between them (e.g. their colors
and elongation axes are similar). With deeper observationsand improvement in the methodology
we will be able to get better constraints on the ICL fraction and investigate its properties also in
intermediate systems.

Major morphological transformations also appear to be linked to quenching of star formation.
The optical properties of early-type galaxies are determined by their old population of cool stars,
while late-type galaxies are still star forming and have a large population of hot young stars
dominating their optical emission. The prevalence of passively evolving (i.e. not showing signs
of on-going star formation) red elliptical galaxies is observable in the color-magnitude diagram
of the cluster as the so-calledred sequence(see Sect. 2.3.2).

2.3.1 Brightest cluster galaxies

One of the most striking example of environmental effects on the evolution of galaxies is the
presence of the so-called brightest cluster galaxies (BCG)in most clusters. These galaxies are
extremely massive, luminous elliptical19 galaxies with very large spatial extents. They are usually
found very close to the center of the DM potential wells and thus coinciding with the peak of
the X-ray emission (except for extreme cases like the Bulletcluster). BCGs often harbor an
AGN, which in some cases can undergo stages of outbursts and thus interact with the ICM (this
is connected to the problematics of cool cores, see Sect. 2.2.3).

The luminosity gap between the BCG and the second ranked galaxy is so large that it has to
be explained by a special formation mechanism (e.g. Loh and Strauss 2006). A possible forma-
tion scenario was proposed by Ostriker and Tremaine (1975) -the so-called galactic cannibalism
model. In this picture, at the cluster center where the galaxy density is the largest, the BCG
grows through successive merging and coalescence with its neighbour galaxies. The process is

19In fact, more than 50% of the BCGs belong to a special sub-typeof ellipticals designated as the cD galaxies
(from ”central dominant”). Galaxies of this type are found in cluster cores exclusively (and typically in the more
massive, mature clusters). Only supergiant ellipticals with very extended stellar halos are included in this sub-type.
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driven by dynamical friction and the often very extended halo of the BCG is created from the
tidally stripped material from the merging galaxies.

Dubinski (1998) has however shown that cannibalism is not sufficient for the full build up of
BCGs. Currently the most favoured scenario is known as thedry mergermodel and is supported
by both simulations (Puchwein et al. 2010; Murante et al. 2004; De Lucia and Blaizot 2007) and
observations (e.g. Whiley et al. 2008; Bell et al. 2006). A dry merger occurs between two bright,
passive galaxies and does not trigger star formation. Therefore the color of the coalesced galaxy
does not change significantly, which explains the apparent flattening of the RS at the bright end
observed in some clusters (e.g. Skelton et al. 2009). This model can also give account for the
flat surface brightness and color profiles (compered to standard ellipticals, see e.g. Tonry 1987;
von der Linden et al. 2007; Mackie 1992; Andreon et al. 1995; Roche et al. 2010) and relatively
uniform stellar population of the BCGs across all radii (Brough et al. 2007).

2.3.2 The cluster red sequence

The color-magnitude20 diagram (CMD) is a powerful diagnostic tool for optical cluster studies.
It allows to roughly estimate the cluster redshift in cases when its not available. In cases where
we have spectroscopic redshifts it serves as a great tool to study the galaxy population and its
star-formation history.

Baum (1959) noticed that the red cluster galaxies occupy a special locus in a color-magnitude
plane clustering in a tight sequence populated by red galaxies - the so-calledred sequence(RS).
This sequence is quite universal, with the color difference in first approximation stemming from
the cosmological redshift. If we assume a simple stellar population model for the galaxies, we
can use the position of the RS to get an estimate of the clusterredshift (this is one of the possible
approaches to obtain photometric redshifts, see also Sect.5.4).

If the redshift of a cluster is known, one can estimate the ageof the stellar population from
the normalization of the RS and from the scatter around the relation we can get information
on the star formation history. If the star formation occurred in a single, short time period, the
stellar populations of the RS galaxies will be similar and the scatter will be small. The slope of
the RS (more luminous RS galaxies are redder) is attributed to a so-calledmetallicity sequence
(Kodama and Arimoto 1997). Supernova explosions enrich theintrastellar gas in the galaxy with
metals. The retention of this gas is more effective for the more massive galaxies. Metal rich
gas however produces stellar populations that are cooler (thus redder) than stars in metal poor
environment.

As we approach higher redshifts (z≈ 1 and beyond), we are on average observing the clusters
and their galactic population in earlier evolutionary stages. The expectation is that the red se-
quences will be less tight and not as well populated as in the case of low redshift clusters. How-
ever many high redshift clusters (especially the more massive ones) do exhibit well developed
RS even at these high redshift. On the other hand, lower mass systems might not yet have well

20The ”color” is defined as the difference of observed magnitudes through two filters: color= m(λ1) − m(λ2),
wherem(λ) is the magnitude measured in a band centered on the wavelength λ. The standard use is to require
λ1 < λ2, so that higher value of the color means a ”redder” appearance relative to the base magnitude.
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populated RS (as an example see Sect. 7.3.3).
Another redshift dependent effect is the so-calledButcher-Oemler effect(Butcher and Oemler

1978), manifesting itself as an increase of the blue galaxy fraction with increasing redshift. The
effect is quite sensitive to background galaxy contamination and potential selection effects ori-
ginating from the definition of the blue galaxies, but in manycases it has been confirmed also by
spectroscopic studies. In fact, there is also aspectroscopicButcher-Oemler effect - the increase
of the fraction of cluster galaxies exhibiting spectroscopic features typical for young stellar pop-
ulations (e.g. Dressler et al. 1999; Poggianti et al. 1999, 2006).

2.3.3 The galaxy luminosity function

Another important global characteristic of the cluster galaxy population is theluminosity function
defined as the number densityφ of galaxies with a given luminosityL. The most widely used
parametrization of the luminosity function was given by Schechter (1976):

φ(L) dL = φ0

( L
L∗

)α

exp
( L
L∗

) dL
L∗
, (2.35)

whereφ0 is the normalization of the number density,L∗ the characteristic luminosity andα
the faint end slope (α = 1 − 1.5). The distribution predicts an exponential decrease of the
number density of galaxies with luminosities> L∗, while the behavior (steepness) of the faint
end is determined by the slope parameter. An example is displayed in Fig. 2.9. The luminosity
function normalization is typically parametrized by them∗ magnitude, defined as the observed
magnitude in the given band corresponding to a galaxy with a luminosityL∗. The parameters of
the Schechter function depend on the galaxy selection criteria and it holds only if galaxies of a
single type (e.g. ellipticals) are included.

The observed universality of the Schechter function is quite remarkable and hints at a deeper
underlying physical cause, i.e. the galaxy luminosity depends on its stellar content and star
formation activity, which can be linked to the total mass of the galaxy and its merger and star
formation history. Themassdistribution of the galaxies is connected to the mass distribution of
DM halos for which the Press-Schechter (Press and Schechter1974) distribution is still a good
approximation (and has the same functional form as Eq. 2.35). The total integrated luminosity of
the cluster galaxies is thus a relatively good cluster mass proxy (albeit inferior to X-ray and SZ
mass proxies, see Sect. 2.2.4). The Schechter function is then often used to extrapolate the total
luminosity in order to include the contributions of the faint (but numerous) galaxies not observed
directly.

2.3.4 Optical cluster detection

As we mentioned, clusters were first identified in optical data. Since the pioneering work of
Abell (1958) and Zwicky and Kowal (1968) much progress has been made in the field of optical
cluster searches. However, the basic principle - searchingfor overdensities in the number density
of galaxies - stayed the same.21

21Although, fortunately, the work has been automatized, saving us from Abell’s toils.
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Figure 2.9: The Schechter galaxy luminosity function for 13clusters of galaxies. The top x-axis
shows theL∗ normalised luminosities, while the bottom axis the absolute J band magnitudes.
Credit: Schneider (2006).

The most common detection algorithms are based on thefriends-of-friends(FoF) algorithm
(and its variations) first proposed by Huchra and Geller (1982); Geller and Huchra (1983). The
algorithm aims at linking neighbouring galaxies within a chosen linking distance. If the dens-
ity of linked galaxies in an area exceeds the density in a fieldregion at the required minimal
significance level, the galaxies are flagged as a cluster candidate.

An alternative approach is to use aVoronoi tesselation algorithmto partition the sky area
around each galaxy. By construction22 the area of the cells in dense regions (like clusters) is
smaller than in field regions. An example of this algorithm isthe Voronoi Galaxy Cluster Finder
of Ramella et al. (2001).

While both algorithms can in principle be run only using the information on the two dimen-
sional distribution of galaxies in the plane of sky, much improvement can be made if we are
able to incorporate additional information into the searchmethod and/or use some of the special
features of the cluster galaxy population. These markers, such as those we described in previous
sections, can help us design suitable selection criteria which increase the signal-to-noise contrast
of the cluster searches.

Since clusters are peaks in the three dimensional galaxy distributions, the simplest extension

22A Voronoi cell contains all the points of the plane (or volumein > 2 dimensional space) closer to the center of
the given cell than to any other central point.
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of the FoF detection algorithms is to use the redshift information (if available) in the form of
spectroscopic or photometric redshifts. This approach wasimplemented in many spectroscopic
surveys, e.g. the Center for Astrophysics Redshift Survey (CfA survey, Geller and Huchra 1983),
the Las Campanas Redshift Survey (Tucker et al. 2000), the Sloan Digital Sky Survey (SDSS,
Berlind et al. 2006), the Two Degree Field Galaxy Redshift Survey (2dFGRS, Eke et al. 2004),
the 2-Micron All Sky Redshift Survey (2MRS, Crook et al. 2007) and many more (see also ref-
erences in the listed works).

Another information that can be used is that the cluster galaxies conform to the Schechter lu-
minosity function (Eq. 2.35). In this approach the spatial and luminosity distribution at the given
sky position are jointly modeled and assumed to be a superposition of a background compon-
ent and contribution from the cluster population. This approach is the so-calledmatched filter
approachintroduced by the Palomar Distant Clusters Survey Postman et al. (1996).

As we have seen in Sect. 2.3.2, the cluster red sequence is a very universal characteristic
of clusters. The Cluster Red Sequence (CRS) detection method of Gladders and Yee (2000)
utilizes this fact by looking for cluster overdensities in galaxy catalogs which are successively
sliced in color allowing to find red sequences at different redshift. Conveniently, one obtains this
way also an estimate of the cluster’s redshift. While this detection algorithm is insensitive to
clusters without well developed RS (e.g. very young systemsand particularly high redshift, low
mass systems), mature, massive clusters have been found to have a RS at place already at high
redshifts,z> 1 (e.g. atz≈ 1.4 in Fig. 2.8).

The maxBCG cluster detection method (Bahcall et al. 2003) isanother method that relies
on the presence of a RS in the cluster, but also complements itwith information on galaxy
morphology particularly looking for a population of ellipticals led by a BCG.

A host of other methods exists and can be utilized in different conditions (e.g. weak lens-
ing shear cluster detection, surface brightness fluctuation method for drift-scan surveys etc.).
Combining any (or several) described methods with other available multi-wavelength data (e.g.
Schuecker et al. 2004) is also very promising.

2.4 Overview of cluster review papers

The aim of this chapter was to give only a brief overview of themain topics concerning cluster
physics and cosmology. Fortunately, there are several goodreviews covering all these aspects
(and several additional) in much more detail. We provide here an annotated (but certainly non-
exhaustive) list of valuable papers that provide good introductions to many of the topics and that
might be particularly of interest for people who are new to the field.

Historically, the first major cluster review is by Sarazin (1988). It focuses is on the ICM and
X-ray observations, but the cluster galaxy population is also covered. The review is somewhat
outdated but quite comprehensive. A newer review by Voit (2005) has a comparatively broad
scope with a lot of space devoted to the process of linking thetheoretical cosmological predic-
tions to the actual cluster observables. The second focus ofthe review is the thermodynamics of
the ICM.

To the same topic (and particularly the non-thermal processes) is dedicated the series of
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reviews led by Kaastra et al. (2008a).23 From this collection we name only the general overviews
by Diaferio et al. (2008) and Kaastra et al. (2008b) and overview of non-thermal processes by
Rephaeli et al. (2008). The rest of the reviews explore theseand several other topics on a deeper
level and are also very worthwhile.

The processes of metal enrichment of the ICM and their X-ray diagnostics are covered by
Schindler and Diaferio (2008); Werner et al. (2008). These topics as well as a state-of-the-art re-
view of topics of X-ray spectroscopy are to be found in Böhringer and Werner (2010). Physics of
cluster mergers is explored in Sarazin (2002) and the connected topics of shocks and cold fronts
are discussed (and richly illustrated) by Markevitch and Vikhlinin (2007). The current status of
the cool core problem is summarized in Peterson and Fabian (2006) and the associated question
of heating and the ICM - AGN interaction is reviewed by McNamara and Nulsen (2007).

A comprehensive derivation of the Sunyaev-Zel’dovich effect, its observations and cosmo-
logical studies are covered in the review papers by Birkinshaw (1999), Rephaeli (1995) and
Carlstrom et al. (2002). While we did not devote much space tothe optical (and infrared) prop-
erties of the clusters a thorough review with many further references can be found in Biviano
(2008). Cluster environment has a very large impact on the evolution of its galaxies. These
processes are reviewed by Boselli and Gavazzi (2006).

Our current understanding of clusters does not rely only on observations, but also on the
knowledge gained by simulations. In the recent years there was a plethora of review papers
covering many aspects of this extensive field. We will name only few: Borgani et al. (2008a,b);
Dolag et al. (2008a,b); Borgani and Kravtsov (2009); Norman(2010).

Besides these review papers, a general, entry level introduction to clusters can be also found
in the textbook of Schneider (2006) and in the review collection of Plionis et al. (2008). The
structure formation processes and the growth of clusters intheir cosmological environment are
described in several text books and review articles, e.g. Peebles (1993), Dodelson (2003) and
Padmanabhan (1999). We provide a brief overview of these topics in the next chapter.

23The ADS code of the review collection is ”2008SSRv..134”.



Chapter 3

Tracing cosmic evolution with clusters of
galaxies

Clusters are the nodal points of the cosmic web and the most massive virialized objects in the
present Universe. The most fundamental link between the cluster population and the background
cosmology arises through the dependence of the cluster abundance and its time-evolution on the
cosmological parameters. This connection is described by the theory of structure formation.

3.1 Structure formation in the Universe

The model that best describes the structure formation, as seen in observational data and simu-
lations, is the so-calledbottom-up hierarchical model. In this picture, the quantum fluctuations
in the post-inflationary Universe seed the initial density perturbations in the matter field. As
we learn from the CMB temperature fluctuations, the matter density field at redshiftz ≈ 1100
contained inhomogeneities at the level of one part in 105. The density field can be described at
locationx by the relative density contrast

δ(x, t) =
ρ(x, t) − ρ(t)
ρ(t)

, (3.1)

taken with respect to the spatially averaged matter densityρ(t) at time t. Overdense regions
(δ > 0) grow by gravitationally attracting matter from their neighbourhood. While an overdense
region continues to accrete more matter, its expansion is gradually slowing down with respect
to its environment. The evolution of the density field is linear as long as the density contrast is
small (|δ| ≪ 1). Eventually, the density of a region can reach the critical density and then it starts
to recollapse in a time-symmetric fashion (i.e. the recollapse time would be equal to the time
taken to reach critical density - assuming that the overdensity collapses to a point mass).

The above described scenario is the so-calledspherical top hat collapse model. The under-
lying idea of this approach is based on the Birkhoff theorem within the framework of the theory
general of relativity, which states that a spherically symmetric subregion can evolve independ-
ently from its background (analogously to the evolution of aclosed Universe). This simplified
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approach neglects possible deviations from spherical symmetry, external tidal forces, etc., but
is a good description for the initial (linear) phases of the overdensity growth. Once howeverδ
approaches unity the evolution of the collapsing region becomes non-linear. While some insight
even into this regime can be obtained analytically with the Press-Schechter formalism (see next
section), ultimately the most realistic description of structure formation can be obtained only
from large cosmological simulations such as theMillenium Run(see Fig. 2.2, Springel et al.
2005).

For real systems, rather than collapsing to a point mass, therecollapse gives rise to a fully
formed, virialized dark matter halo with some gas content. In the bottom-up hierarchical struc-
ture formation model the first halos to collapse are the galactic ones and with passing time larger
and larger halos are formed, eventually up to cluster scalesin the present Universe. The viri-
alization itself is mainly driven by theviolent relaxationprocesses (Lynden-Bell 1967) and to
a minor extent by two body interactions and dynamical friction. Note that these processes are
of course not part of the spherical collapse model but ratherits extension to the final phases of
cluster formation.

3.1.1 Cluster mass function

Now that we have an insight into the evolution of a single darkmatter halo in the expanding
Universe, we can look at the ensemble properties of the wholepopulation. A simple analytical
description is provided by the Press-Schechter formalism (Press and Schechter 1974), which in
its original form is based on the spherical top hat model of halo collapse. The formalism is based
on the observations that even though virialized objects arenon-linear structures, the non-linear
evolutionary processes should not significantly modify themasscontained in collapsed objects.
In addition, the initial density fieldρ(x, t0) is approximately Gaussian and thus a simplified linear
model is expected to provide a good description of themass function n(M, z) - the spatial density
of halos with virial massM at redshiftz.

In order to describe the growth of overdensities, let us denote δc to be the density contrast
in the units ofcritical density of the Universeρc = 3H2

0/8πG (as opposed to the mean matter
density used in Eq. 3.1). In order to obtain a reference value, in the idealized spherical collapse
model the point of virialization is taken to be the moment when the homogeneous sphere would
recollapse to a point mass. The virial density contrast can be obtained by linear extrapolation
of the time-symmetric recollapse and its value isδvsc ≈ 1.69 in an Einstein-de Sitter cosmology1

(ΩM = 1,ΩDE = 0, which also impliesρc = ρM).
In the linear model, the growth of the density perturbationsis described by the growth factor

D(z). The linearized overdensity of an object that virialized at redshiftzhas grown by

δc (z) = δvsc D(z= 0)D(z)−1, (3.2)

1Although at present epoch the energy density of the Universeis dominated by the dark energy contribution,
at earlier epochs, when the initial phases of cluster formation occurred, the matter densityΩM is close to unity.
Kitayama and Suto (1996) provide a formula to calculateδsc for arbitraryΩM.
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where the linear growth factor (e.g. Carroll et al. 1992) is defined as

D(z) = 2.5ΩmH2
0H(z)

∫ ∞

z

(1+ z′)
H(z′)3

dz′ , (3.3)

andH(z) is the Hubble parameter at redshift z,

H(z) = H0

√

Ωm(1+ z)3 + ΩΛ . (3.4)

Given the assumed Gaussian distribution of overdensities,the probability of a given object with
massM having an overdensity larger thanδc is

p(δc (z) ,M) =
1
√

2πσ

∫ ∞

δc(z)
exp(−δ2/2σ2)dδ =

1
2

erfc

(

δ
√

2σ

)

, (3.5)

where erfc(x) is the so-called error function. The number ofvirialized halos of a given mass
depends on the mean matter density (the closer is the densityto the critical value the more regions
can cross-over and start to recollaps). The second moment ofthe matter density distribution - the
variance - is, however, also important. Large variance implies broader wings of the distribution
and thus also more regions with density above the critical threshold. The variance of the density
distributionσ(M, z)2 has to be specified at a certain mass scaleM, which is practically done by
smoothing the matter density field at this scale by an appropriate filtering functionW (window
function). The variance thus can be written as

σ(M, z)2 =
1

2π2

∫ ∞

0
k2P(k, z)|W(k)|2dk . (3.6)

The integration is for simplicity performed in the Fourier space, where the convolution of the
matter power spectrumP(k, z) (see Sect. 3.3) with the window functionW(k) is a simple multi-
plication. The wavenumberk is given by the inverse length scale. In the Press-Schechterform-
alism, the window function is a top-hat filter and the mass andlinear scales are related simply
throughR(M) = 3

√

3M/(4πρ). The variance is usually normalised by theσ8 parameter, the vari-
ance of the density field smoothed with a top-hat filter at 8h−1 Mpc radius (roughly the transition
scale to the non-linear regime).

The power spectrum at redshiftzcan be obtained by evolving the primordial spectrum, which
is usually assumed to be the scale free Harrison-Zel’dovichspectrumP(k) ∝ kn, with n = 1.2

The evolution of the power spectrum is handled by the means ofthe so-calledtransfer function,
which for the case of pure cold dark matter was calculated by Bardeen et al. (1986) (the so-called
BBKS formalism) with additional modifications imprinted bythe baryons that can be accounted
for by an approach developed by Sugiyama (1995). The full treatment of the power spectrum
evolution can be obtained with numerical codes such ascamb.3 A simplified approximation valid
in the vicinity ofσ8 (i.e. applicable to the cluster scales), that allows to bypass the exact BBKS
treatment, if approximate results are sufficient, is provided by Viana and Liddle (1996).

2An exponent close to 1 is a generic prediction of the inflationary models.
3http://camb.info/
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The number density of objects with mass betweenM andM + dM can be obtained by differ-
entiatingp(δc (z) ,M) from Eq. 3.5 and dividing by the volume (i.e.M/ρM). In a general fashion
this can be written as:

n(M, z)dM = − f (σ)
ρM(z)

Mσ(M, z)
dσ
dM

dM , (3.7)

where f (σ) is the so-calledmultiplicity function.4 From Eq. 3.5 we obtain specifically for the
Press-Schechter mass function

f (σ) =

√

2
π
δcσ(M, z)−1 exp

(

−δ2c
2σ(M, z)2

)

. (3.8)

The general form of Eq. 3.7 provides a unified framework for expressing not only analytic or
semi-analytic approximations of the mass function e.g. thedescribed Press-Schechter function
or the ellipsoidal collapse model of Sheth et al. (2001) but can also accommodate mass func-
tions obtained from cosmological N-body simulations (e.g.Jenkins et al. 2001; Reed et al. 2003;
Warren et al. 2006; Reed et al. 2007; Tinker et al. 2008).

In Fig. 3.1, we compare the Press-Schechter, Jenkins et al. (2001) and Tinker et al. (2008)
mass functions. The Press-Schechter mass function systematically overestimates the number of
low mass objects while underestimating the abundance of high-mass halos. Tinker et al. (2008)
for the first time introduces the redshift dependence of the multiplicity function (i.e. f = f (σ, z)
rather than justf (σ)) required to reach mass function calibration precisions at the level of. 5%.
The Jenkins and Press-Schechter functions are compared also in Fig.3.2 where they are displayed
next to the measured number density of halos from the Millenium simulation for several redshifts
in the rangez≈ 0−10. As can be seen the Jenkins mass function is a good description of the halo
density mass-redshift distribution. The figure is also a great demonstration of the hierarchical
structure formation paradigm, showing the increase of number densities of ever more massive
halos as we approach the current epoch atz= 0.

3.2 Survey number counts

The direct application of the number density function from Eq. 3.7 is the cosmological modelling
of cluster surveys and deriving constraints on the cosmological parameters. The number density
function can also be used to obtain forecasts for future surveys. The cosmological constraints
originate from the structure growth dependence on cosmological parameters (particularlyΩM and
σ8) as described in the previous section with an additional dependence on the survey’s volume.
The total number of clusters in the redshift interval (z, z+ dz) detectable by a survey with a solid

4Bond et al. (1991) provide a derivation of the Press-Schechter formalism based on the so-called excursion-set
theory. In this picture the evolution of the matter field is modelled as a Brownian random walk with a presence of
an absorbing barrier. The height of the barrier is set by the critical overdensityδc = 1.69 required for the collapse of
the overdensity (the value is independent of the mass of the collapsed object). This approach provides us with the
physical interpretation of the multiplicity function as the distribution function of the first up-crossings of this barrier
during the random walk.
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Figure 3.1: Comparison of halo mass functions. The red line shows the analytic prediction
of the Press and Schechter (1974) formalism, while the greenand blue lines are obtained from
simulations. The green line displays the mass function of Jenkins et al. (2001) while the blue
lines show the relation of Tinker et al. (2008) for three redshifts. All the curves are calculated for
a flatΛCDM cosmology withΩM = 0.3 andΩΛ = 0.7.

angle∆Ω is
dN
dz

(z) = ∆Ω
d2V

dzdΩ
(z)

∫ ∞

0

dn(M, z)
dM

(z)Psel(M, z) dz , (3.9)

where dV2/dzdΩ is the comoving volume element. The selection functionPsel(M, z) gives the
probability of detecting a cluster with massM at redshiftz. The function is normalised to unity
and has a range of (0, 1). In the simplest case, the selection function is close to afixed mass limit
at all redshifts, i.e.Psel(M) = Θ(M − Mmin), whereΘ is the Heaviside step function,Θ = 1 if
M ≥ Mmin and 0 otherwise. This particularly favourable case is indeed a good first approximation
to the selection function of SZE surveys (see Sect. 2.2.6). The differential number counts then
simplify to

dN
dz

(z) = ∆Ω
d2V

dzdΩ
(z)

∫ ∞

0

dn(M, z)
dM

(z)Θ(Mmin) dz= ∆Ω
d2V

dzdΩ
(z)

∫ ∞

Mmin

dn(M, z)
dM

(z) dz . (3.10)

Fig. 3.3 (left) displays the predicted cluster counts for the SPT survey. The curves are obtained by
integrating Eq. 3.10 in thin redshift shells with widthδz = 0.05 for three different cosmologies.
The only parameter varying between the curves is the dark energy equation of state parameterw.
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Figure 3.2: Multiplicity function (differential number counts) of the dark matter halos measured
in the Millenium Run simulation (red points, Springel et al.2005). Solid black lines show the
predictions from the mass function of Jenkins et al. (2001),the dotted lines are the predictions
from the Press-Schechter formalism for the two redshiftsz= 0 andz= 10.07.

The difference between the curves is largest for higher redshifts (z> 1), i.e. in this range it is the
easiest to distinguish between the different cosmologies and the constraints on the cosmological
parameters are the tightest.

In the case of X-ray surveys, we often encounter flux limited samples, where the selection
function is in the first approximation dependent only on the source flux and a flux thresholdfmin.
Here the connection between observations and theory becomes more complex. From the theor-
etical point of view we have a prediction of the distributionas a function of halo mass. However,
mass itself is not a direct observable. In this case we have toresort to the use of a directly observ-
able mass proxy (such as luminosity) and use the appropriatescaling relations (see Sect. 2.2.4)
to bridge this gap. Uncertainties in the scaling relation parameters and their evolution, however,
propagate through the calculation and impede the constraining power. There are several addi-
tional concerns that have to be taken into account (e.g. the size of the aperture, the parameters
of the halo dark matter density profile etc.). Also the selection function is usually a complicated
function of several other parameters beyond the source flux (e.g. source extent, off-axis angle)
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Figure 3.3: Left: Cluster number function (Eq. 3.10) for a mass limit integrated in narrow
redshift bandsδz = 0.05. The different curves show the sensitivity of the cluster abundance
on the equation of state of the dark energyw0 (the remaining cosmological parameters are kept
fixed toΩM = 0.7 andσ8 = 0.9). The bottom panel demonstrates the prevailing contributing
factor to this sensitivity from the relative difference of the curves with respect to thew0 = −1
case. For redshiftsz . 0.7 the determining factor is the volume term (the geometricalpart),
while for higher redshifts the major contribution comes from the structure growth factor. The
curves differ the most at redshiftz > 1 (i.e. here the information gain is the largest). Image
credit: J. Mohr.Right: Cosmological constraints on the dark energy density (here designated
asΩX) and its equation of state parameterw0. Constraints from cluster abundance are shown
in red along results from CMB studies (blue), supernovae (yellow) and baryonic oscillations
in green. As can be seen from the area of the confidence regions, cluster have comparable
constraining power as the other cosmological probes, whileexhibiting different dependencies
(and thus also degeneracies) on the cosmological parameters. This makes the combination of all
these approaches particularly strong. Image taken from Vikhlinin et al. (2009a).

which can be taken into account only by extensive Monte Carlosimulations (Pacaud et al. 2006,
2007; Vikhlinin et al. 2009a; Sahlén et al. 2009; Mühlegger 2010).

Despite these complications cluster number counts (and theevolution of the cluster mass
function) remain a powerful test of cosmology (Schuecker etal. 2003; Vikhlinin et al. 2009b;
Mantz et al. 2010b). This cosmological test is most sensitive to theΩM andσ8 parameters. The
constraining power of the cluster abundances based on measurements of the redshift evolution
of the mass function d2n(M, z)/dMdz, is demonstrated in Fig. 3.3 (right) where clusters are used
along with supernovae, CMB and baryonic oscillation studies to constrain the dark energy density
and its equation of state parameterw0. The information contributed by the clusters (in red) is
comparable to the other tests and their combination gives the most stringent constraints.
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Figure 3.4: The REFLEX and REFLEX II power spectra from Schuecker et al. (2001) (red tri-
angles) and Balaguera-Antolı́nez et al. (2011) (blue circles), respectively. For comparison, the
measured galaxy power spectrum from the 2dFGRS survey Cole et al. (2005) is also plotted
(open circles). The dashed lines represent theΛCDM galaxy power spectrum convolved with
2dFGRS window function. The solid line shows the cluster power spectrum inΛCDM cosmo-
logy convolved with both the REFLEX II window function and the biasing function (for details
see Balaguera-Antolı́nez et al. 2011).

3.3 Cluster power spectrum

The background cosmology does not only leave its imprints inthe redshift evolution of the cluster
number counts (dn/dz) and the evolution of the cluster mass function (d2n/dMdz), but also in
the spatial distribution of the clusters. This can be characterised by the two-point correlation
function5 ξ(R, z) or alternatively by the cluster power spectrum (Fig. 3.4).The cluster power
spectrumP(k, z) is the Fourier transform of thelinear two-point correlation functionξlin(R, z)

P(k, z) ≡ 〈|δ(k, z)|2〉 = 1
2π2

∫

dr r 2 ξlin(r, z)
sin(kr)

kr
. (3.11)

The cluster population is however a biased tracer of the matter power spectrum, since clusters
are more likely to be found in regions that were slightly overdense on the largest scales (and

5The probability of finding two objects at separation R in excess to a random distribution:
ξ =< ρ(x)ρ(x+ R) > /ρ2 − 1.
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thus it was easier for the cluster-scale overdensities to exceed the critical density limit). The
observed two-point correlation functionξ(R, z) can be related to the correlation function of the
underlying matter distribution through the effective bias factorbeff averaged over all halos, so
thatξ(r, z) = beff(z)2ξlin(r, z). The effective bias can be expressed as (Matarrese et al. 1997)

beff(z) =
1

n(z)

∫ ∞

0
f (M, z)b(M, z)

dn(M, z)
d logM

d logM , (3.12)

where f (M, z) is the multiplicity function introduced in Sect. 3.2 andb(M, z) is the linear bias
relating dark matter halos of massM to the mass density fluctuation. This factor can be calibrated
by numerical calibrations, e.g. Tinker et al. (2010) and references therein.

In the cluster regime, the most interesting results from this type of analysis were derived from
the REFLEX survey (ROSAT-ESO Flux-Limited X-ray cluster survey, Böhringer et al. 2000,
2001; Guzzo et al. 2009) which comprises 447 X-ray selected clusters. This statistically com-
plete sample is utilised with its large area to get a precise measurement of the two-point correla-
tion function (Collins et al. 2000) and the cluster power spectrum (Schuecker et al. 2001). Their
cosmological modelling then yielded constrains the cosmological parameters (Schuecker et al.
2003), especially the matter densityΩM and theσ8 parameter. The first study of the power spec-
trum in the extension of this survey (the REFLEX II survey with 911 clusters, Böhringer et al.,
in prep.) is also already available (Fig. 3.4, Balaguera-Antolı́nez et al. 2011).

It is noteworthy that the power spectrum/two-point correlation function cosmological model-
ling comes at no extra cost for an X-ray survey (provided a large enough area has been covered)
and can be combined with cluster count measurements to gain even more leverage for the determ-
ination of cosmological parameters (Schuecker et al. 2003;Pierre et al. 2010). These constraints
can be further improved by future X-ray surveys such as eROSITA, which will be able to measure
the power spectrum as a function of redshift and thus directly probe the evolution of the growth
function.

3.4 Other cosmological tests with clusters

Beyond the cluster mass function and power spectrum (and their redshift evolutions), the cluster
population can be used in several additional ways to constrain cosmological parameters. Here
we briefly overview the cosmological tests based on the angular distance Hubble diagram and
the so-called gas mass fraction test.

3.4.1 Angular distance Hubble diagram

Combining X-ray observations with SZE measurements can be used as a purely geometrical
cosmological test (i.e. dependent only on the kinematics ofthe expansion of the Universe,
not on the growth of structure). This test utilises the different electron density dependencies
of the X-ray surface brightness (∝ n2

e, Eq. 2.5) and the SZE (∝ ne, Eq. 2.33) in order to ob-
tain the angular distancedA (defined in Sect. 2.2.2). It can be shown (Cavaliere et al. 1977;
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Figure 3.5: Left: Angular distance Hubble diagram from Bonamente et al. (2006), based on 38
clusters in the redshift range 0.1 < z < 0.9 (black points). The dashed line show the angular
diameter curve using the best-fit Hubble constantH0 = 76.9 km s−1 Mpc−1. Blue squares are
from the low-redshift sample of Mason et al. (2001); they arenot included in the fit.Right:
Cluster gas mass fraction (fgas) measurements for 42 clusters from Allen et al. (2008). For the
correct cosmological model thefgas(z) is expected to be constant with redshift for massive, re-
laxed clusters.

Cavaliere and Fusco-Femiano 1978; Silk and White 1978) thatdA is related to the central val-
ues of the electron temperatureTe(0), X-ray surface brightnessSX(0) and the CMB temperature
decrement∆T(0) in the following way:

dA ∝
∆T(0)

SX(0)T3
e(0)θc

, (3.13)

whereθc is the characteristic scale of the cluster along the line of sight6 (usually the angular
core radius of the density profile). Since the line of sight scales are not observable directly, we
must rely on the assumption of spherical symmetry and use themeasurements in the plane of
sky. Although individual clusters might exhibit various elongations along the line of sight, in a
statistical sample of clusters the effect of elongations is vanishing due to the random orientations
of the cluster main axes.

We can then utilise the angular distance redshift dependence (i.e. the angular distance Hubble
diagram) to constrain the cosmological parameters, particularly the Hubble parameter (Fig. 3.5,
Bonamente et al. 2006). In addition, this test can be combined with the dN/dz test to increase
the constraining power (e.g. Khedekar and Majumdar 2010; Molnar et al. 2004), which is an
important prospect particularly given the already ongoinglarge area SZE surveys with SPT,
ACT andPlanck(see Sect. 2.2.6).

6The angular distance itself enters the relation through theline of sight element dl = dAdζ, where dζ is the
dimensionless length element.
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3.4.2 The gas mass fraction cosmological test

The potential wells of the most massive clusters are so deep that they are able to retain essentially
all their gas content. The ratio of the baryonic mass to the total cluster mass,fgas = MB/Mtot is
therefore expected to be close to its cosmological valueΩB/ΩM. Measurements of the appar-
ent evolution of the cluster gas mass fraction can thus be used to probe the acceleration of the
Universe (Allen et al. 2008, 2004, and references therein).The constraining power of this cosmo-
logical test originates from the apparent dependence of thedetermination offgas on the angular
distancefgas∝ d1.5

A , or alternatively expressed from its independence on the redshift if the correct
cosmological model is assumed (see Fig. 3.5, right). The advantage of this approach is that it
requires only X-ray data (the gas mass is determined from theX-ray density and temperature
measurements, Sect. 2.2.5) and the cluster sample does not necessitate knowledge of the selec-
tion function. The sample, however, has to be restricted to very massive, relaxed clusters where
the assumption offgas(z) ≈ const. holds the best according to numerical simulations (Eke et al.
1998; Crain et al. 2007). In the low-mass systems/group regime non-gravitational processes play
a much important role and modify the gas mass fraction (see e.g. Giodini et al. 2009).

Allen et al. (2008) derived constraints from Chandra observations of 42 hot, dynamically
relaxed galaxy clusters obtainingΩM = 0.28±0.06 and dark energy densityΩDE = 0.86±0.21 (for
a non-flatΛCDM model). The significance level of the detection of dark energy is comparable
to that of type Ia supernovae studies. These two tests and also cosmic microwave background
measurements can all be combined to help break the degeneracies between the cosmological
parameter determinations. The gas mass test also bears a large potential to provide stringent
constraint also on the equation of state parameter (and its redshift evolution) in the future with
planned X-ray missions such as the International X-ray Observatory (IXO).
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Chapter 4

Analysis of the XMM-Newton survey data

The backbone of this thesis is surveying for clusters of galaxies and their characterization in X-
ray observations. All the X-ray data analysed here, whetherconnected to the XMM-BCS survey
(obtained by dedicated observations) or to the XDCP project(archival data), was obtained with
the XMM-NewtonX-ray telescope.

In this chapter, we therefore provide a brief overview of XMM-Newtonwith a focus on its
characteristics relevant in a survey context (as opposed toe.g. observations aiming to collect
deep spectroscopic data). We will also discuss the new mosaic mode observations, which were
implemented only recently to increase the observational efficiency of shallow surveys and whose
first scientific utilization is part of this thesis. In the final section of this chapter, we delineate
more technical details concerning the analysis, source detection and spectroscopy of mosaic data.

4.1 Overview of the XMM-Newton mission

XMM- Newton1 was launched on 10th December 1999 from Kourou in French Guiana with an
Ariane-5 carrier. After an initial orbit correction it settled on its final, highly elliptical geocentric
orbit with an apogee of 114 000 km (roughly one third of the distance to the Moon) and a perigee
of 7 000 km. The orbital time is 48 hours, but only part of the orbit outside Earth’s radiation
belts can be used for observations (elevations& 50 000 km). This constraint leaves about 130 ks
of observation time per orbit, usually distributed betweena few independent observations (ob-
servations can last between 2− 130 ks).

The satellite itself is one of the largest instruments builtin Europe with 10 m length, a span
of 16 m and launch a weight of 3.8 tons. The size and weight of the instrument were determined
by its performance requirements (e.g. effective area, resolution etc. and naturally technological
limitations) which were in turn driven by the science questions to be addressed.2 An illustration
of the telescope with its main parts is shown in Fig. 4.1.

1The ”XMM” abbreviation stands for X-ray Multi-Mirror Mission, derived from its nested mirror design.
2More technical data can be found on the official XMM-Newton ESA web page:

http://sci.esa.int/science-e/www/area/index.cfm?fareaid=23
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The payload consists of three identical co-aligned X-ray telescopes. The mirrors have a
Wolter type 1 design (Wolter 1952, see also Fig. 4.2), each with 58 nested parabolic and hy-
perbolic mirror shells. The total geometric effective area at 1.5 keV energy is∼ 1 550 cm2 for
each telescope, i.e.,∼ 4 650 cm2 in total. This is the largest effective area on a focusing X-ray
telescope ever and will be surpassed only byeRosita(to be launched in 2012). The focal length
of the telescopes is 7 493 mm.

There are five instruments in the focus of these mirrors - three CCD cameras (the European
Photon Imaging Cameras - EPIC) and two Reflection Grating Spectrometers (RGS).

The most sensitive CCD of the three is the EPIC PN3 detector (Strüder et al. 2001). It consists
of twelve backside-illuminated CCDs on a single wafer segmented into four individual quadrants,
each having three CCD subunits with a format 200× 64 pixels (4.1′′ per pixel). The quantum
efficiency of the PN detector is very highQE(PN) > 90% over a broad energy range. In order
to fully harvest this great sensitivity, the PN detector is the only detector in the focus of its X-ray
telescope.

X-ray radiation collected by the two remaining mirror modules is shared by one of the MOS
CCD cameras (receiving∼ 44% of emission) and one of the RGS spectrometers. The two
identical MOS (Metal Oxide Semiconductors, Turner et al. 2001) cameras have seven 600× 600
pixel CCDs (1.1′′ per pixel, front-illuminated). MOS detectors have a slightly lower quantum
efficiency than PN,QE(MOS) > 40− 85%.

An additional technical difference between PN and MOS is that the PN chips lack frame store
buffers. Without a buffer, the PN pixels register incoming X-ray events also duringthe column
readout phase (systematic shifting of charges along a column toward the readout node), which
lasts a fraction4 of the integration phase. Since these events are registeredduring the gradual
charge shift, it gets assigned a wrong coordinate along the read-out axis (RAWY coordinate).
Especially for bright sources this leaves an imprint as a smeared event streak along the pixel
column. These events are called out-of-time events (OoT) and are corrected for during the data
analysis process in a statistical way.

For details on the Reflection Grating Spectrometers we referthe reader to den Herder et al.
(2001) who provide a detailed description of the instrument. The XMM-Newton’s payload also
includes the Optical Monitor (OM) - an optical/ultraviolet telescope with a 30 cm diameter aper-
ture, which allows for simultaneous observations with the X-ray instruments.

4.2 Elements of X-ray analysis

The basis of this thesis is the detection of clusters and groups of galaxies in X-ray images.
Accordingly, before we go on with a more technical description of analysing mosaic mode data,
we will explain the basic terms of X-ray imaging but focus mostly on topics relevant to source
detection.

There are several differences between optical (also infrared and UV) telescopes and X-ray
imaging instruments. The basic principle is the same - in both cases we have a system of mirrors

3We capitalize ”PN” for better legibility.
4For full frame mode the out-of-time fraction is 6.3% and 2.3% for the extended full frame mode.
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Figure 4.1: Left: The XMM-NewtonX-ray observatory (artists impression, courtesy of ESA).
Right: On-axis effective area of the individual instruments of XMM-Newton. The plot is taken
from the XMM user handbook, Ness et al. (2010).

focusing radiation onto the detectors (nowadays CCD arrays).
However, due to high energies and comparatively low number of X-ray photons the CCDs

in X-ray regime can be operated in asingle photon counting mode- i.e. for each detected X-
ray photon, its position, detection time but also energy is recorded, e.g. allowing to obtain
direct low resolution non-dispersive spectroscopy. Higher energy resolution can be achieved by
introducing grating spectrometers into the light path - as is the case of RGS gratings on board of
XMM- Newton.

The need to focus high energy photons leads to another large difference compared to optical
telescopes - the X-ray mirror system.

4.2.1 X-ray mirrors

Focusing X-ray photons is a much more complicated task than in the optical regime. Given the
photons’ high energies, they are highly penetrating and thus reflection can occur only at very
high incidence angles.5 X-ray telescopes thus typically utilizegrazing incidence(i.e. incidence
at very high angles), to direct the optical path of the X-ray photons toward the focal point. The
value of the smallest possible incident angle depends on several factors - but most importantly
on the energy of the photons and the density of the mirror material. The higher the density, the
smaller is the possible incidence angle (i.e. higher possible angle between the beam and the
mirror plane). Therefore, X-ray mirrors are typically madeof heavy elements, e.g. in case of
XMM- Newtonthe mirror coating is made of gold.

The focusing of X-rays within the telescope is usually achieved by a special mirror design.

5The angle between the beam and the normal to the reflecting plane.



44 4. Analysis of the XMM-Newton survey data

Figure 4.2: The Wolter type 1 mirror design of the XMM-Newtonsatellite. The light path of
a doubly reflected photon is displayed in the inset. XMM-Newtonhas 58 nested parabolic and
hyperbolic mirror shells. Credit: ESA/ESTEC, Ness et al. (2010).

Several solutions were developed by Wolter (1952), including the so-called Wolter type I design.
This system consists of two mirror surfaces, the first one parabolic and the second one hyperbolic
(Fig. 4.2). Only doubly reflected photons are properly focused (first reflection from the parabolic
and the second from the hyperbolic mirror). While also otherpossible designs exist, this solution
is the most common in X-ray telescopes. It was used in the firstX-ray imaging instrument on
board of a satellite6 - the Einstein Observatory and is also on board of the missions currently in
orbit - XMM-NewtonandChandra.

However, the requirement of high incidence angles implies only small geometric area facing
the source and collecting incident photons. This constraint is alleviated by nesting several layers
of mirrors within each other (see again Fig. 4.2).7 Each mirror is manufactured by a mirror rep-
lication technology using an aluminium mandrel and has to becarefully polished to a precision
of only a few atoms. The mirrors are finally mounted into a supporting structure called the spider
wheel, which holds them in place. A more detailed discussionon X-ray mirror theory can be
found in Friedrich et al. (2008) and Aschenbach (1985).

The particular mirror system of the given X-ray telescope determines its imaging properties
and influences several parameters important for the purposes of source detection - the point
spread function and the effective area and its vignetting.

6X-ray telescopes were used also before that on rocket experiments.
7Mirror nesting has also the advantage that it blocks out photons that would reach the detector accidentally after

only a single reflection (i.e. unfocused photons).
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4.2.2 Point spread function

The radiation field of a source interacts on its way to the detector with the components of the
telescope. These interactions affect the intensity distribution of the source and therefore the
observed distribution is the convolution of the source’s intrinsic intensity distribution on the sky
and the point spread function (PSF):

ID(x, y) =
∫ ∞

−∞

∫ ∞

−∞
dζ dξ PSF(x− ζ, y− ξ)I (ζ, ξ) , (4.1)

whereID(x, y) is the intensity on the detector at position (x, y). The shape of the PSF function is
measured on ground in a testing facility.8 The shape of the PSF is typically non-trivial, differs for
each module and is a function of the off-axis angle. A gallery of PSF shapes for all three cameras
is displayed in Fig. 4.3 (top). As can be seen, the three different telescopes have different PSF
shapes, with MOS1 and MOS2 having a slightly superior resolution to PN. The width of the PSF
is usually characterized by either its full width at half maximum (FWHM) or half energy width
(HEW).9 We summarize their on-axis values (from both in-orbit and ground measurements) in
Table 4.1.

Importantly, there is also a strong dependence of size and shape of the PSF on the off-axis
angle. As an example, we display the PN PSF in 3′ steps in Fig. 4.3. The increasing elongation
is due to off-axis aberration (astigmatism), but the PSF also exhibits increasing complexities in
its core, especially for off-axis angles& 12′.

Good knowledge of the PSF is a necessity for reliable source detection. Groups and clusters
of galaxies are in theory easily selected in X-rays, since they make up the majority extended
extragalactic sources.10 Indeed, in both XMM-BCS and XDCP surveys, we take the detection of
an extent as one of the main cluster selection criteria (see e.g. Sect. 5.3.1). However, a source
can be spatially resolved only if its extent is larger than the PSF. The PSF is also needed to obtain
reliable X-ray photometry of the given source.11 For these purposes Equation 4.1 is simplified
to be one dimensional by taking only an azimuthally averagedPSF model.12 As can be seen in
Fig. 4.4 (left), the azimuthally averaged PSF profile is welldescribed by a King profile of the
form:

PSF(r) =
A0

[

1+
(

r
rc

)2
]α , (4.2)

8In-orbit calibration using observations of point sources has also been performed (see below).
9FWHM is the diameter of the distribution where it falls to half of its peak probability. HEW is the diameter of

a circle containing half of the total energy under the distribution.
10Barring for the moment large, usually nearby, elliptical galaxies with extended X-ray halos. Also those often

exhibit several smaller satellites and seem to form a smoothtransition to so-called fossil groups, eventually up to
groups and clusters of galaxies. Diffuse emission (albeit much fainter) is observed also in nearby spiral and irregular
galaxies from the intrastellar matter.

11This is done during the maximum-likelihood source fitting bytheemldetect task of SAS. We provide more
details in Sect. 5.3.1.

12For the one dimensional intensity distribution of a point source one usually takes a Diracδ-function, for an
extended source a beta model (special case of a King profile, see Sect. 2.2.2).
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Figure 4.3:Top: The on-axis point spread function (PSF) of MOS1, MOS2 and PN.The shape
of the PSF is different for each camera, with MOS2 having a slightly triangular shape. The pixel
size is 1.1′′ for the MOS cameras and 4.1′′ for PN. The color scale is square root to visualise the
wings of the point spread function. The star-like pattern iscreated by the spider wheel which
supports the telescope mirrors. Credit: ESA/ESTEC, Ness et al. (2010).Bottom: Example of
the variation of the size and shape of the PN camera’s PSF. Theimages are shown in off-axis
angle steps of 3 arcmin as provided by the XMM-Newtoncalibration database. We inverted the
color scheme (i.e. black areas are the brightest) for bettervisualization of the PSF’s core. The
gradual broadening and asymetrization of the PSF poses a problem for source detection at higher
off-axis angles, especially for low surface brightness objects like clusters of galaxies. Image
taken from Fassbender (2008).

with the normalizationA0, core radiusrc and indexα. In general however, even for this simplified
description, we have to take into account the dependence of these parameters on the off-axis
angle and energy. This can be done by empirical best-fit relations available from the XMM-
NewtonCalibration Documentation archive13 which were obtained from in-orbit observations of
point sources by S. Ghizzardi (for PN in document XMM-SOC-CAL-TN-0029, 2002 and for the
MOS cameras in XMM-SOC-CAL-TN-0022, 2001).

13http://xmm.vilspa.esa.es/external/xmm sw cal/calib/documentation.shtml
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PN MOS1 MOS2
FWHM [′′] < 12.5†/6.6 4.3/6.0 4.4/4.5
HEW [′′] 15.2/15.1 13.8/13.6 13.0/12.8

Table 4.1: Full width at half maximum (FWHM) and half energy width (HEW) of the PN,
MOS1 and MOS2 cameras as measured in orbit (first number) and at the calibration facility on
the ground (second number).† Value is an upper limit.

Figure 4.4: Left: Radial surface brightness distribution for an on-axis PSF (red crosses) for
MOS1 in the 0.75− 2.25 keV energy range, obtained from an in-orbit observation of a point
source. The best-fit King profile is overlayed in a solid blackline. Image from Ness et al. (2010).
Right: The XMM-Newtonvignetting function averaged over all three X-ray telescopes with the
PN aim point used as the reference point. The dashed lines indicate the 100% and 50% effective
area levels (vignetting factorV(θ) = 1 andV(θ) = 0.5, respectively). The image is taken from
Fassbender (2008).

4.2.3 Effective area

The efficiency of an X-ray instrument can be characterized by itseffective area, which is related
to its limiting sensitivity per unit time. The effective area depends on the geometric area exposed
to the source (i.e. for Wolter type 1 mirrors, the more nestedmirrors, the larger the effective
area), but also on their reflectivity (function of energy anddepends on the coating material of
the mirror), filter transmission and the quantum efficiency of the detector. We have listed these
parameters for XMM-Newtonin Sect. 4.1 and the energy dependency of the effective area is
displayed in Fig. 4.1. The effective area (and thus in turn the sensitivity of the instrument) is
the highest in the∼ 0.5 − 2 keV band. The X-ray spectrum of clusters peaks also roughly
in this range and therefore this band is typically taken as the standard reference band for the
flux and luminosity determination.14 XMM- Newtonis the highest sensitivity instrument in this

14Scharf (2002) provides the optimal XMM detection bands for yielding the highest signal-to-noise for detecting
galaxy clusters and groups, by taking into account the exactspectral distribution for different temperatures and
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range - improving on ROSAT’s sensitivity by roughly ten foldand∼ 4 times more sensitive than
Chandra.

The effective exposure time (i.e. the total on-source time folded with the effective area) is for
practical purposes mapped for each image pixel creating thus anexposure map. An example of
an exposure map for a standard observation is shown in Fig. 5.2 and for mosaic observations in
Fig. 4.6. As can be seen, the exposure (and thus the local effective area) is not uniform across
the whole detector, but is highest around the aim point of theobservations and decreases with
off-axis angle. Photons arriving at higher off-axis angles have less mirrors for double-reflection
and at the same time there is more mutual obstruction due to the dense nesting of mirror shells.

The azimuthally averaged vignetting function is shown in Fig. 4.4 (averaged over all three
detectors, PN aim point taken as the center). The vignettingreaches 0.5 (i.e. 50% of the on-axis
exposure) by∼ 10.5′ off-axis angle. Beyond∼ 14.5′ the vignetting starts a steep decline due to
reaching the field of view edge of some of the detectors.

We conclude by referring to the review of Davis (2001), who provide first principle derivation
of equations defining the exposure maps and ancillary regionfiles. Recently, Spiga (2011) also
provides an analytical formula for the treatment of off-axis exposure area calculation, providing
thus a faster alternative to standardly used ray tracing simulations.

4.2.4 CCD detectors

At the focus of the mirror system of an imaging X-ray telescope like XMM-Newton, one finds
a CCD15 chip array. An incident X-ray photon induces through the internal photoelectric effect
the production of an electron cloud at the detector cell (called detector pixel16). The electric
charge is gathered in the cell’s potential well and eventually shifted to and read out by the read
out electronics. The quantity measured by the detector electronics is the total charge of each
pixel - the so-called pulse height amplitude (PHA). The charge depends on the photon energy,
but the conversion (i.e. the response function) is a complicated function of both energy and
pixel position. The full conversion from PHA to energy requires both theredistribution matrix
(contained in the RMF file) and theancillary region file(ARF). We will not provide more details
here, but refer the reader to the XMM-NewtonHandbook (Ness et al. 2010) and Davis (2001).

4.2.5 X-ray imaging

Now that we have all the basic elements required, we can writedown the basic equation of X-ray
imaging, which relates the observed X-ray counts to the surface brightness distribution of the
source on the sky:

C(h, p) = τeff

∫

dλA(h, λ, p)S(λ, p) , (4.3)

redshifts. Following Fassbender (2008) we utilize the 0.35− 2.4 keV band as an ancillary single detection setup
optimized forz> 1 clusters detection (see Sect. 5.3.1).

15Charge Coupled Device.
16Detector pixels are usually binned into larger units when creating an image - the so-called image pixel.
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whereC(h, p) is the number of detected counts at positionp = (x, y), with the pulse height
amplitudeh. A is the local effective area (normalized to the on-axis exposure, we absorbed the
redistribution matrix into this factor for simplicity) andS(λ, p) is the surface brightness distri-
bution of the source convolved with the PSF functionPSF(λ, p) according to Eq. 4.1. We have
denoted the on-axis exposure time in seconds asτeff. The integral extends over all wavelengths17

λ contributing to a PHA value equal toh.

In practice, we extract images in a finite band (e.g. 0.5− 2 keV) corresponding to some∆h
PHA interval. In relatively narrow bands we can neglect the energy dependence of the effective
area and remove it from the integrand of Eq. 4.3 by assuming a constant value at a reference
wavelengthλ0 from the∆λ interval:

C(∆h, p) ≈ τeffA(h, λ0, p)
∫

∆λ

dλS(λ, p) . (4.4)

This approximation holds the best, if the chosen band is as narrow as possible. The whole energy
range, however, should not include an edge (see Fig. 4.1, e.g. note the relatively flat effective
area in the 0.5 − 2 keV band and the sudden drop just beyond 2 keV - this is the Au Medge).
For broader bands one can combine several piece-wise constant maps, potentially also weighted
by taking into account the source spectral distribution forbetter precision (again see Ness et al.
2010; Davis 2001).

The total effective area can be broken down into several independent factors:

A(E, θ) = AG cos(θ) · R(E) · V(θ) · T(E) · QE(E) , (4.5)

where we dropped from the notation any dependence on the spatial location beyond the off-axis
angle. TheAG term is the full actual geometric area of the individual mirror shells where on-axis
photons could stream in. For a photon at an off-axis angleθ this area is diminished by the cosθ
factor. R(E) is the reflectivity of the mirror’s coating,V(θ) the vignetting function (Fig. 4.4,
left). We have denoted the transmission function of the filter asT(E) (see Sect. 4.3.1 for a brief
discussion on filters). Finally,QE(E) is the energy dependent quantum efficiency of the detector.

With exposure maps defined in this way, we can convert detected counts into count rates and
adding the information from the RMF and ARF matrices eventually to fluxes in a given band.
For clusters of galaxies detected by the XMM-BCS survey we implement this procedure in an
iterative way in the framework of thegrowth curve analysis(Böhringer et al. 2000). The details
of the iterative procedure are provided in the Sect. 5.3.3.

Naturally, the picture that we built up in the previous sections is rather simplified. We have
neglected several additional effects that have to be taken into account, when analysing a real
observation, e.g.: the presence of X-ray and instrumental backgrounds, soft-proton flaring, qui-
escent soft proton contamination, presence of chips in anomalous (hot) states, pile-up effects etc.
Handling of several of these effects is however described in sections 5.2.
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Figure 4.5: Comparison of mosaic mode observation efficiency (black) with standard pointing
mode as a function of pointing exposure time. The mosaic modeis much more efficient, espe-
cially for shallow (. 15 ks) observations. The red line marks the 4 ks per pointing limit policy
imposed starting from AO-10 (in year 2010).

4.3 Mosaic mode observations

The original design of XMM-Newtondid not include an operation mode intended for large area
observations (e.g. raster, dithering or tracking mode). Until AO-818 (in year 2008) such observa-
tions would require several independent pointings. However, covering large sky-areas with low
exposure pointings lead to very low observing efficiency (see Fig. 4.5), mainly due to the long
setup times.

In order to improve the efficiency of large area (i.e. larger than field of view), shallowobser-
vations (i.e. exposure times comparable to instrumental setup times), the XMM-Newtonscience
operation team implemented a completely new observationalmode - themosaic mode. It is very
rare that a new feature like this one is added for a mission in orbit. In the following, we explain
the main differences of the mosaic mode with respect to the standard observations.

4.3.1 Overheads in standard observations

Before collecting science data, astandardobservation starts by operational and instrumental
setups. The operational overhead consists of pointing the telescope to the target coordinates
(standardly, the termslew is used) and the acquisition of a reference star needed to establish

17Wavelength relates to the energy of the photon E asλ = hc/E, hereh is the Planck constant not the PHA value.
18AO - Announcement of Opportunity, XMM-Newton’s annual call for observation proposals.
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the attitude19 of the telescope for the required nominal astrometrical precision. The duration of
the slew and its path depend on the relative positions and attitudes of the current and previous
pointings. The telescope collects X-ray photons during theslew, but these are usually not useful
for the observer and are not included in the observation’s science data. The data from slews are
collected in the Slew Data Files and are accessible from the XMM-Newtonslew web portal.20

Once the pointing towards the desired coordinates is secured, the instrumental setups are
carried out. These setups include the overheads for the EPIC, RGS and OM instruments, but
only the EPIC times are significant. The EPIC setup is mainly due to measurement (respectively
upload for MOS) of the camera’s zero charge levels - the so-called offset tables.

The EPIC cameras are sensitive not only to X-ray photons, butalso to infrared, optical and
ultraviolet photons. This effect is called optical loading. To reduce this effect, each of the three
X-ray telescopes is equipped with a filter wheel which has three aluminised blocking filters: the
”thin”, ”medium” and ”thick” filters. The thicker the filter,the smaller is the optical loading,
but also the larger is the loss of sensitivity, especially inthe soft X-ray band. However, residual
contamination by visible light affects the definition of the proper energy scale, e.g. an optically
generated photo-electron would boost the energy scale zerolevel by∼ 3.6 eV.

The offset table is thus an instrument map that contains the amount by which the measured
zero levels are shifted with respect the true level (this includes the optical loading and several
other instrumental sources) for each pixel. During the observation, the energy of each event is
reduced by the value of the corresponding pixel in the offset map, before it is transmitted to the
ground.

For the MOS this effect can be suppressed by taking into account the informationon the zero
level aroundgiven event. This information is also transmitted to the ground and can thus be
subtracted in the ground processing steps. The MOS cameras thus operate with pre-calculated
offset tables which are uploaded during the instrumental overhead phase (this takes typically
. 1 ks). For the PN, the offset map is computed specifically (with the filter wheel in closed
position) for each observation before its beginning. The procedure takes∼ 4 ks (there is a slight
frame mode dependence).

After the offset tables are established, the filter wheels are set to the desired filters for the
given observation and the observation itself begins. For each standard observation the whole
process repeats which clearly impedes the operational efficiency if the exposure times are close
to∼ 4 ks.

We note that there are additional setup procedures and more subtle issues during the offset
table calculations (e.g. X-ray loading etc.), that we omitted here for simplicity, but can be found
in the XMM-NewtonUser Handbook and calibration documents referenced therein.

19Under attitude we understand the full information on the orientation of the telescope - it includes the coordinates
of the aim point of the observation and the azimuthal (so-called roll) angle of the satellite.

20http://xmm.esac.esa.int/external/xmm products/slew results/web slew.shtml
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4.3.2 The structure of a mosaic mode observation

The efficiency gain for shallow, large area observations carried out in the mosaic mode is achieved
by significantly reducing the instrumental overheads by suppressing the upload (for MOS) and
calculation (for PN) of the EPIC offset tables for every pointing beyond the first observation ina
mosaic.

A mosaic mode observation thus starts as a standard pointingwith the operational setup and
establishment of the offset tables. Then the first observation is taken in a standard fashion. After
this is done, the telescope slews to the next pointing in the mosaic. Data is collected also during
the slew and injected into the observation’s eventlist - since typically a mosaic is used to cover a
contiguous area these photons can be relevant for the observer. The attitude reconstitution during
a slew is slightly degraded compared to a stable pointing butthe astrometrical precision is still
on a∼ 1′′ scale (i.e. still sufficient given the 4′′ binning of standard science images). Then the
second stable pointing of the mosaic commences. The offset tables calculated before the first
observation are used in the whole sequence. The whole process is repeated for each pointing in
the given mosaic.

The total duration of a mosaic mode observationtM
obs is thus:

tM
obs= tsetup+ n× texp+ (n− 1)× tslew, (4.6)

wheretsetup is the instrumental overhead,n is the number of pointings,texp the exposure time of
a single pointing andtslew the slew time between two consecutive pointings. Observingthe same
sequence in a standard way (i.e. by individual pointings) would yield a total timetS

obs:

tS
obs= n× tsetup+ n× texp+ (n− 1)× tslew. (4.7)

If we define the observational efficiency as the ratio of the actual total exposure time spent in
the stable pointings21 to the total time, i.e.η = n× texp/tobs, we can see how standard pointings
(blue line in Fig. 4.5) compare to a mosaic mode (black line) for different exposure times. For
the plot we used the official values oftsetup= 4 ks andtslew = 1.2 ks andn = 20 for illustration.
The efficiency gain is larger for shorter observations (i.e. whentexp is close totsetup), e.g. for
texp = 3.5 ks (as is the case of the mosaic extension of our XMM-BCS survey), the efficiency of
the mosaic isηM ≈ 0.72 compared toηS ≈ 0.41, if we would have used standard pointings.

The mosaic mode thus unlocked completely new areas in the exposure time - sky area phase
space and makes observations possible, that in the past had prohibitively low operational ef-
ficiencies. Large area surveys such as the XMM-BCS can immediately benefit from this new
opportunity. Other uses of the mode can include observations of large extended sources (e.g.
supernova remnants etc.) where planning pointings with smaller offsets can result in a highly
uniform coverage (in terms of exposure), e.g. if the offsets between two neighbouring pointings
is comparable to the off-axis angle where the vignetting factor reaches 0.5 (∼ 10.5′, see Fig. 4.4).

We close this section by listing several practical constraints and caveats for designing and
planning mosaic mode observations:

21Technically, in a mosaic the slews can also constitute science time and would thus increase our figure of merit
even further.
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• The first field of the mosaic must not have bright optical (UV) sources, in order to be able
to calculate reliable offset tables.

• Since one offset table is used for all observations, the pointings beyondthe first one have
the PN zero charge level established with lower precision than they would have in an
individual pointing. The difference is, however, for all practical purposes negligible.

• If a pointing within mosaic has a bright optical source the offset table from the first obser-
vation might be an underestimate of the true zero-charge level. Avoiding bright sources is
thus slightly more important when planning a mosaics.

• The offset table computed for PN through the closed filter may resultin a slightly degraded
spectral resolution for sources producing a significant optical loading. For sources without
optical loading (and for MOS data in general) the spectral resolution is unaffected.

• As already mentioned, the attitude reconstruction during aslew is slightly worse than for
a stable pointing. This again makes practically no impact for contiguous areas. If the mo-
saic covers a non-contiguous area, photons collected during the slew have to be discarded
anyway.

• The distance between two consecutive pointings can not be larger than 1◦. The minimal
distance is set mainly by the PSF of the telescope and is equalto 12′′.

• The lowest allowed exposure time is 2 ks, in order to set a threshold for minimal observing
efficiency. For exposure timestexp & 15 ks the efficiency gain compared to a standard
mode is not very significant. As of AO-10 (2010), a policy setting a maximum of 4 ks
exposure per pointing was established.

• Maximal exposure time is set by the visibility of the target field within the given orbit - i.e.
if the field is visible during the whole orbit it can be observed for maximum∼ 130 ks. If
larger depth is required one has to stack two or more mosaics.

• The observations have to be carried out in Full Frame mode andthe filters can not be
changed during the mosaic.

• The RGS instruments can work in a continuous mode similarly to the EPIC cameras, but
OM exposures can be taken (if desired) only during stable pointings.

• There are several differences in the reduction and analysis of mosaic mode data compared
to standard observations, which we will discuss in the next sections.

4.4 Analysing mosaic mode observations

In this section we describe the analysis of mosaic mode observations. The mosaic extension of
the XMM-BCS survey (Sect. 6.2.1) was the first scientific utilization of this mode and develop-
ment of an analysis pipeline was part of this thesis work.
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We describe the analysis of the data in greater detail than there was space for iňSuhada et al.
(2010), especially given the fact that the details of the analysis are not available in manuals.
We will specifically highlight the differences compared to standard observations. This section is
fairly technical and assumes a good knowledge of the XMM-NewtonScience Analysis Software
(SAS) and standard X-ray data reduction and analysis. We refer the reader to the SAS User
Handbook for description of the individual tasks mentionedfurther in the text. The description
of the data analysis pipeline for standard data is provided in Sect. 5.2 and Fassbender (2008).

For the analysis in this work we used SAS version 10.0.0. Since a mosaic observation com-
prises several individual pointings its analysis has higher memory demands and therefore it is
advisable to set the SAS parameterSAS MEMORY MODEL to ”high”.

Mosaic mode data are provided in a standard Orbit Data Files (ODF) - with one ODF set for
the whole mosaic and not for each pointing. The ODF files are compatible with standard tools
and can be calibrated and filtered in a standard way with theepchain (for PN) andemchain (for
MOS) tasks in order to create eventlists.

Depending on the mosaic design and scientific objectives there are two possibilities: a) one
can either split the mosaic into individual pointings or b) continue to treat the mosaic in one piece.
Approach a) is desirable if the mosaic pointings are non-overlapping and has the advantage that
after the split we have one standard eventlist for each stable pointing (and per camera) which
can be processed with upstream pipeline tasks in a completely standard way. To treat the mosaic
as a whole makes sense only for contiguous mosaics. It has theadvantage for source detection,
because this way we can take advantage of the higher total exposure in the overlap areas of two
adjacent pointings and also utilize the counts detected during the slews. This procedure however
brings a few complications in the data processing. We will start by discussing this approach and
then we will return to the question of splitting the mosaic into individual parts.

4.4.1 Single piece mosaic handling

Since the mosaic ODF is SAS compliant we can use the standard SAS tasks to extract higher data
products from the eventlists e.g. extracting light curves,images and spectra usingevselect and
exposure maps witheexpmap. We will go through all the main steps of a typical observation
analysis, focusing on the differences compared to a standard analysis and provide work-around
recipes.

After creation of the eventlists from the mosaics ODF, we filter out periods contaminated
by soft-proton flaring - for example by a (multi-step) sigma clipping method (see Sect. 5.2).
Extraction of light curves from eventlists and subsequent good-time-interval filtering are exactly
the same as for standard observations.

Images, spectra and exposure maps can also be created in a standard way for the whole
mosaic (naturally, everything is more time costly than for astandard single field). The main
challenges are encountered during the source detection step with the SAS taskseboxdetect
andemldetect. The calculations done by these tasks are very memory intensive. The amount
of memory required depends on the size22 of the mosaic (more importantly than on the total

22We mean here the area of the mosaic on the sky and more specifically the size of its minimal bounding box,
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exposure time) and on the exact setup of the source detectiontasks - e.g. local detection requires
less memory than map mode, single band detection less than multiple bands etc. (for explanation
of the different setups see Sect. 5.3.1). Source detection in mosaic data will therefore often lead
to a memory overflow and a crash. Depending on the specific architecture of the machine on
which we run these tasks, setting theimagebuffersize parameter23 of botheboxdetect and
emldetect improves the performance, but still might not be sufficient for most applications. As
an example, we have found thatimagebuffersize=2000 works best on the machine used for
the XMM-BCS analysis24 and allowed to run all the standard detection setups (i.e. including the
5 bands times 3 detector setups requiring a simultaneous analysis of 15 images, exposure and
background maps) on∼ 1 deg2 sky segments. Larger areas with larger buffer size allowances
always caused a crash. Machines with more available RAM can process larger chunks, but the
maximal segment size can be established only by trial and error.

If a mosaic does not fit inside a∼ 1 deg2 bounding box (see footnote 22) we can split it to
several smaller segments and carry out the source detectionon them. This approach was also
taken when analysing the XMM-BCS mosaics.

First we use an image or exposure map of the whole mosaic to design a segmentation pattern
covering the whole mosaic and consisting of boxes with sidesmaximally 1◦ long. Especially
when interested in extended sources like clusters of galaxies, it is conservative to allow for& 1.5
arcmin overlaps between segments. This assures that each extended source (with extent typically
around 1− 2 arcmin) will be fully covered at least on one of the segments. The segmentation
patterns for the three mosaics of the extension of the XMM-BCS survey are shown in Fig. 4.6.

For each segment, we have to extract PN, MOS1 and MOS2 eventlist and create all the input
files (images and exposure maps) required by the source detection tasks. Eventlist for a given
segment can be obtained by recalculating the attitude of themosaic eventlist using the position
and size of the box segment. We therefore copy the original mosaic eventlist into a separate
directory for each segment to be extracted and process each of the eventlists with theattcalc
task with its keywords set to:

eventset = path to the given mosaic eventlist copied to the segment’s directory

withatthkset = yes

atthkset = path to the original attitude history time series (this file is part of the ODF set,
named with the pattern: *ATTTSR*.FIT).

refpointlabel = user

nominalra = right ascension of the center of the box segment

nominaldec = declination of the center of the box segment

i.e. there is a dependence on the layout of the pointings, too- more compact mosaic designs have smaller memory
requirements. As an example see Fig. 4.6, where extension C is much more memory intensive than A and B,
although it has the same number of pointings and roughly the same total exposure time.

23This parameter is not listed in the SAS manual but is acceptedby botheboxdetect andemldetect.
24A 32 bit architecture with 3.7 GB RAM memory.
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Figure 4.6: PN exposure maps in the 0.5− 2 keV band for the three mosaic observations of the
XMM-BCS field (OBSID: A - 0604870301, B - 0604873401 and C - 0604873901). The color
bar scales are linear, exposures are in seconds. The red boxes show the segmentation patterns
(see Sect. 4.4.1). The full XMM-BCS field is displayed in Fig.5.1.

imagesize = size of the box segment in degrees.

This way we produce eventlists, which can be further processed to obtain images, exposure
and background maps as well as local- and map-mode source list in the source detection steps in
a standard way. After obtaining the finalemldetect source lists for each mosaic in the segment,
we can merge them into a single list for the whole mosaic area.Some sources lying in the
overlap areas of two mosaics will have duplicate entries in the merged source list (or three or
more entries in the overlaps of three or more segments). These duplicates can be removed (or
more conservatively flagged) using a 5′′ matching radius. This radius was found to perform very
well, keeping two distinct but nearby sources while removing the duplicate entries.

There are two caveats to the described procedure:
1) Since the mosaic segments (and whole mosaics in general) consist of several pointings, for
any given point in the mosaic the information on the actual aim point of the telescope and its
position angle can not be kept in the eventlist header. This information is however needed to
properly calculate the off-axis angle and pointing orientation at any given point, which in turn
are required to evaluate the shape and size of the PSF local tothis point. The PSF would then be
used in the maximum likelihood source fitting step byemldetect. Instead, a warning message
is raised and an on-axis PSF model is used instead of the proper one. On the other hand, using
a mosaic we are able to utilize the larger exposure time (and thus higher sensitivity) where the
pointings overlap. We can note however, that it is in principle possible to reconstruct the proper
PSF for each point (see next section) and the current limitation is given only becauseemldetect
takes the pointing information from the image header (whichhas only a single keyword for the
whole mosaic and not for each individual pointing). A fully self-consistent PSF treatment for
mosaic data would thus require a redesign of theemldetect task.

2) The second caveat considers spectroscopy from mosaiced eventlists. Currently (i.e. up to
SAS 10.0.0), thebackscale task, used to calculate the area scaling factors of the spectra, is not
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compatible with mosaic eventlists. There are two work-arounds to this problem. One can either
extract the stable pointing in which the spectroscopy target lies as described in the next section.
Backscale can then be used safely with the stable pointing eventlists.If the spectroscopy target
falls into two or more pointing within the mosaic we can extract spectra from each split pointing
and fit them simultaneously. This approach should be generally preferred to merging spectra.
The second possibility is to use a detection mask to calculate the area scaling coefficients directly
from the mosaic, bypassingbackscale completely.

4.4.2 Splitting mosaic into individual pointings

Splitting the mosaic into individual pointings can be advantageous, particularly if it consists of
disjunct pointings. This can be achieved by good-time-interval filtering of low-level eventlists
(i.e. immediately after obtaining the mosaic eventlist form the ODF files).

In the first step, we have to obtain a list of start and stop times of the stable pointings within
the mosaic sequence. This information is kept in the spacecraft attitude history file distributed
with the observation data files (named *ATS.FITS, we will sayATS file hereafter). There is only
a single ATS file for the whole orbit - i.e. if there were other observations scheduled in the same
orbit they are also logged in this file (also the slews and position settling phases). There are four
possibletypesof operational phases from the attitude point-of-view. They are identifiable by
theTYPEID columns of the ATS file with these four possible values:C - closed-loop slew,O -
open-loop slew,S - settling phase, and finallyP - stable pointing.

Both P and S type of phases are usable and thus the individual pointings of interest can
be identified as havingTYPEID==S or TYPEID==P and theVALTIME parameter (signifying the
start time of the given phase) between the start and end time of the mosaic itself (listed as the
OBSSTART andOBSSTOP keywords in the header of the first extension of the mosaic eventlists25).

The number of entries (rows) filtered out this way will be equal to the number of individual
pointings in our mosaic. From the filtered ATS file we will keepfor each pointing the following
entries:

VALTIME - the beginning time of the given pointing.

VALDUR - duration of the pointing in seconds.

VIEWRA - right ascension of the pointing. The parameter corresponds to theRA PNT keyword in
a standard observation eventlist header.

VIEWDECL - declination of the pointing. The parameter corresponds totheDEC PNT keyword in
a standard observation eventlist header.

ASTPOS - the astrometrical positional angle in degrees. The parameter might be required during
the attitude recalculation phase, depending on the required output (see below).

ROLLANG - the roll-angle of the pointing in degrees.

25Note that these are not the same as theDATE-OBS andDATE-END keywords of the ATS file, which refer to the
start and end of the wholeorbit.
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In order to extract a single pointing eventlist from the original mosaic pointing we have to
calculate its good-time-interval. This is done in the following way: 1)GTI START = VALTIME -
T0, converted to seconds, whereT0 is the canonical XMM-Newtontime zero point26 and 2)
GTI STOP = GTI START + VALDUR. The good time filtering can be done as usual, e.g. by creating
a text file with theGTI START andGTI END parameters (single line, space delimited), converting
it to a GTI compliant fits file with thegtibuild task and usingevselect to extract the eventlist
from the input mosaic eventlist.

The resultant eventlist then contains only the counts gathered during the given pointing.
We can update its header information with the correspondingentries from the ATS table (e.g.
DEC PNT, RA PNT etc.). We can also update the keywordOBJECT to a value that uniquely identi-
fies the pointing within the mosaic sequence (optional, but useful).

In the final step we have to recalculate the attitude of the extracted eventlist (since at this
stage the attitude still refers to the center of the mosaic rather than the pointing itself). This is
done with theattcalc task with its keywords27 set to:

eventset = path to the just extracted singlepointingeventlist

withatthkset = no

refpointlabel = user

nominalra = the value of the pointing’sRA PNT keyword

nominaldec = the value of the pointing’sDEC PNT keyword

This procedure has to be repeated for each pointing (each filtered ATS entry) and yields
standard, fully compatible, single pointing eventlist. Those can be further processed to obtain
images, exposure and background maps as well as local- and map-mode source lists in the source
detection steps. All the data products required for spectroscopy (spectra, redistribution matrices
and ancillary region files) can be extracted without problems as well. Currently, the SAS task
emosaicproc is also available for splitting mosaics into individual pointings. The task is in
development stage and does not allow the users to directly carry out extended source detection,
change the parameters of the detection algorithm (e.g. detection and extent likelihood thresholds,
custom input file names, etc.) or handle PN OoT events. These features, however, can in principle
be added by modifying the source code ofemosaicproc or by customizing the relevant upstream
detection pipeline modules.

261997-12-31T23:58:56.0
27Similarly as we seen in the previous Sect. 4.4.1. Keywords not listed here should be left unset.
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The XMM-BCS galaxy cluster survey
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Abstract
The XMM-BCS project is a coordinated X-ray, optical and mid-infrared cluster survey in a field
also covered by Sunyaev-Zel’dovich effect surveys. The aim of the project is to study the cluster
population in a 14 deg2 field. The uniform multi-wavelength coverage will also allow us for the
first time to comprehensively compare the selection function of the different cluster detection
approaches in a single test field and perform a cross-calibration of mass scaling relations.

In this work, we present a catalog of 46 X-ray selected clusters from the initial 6 deg2 survey
core. We describe the XMM-BCS source detection pipeline andderive physical properties of the
clusters. We provide photometric redshift estimates derived from the Blanco Cosmology Survey
imaging data and spectroscopic redshift measurements for alow redshift subset of clusters from a
NTT observing campaign. The photometric redshift estimates are found to be in good agreement
with the spectroscopic values.

Our multi-wavelength approach gives us a comprehensive look at the cluster and group pop-
ulation up to redshiftsz≈ 1. From the present sample, we derive the cluster logN − logS using
an approximation to the survey selection function and find itin good agreement with previous
studies.

We compare optical mass estimates from the Southern Cosmology Survey available for part
of our cluster sample with our X-ray mass estimates derived from the X-ray luminosity. Weak
lensing masses available for a subset of the cluster sample are in agreement with our estimates.
Optical masses based on cluster richness and total optical luminosity are, however, found to be
significantly higher than the X-ray values.
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5.1 Introduction

The formation of the cold dark matter (CDM) dominated large-scale structure of the Universe
is hierarchical with smallest objects collapsing first. With passing time more and more massive
structures are able to decouple from the Hubble flow and enterthe non-linear regime, collapse
and eventually virialize. The statistical properties of the matter density field (e.g. its power
spectrum) as well as the growth of the structures are strongly dependent on the background
cosmology and can be thus used to put constraints on cosmological models.

From this point of view, clusters occupy a very important place in the structure formation
scenario, by being the most recent (i.e. redshiftsz . 2 - coincident with the onset of the dark
energy dominance) and thus also the most massive structures(1013 − 1015 M⊙) to virialize. The
cluster abundance is therefore exponentially sensitive tothe growth of the large scale-structure
and to the underlying cosmological parameters (Haiman et al. 2001; Majumdar and Mohr 2003;
Haiman et al. 2005).

The key parameter in cosmological tests of this type - the total mass of clusters (identified
with dark matter halos) - is itself not a direct observable. Fortunately, in first approximation,
clusters are virialized and their growth is gravitationally driven and therefore self-similar. This
allows us to link their mass to some suitable observable quantity originating from baryonic com-
ponents of the cluster - its galaxy population and the intra-cluster medium (ICM). The ICM is
directly observable in X-rays or through the distortion of the Cosmic Microwave Background
(CMB) imprinted by the ICM thermal electron population via inverse Compton scattering (the
so-called Sunyaev-Zel’dovich effect (SZE), Sunyaev and Zel’dovich 1972).

Since the ICM closely traces the DM potential, it offers better (i.e. lower scatter) mass-
proxies than those available from optical observations of the cluster’s galaxy population (e.g.
Reyes et al. 2008). In X-rays, the simplest and observationally least expensive mass-proxy is the
X-ray luminosityLX (Reiprich and Böhringer 2002; Pratt et al. 2009; Mantz et al. 2010a).

For the SZE experiments the most direct way to estimate the cluster mass is from the source
signal-to-noise ratio (e.g. Williamson et al. 2011; Vanderlinde et al. 2010), but more import-
antly, through the integrated Compton parameterYSZ. Numerical simulations suggest thatYSZ

should be an excellent proxy of cluster mass (da Silva et al. 2004; Motl et al. 2005; Nagai 2006).
First cross-comparisons of X-ray and weak lensing studies are generally finding good agree-
ment between the mass estimates and no significant deviationfrom the self-similar predictions
(Planck Collaboration et al. 2011a,b; Melin et al. 2011; Andersson et al. 2010; Marrone et al. 2009;
Bonamente et al. 2008).

If deeper X-ray observations are available, we can use the spectroscopic temperatureTX,
gas massMg and their combinationYX = TX Mg (the X-ray analogue to theYSZ parameter,
Kravtsov et al. 2006; Vikhlinin et al. 2009a; Arnaud et al. 2010) as good mass proxies. Using
theYX parameter Vikhlinin et al. (2009a) put a strong constraint on the cosmological parameters
including the dark energy equation of state. From a methodological point of view, this is interest-
ing for two reasons:1) it shows that useful cosmological constrains can be obtained already from
relatively small samples of clusters of galaxies, demonstrating the exceptional potential of this
type of cosmological tests; and2) already this modest sample is practically systematic-limited,
especially due to uncertainties in the mass estimation.
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There are many factors that affect the scaling relations and the intrinsic scatter of the cluster
populations around these relations: presence of cool cores(Markevitch 1998; O’Hara et al. 2006;
Motl et al. 2005; Pratt et al. 2009), substructures and the cluster’s dynamical state (Böhringer et al.
2010; Jeltema et al. 2008), non-gravitational physics (Nagai 2006), etc. In addition, one has to
account for the Malmquist and Eddington bias when determining the scaling relations from a
sample of clusters by proper treatment of the selection and mass functions (especially forLX ,
Pacaud et al. 2007; Vikhlinin et al. 2009a; Mantz et al. 2010a,b). As our cluster samples cover
broader redshift ranges potential deviations from self-similar evolution of the scaling relations
also become an important question.

In summary, in order to be able to well constrain cosmological models with cluster samples
we need:1) large cluster samples covering redshifts beyond unity;2) good knowledge of the
cluster selection function’s dependence on relevant observables and the distributions of these ob-
servables in the cluster population;3) a reliable, low scatter mass-proxy with a known evolution
in the redshift range of interest.

Surveying for clusters in SZE has a large potential with regards to all three requirements,
having an almost redshift independent selection very closeto a selection function with a fixed
mass limit at all redshifts and a robust mass-proxy in theYSZ parameter. Two ground-based
large-area cluster surveys are currently underway: one by the South Pole Telescope (SPT) and
one by the Atacama Cosmology Telescope (ACT). Both have already delivered their first SZE-
selected cluster samples (Williamson et al. 2011; Vanderlinde et al. 2010; Marriage et al. 2010;
Staniszewski et al. 2009) as well as observations of alreadyknown clusters (Plagge et al. 2010;
Hincks et al. 2010). Also thePlanckspace mission has delivered its first cluster catalog (Planck
Collaboration et al. 2011a).

While, the SZE surveying approach is a very interesting new channel to do cluster cosmology,
in these early stages there is still a lot of work to be done to understand the systematics like e.g.
the influence of radio/sub-mm sources and primary CMB fluctuations on the selection, the mass
calibration and sensitivity to cluster outskirts.

Multi-wavelength follow-up of SZE selected clusters is essential, but selection function stud-
ies require also comparison of blind surveys. To this end we are conducting the XMM-BCS
cluster survey. The survey field covers a 14 deg2 area in the overlap region of the SPT and ACT
surveys. The field has full coverage with the 4m CTIO telescope at Cerro Tololo, Chile, in the
framework of the Blanco Cosmology Survey (BCS) ingriz bands andSpitzerobservations in
the mid-infrared. With this optical to mid-IR coverage we are able to provide robust photometric
redshift estimates out to redshifts≈ 0.8 (≈ 1 includingSpitzerdata). The X-ray coverage consists
of XMM- Newtonobservations split into two distinct parts. The 6 deg2 core of the X-ray survey
field was observed with 42 standard, individual pointings (with ∼ 10 ks effective exposure time).
In this work, we present an initial cluster catalog based on these observations.

After SPT commenced its operations, it was soon found that the mass threshold of contem-
porary SZE surveys is higher than expected. In order to offer a larger overlap between the SZE
and X-ray selected cluster samples, we carried out an extension of the X-ray survey by covering
an additional 8 deg2 in three large-area fields utilizing the new mosaic mode typeof observations.
These observations allowed us to cover a significantly larger area in a very time-efficient way.
First results as well as details on the analysis of this type of XMM- Newtonobservations are de-
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scribed inŠuhada et al. (2010). We demonstrate there the feasibility of blindly detecting clusters
found with current generation SZE experiments in only∼ 3 ks long XMM-Newtonobservations
(including tentative spectroscopic temperature measurements) in the case of two SPT detected
clusters (Vanderlinde et al. 2010). The final 14 deg2 X-ray cluster catalog is expected to roughly
double the number of clusters in the present sample and this sample will then be interesting also
for its cosmology-constraining power.

The X-ray cluster catalog is also going to be used for selection function comparison with op-
tical and mid-infrared cluster searches. A direct comparison with lower significance SPT detec-
tions is underway (note that the cluster catalog in Vanderlinde et al. (2010) and Williamson et al.
(2011) include only> 4.5σ detections). Stacking analysis of SZE detections without X-ray
counterparts and vice versa will also be explored in upcoming work.

In addition, radio observations with ATCA (The Australia Telescope Compact Array) are
planned and we have already initiated an optical follow-up of several clusters from the present
sample with the GROND instrument on the 2.2 meter telescope in La Silla, Chile, with the aim
to study the galaxy population of the clusters.

The paper is organized as follows: in Sect. 5.2 and 5.3 we describe the analysis of the X-
ray observations and cluster detection pipeline. The optical data, photometric redshift estima-
tion and spectroscopic campaign are detailed in Sect. 5.4. In Sect. 5.5 we provide our cluster
sample, the physical parameters of the detected clusters and determine the survey’s preliminary
statistical properties. We also cross-correlate our cluster catalog with known sources and carry
out a detailed comparison with the optically selected sample of Menanteau et al. (2009) and
Menanteau et al. (2010) (M09 and M10 hereafter). Sect. 5.6 discusses the X-ray error budget
and gives an outlook on the upcoming work in the context of theXMM-BCS survey. We give
our conclusions in Sect. 5.5. In the appendices we provide ancillary information for the indi-
vidual clusters, a preliminary comparison of our simplifiedsensitivity function calculations with
realistic simulations and a cross-comparison with the XMM-LSS cluster survey.

Throughout the article we generally refer to objects in our sample as ”clusters” regardless
of their mass. The term ”group” will be used to refer to systems with masses. 1014 M⊙.
We will refer to individual objects by their identification number (ID). Proper object names are
listed in Table 5.7. We adopt aΛCDM cosmology with (ΩΛ,ΩM,w,H0) = (0.7, 0.3,−1, 70 km
s−1 Mpc−1). Estimated physical parameters are given in apertures corresponding to factor 200
and 500 overdensities with respect to thecritical density of the Universe at cluster redshift.

5.2 XMM- Newton data reduction

The XMM-Newtoncoverage of the XMM-BCS survey core consists of 42 partiallyoverlapping
pointings with offsets of 22.8 arcmin covering a total area of about 6 deg2 (see Fig. 5.1). The
observing time was allocated in the frame of anXMM-NewtonLarge Programduring AO6. Four
additional observations were carried out in AO7 to replace fields with large losses due to soft-
proton flaring. The observation of field F09 (Table 5.1) was carried out in two parts. The total
observing time amounts to∼ 580 ks, with an average total nominal time per pointing of∼ 15 ks
(including instrument setup time and high background periods). Table 5.1 displays the basic
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Figure 5.1: Mosaic X-ray image of the 14 deg2 XMM- Newtonsky survey. The false color image
was constructed from the surface brightness in the 0.3− 0.5, 0.5− 2.0 and 2.0− 4.5 keV bands.
White region (F) marks the 6 deg2 core of the survey presented in this work. Regions A, B and
C constitute the extension of the survey by mosaic mode observations. The missing fields have
significant losses due to soft proton flares. Green circles mark the positions of the present cluster
sample and have a radius equal tor500.

information about the individual pointings. The THIN filterwas used in all observations. The
EPIC PN camera was operated in full frame mode.

The full XMM-BCS X-ray field is displayed in Fig. 5.1. The coreregion presented in this
work is inside the white boundaries (region F). Regions A, B and C mark the three mosaic
extensions of the survey. The five missing fields in region F have been completely lost due
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to flaring (F03, F05, F42) or had large time losses due to flaring and have very high residual
quiescent soft proton contamination (F07 and F13).

The EPIC data was processed with the XMM-NewtonStandard Analysis System (SAS)
version 7.1.0. We reduced and calibrated the raw observational data files with the SAS tasks
epchain for the EPIC PN detector andemchain for both MOS detectors. Events in bad pixels,
bad columns and close to the chip gaps are excluded from further analysis.

The eventlists were screened for high background periods caused by soft proton flares. We
reject time intervals with background count rate above the 3σ limit from the mean level in the
12− 14 keV band for PN and 10− 12 keV band for MOS1 and MOS2. The mean background
count rate is determined by fitting a Gaussian model to the distribution of counts in the light curve
binned in 100 second intervals. After this first cleaning step, we apply the same 3σ clipping
procedure in the 0.3 − 10 keV band on 10 second binned light curves to conservatively remove
time intervals affected by low energy flares. An example of a two-step cleaned light curve is
displayed in Fig. 5.2.

Time lost due to flaring in our observations amounts typically to ∼ 20% of the full effective
observing time. Six observations of the initial fields from AO6 were too heavily affected by the
flaring even after the two step cleaning. Three of these fieldshave been replaced by observations
in AO7 (F01b, F02b, F35b) and the partially lost field F04 was also reobserved.

Detection and analysis of faint diffuse sources like clusters of galaxies in shallow surveys
can be additionally affected by low energy soft protons with a roughly constant flux.This so-
called quiescent soft proton background can not be detectedbased on light curve screening due
to its small temporal variations, especially not in observations with short duration. In order to
characterize possible contamination from this part of the non-X-ray background, we applied the
diagnostics developed by De Luca and Molendi (2004), based on the ratio of X-ray flux in the
8− 10 keV inside and outside the field of view of each detector. The diagnostic reveals that the
our data has the overall high quality required for our purposes. The vast majority of fields is
not contaminated by quiescent soft proton background at allin any of the detectors. Five fields
(F04, F06, F16, F25, F32) have a slight contamination with negligible effect on data analysis and
derived results. Fields F07, F13 have significant time losesdue to flaring periods (particularly in
PN) and in addition are now found to have strong residual quiescent contamination. There is no
cluster found in these fields in the present sample. Field F32is affected in a similar way as well
Here, however, the exposure time after flare removal is larger and we were able to identify two
clusters (ID 476 and 139) in this observation.

The double component background model (see Sect. 5.3.1) used for source detection and
characterization can in principle account to first order forsuch an enhanced background by in-
creasing the unvignetted part of the background model. The vignetting function of such particle
background has a different shape than the vignetting of the X-ray photons, but it is known only
tentatively. We expect the errors from such first order approximation to be small compared to
other sources of uncertainty (including the shot noise itself). We thus decide to include into
our analysis also fields with strong residual quiescent contamination, but parameters derived for
sources in these fields should be handled with caution.

We treat out-of-time-events (OOTE) for the PN detector in a standard way. For each obser-
vation, we generate an OOTE eventlist with theepchain and remove time periods identified in
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Table 5.1: The individual XMM-Newtonpointings. Quoted exposures are effective exposures
with high background periods filtered out.

Field ID RA (J2000) Dec (J2000) Exposure times (ks)
OBSID Internal PN MOS1 MOS2
0505380101 F01 23:21:38.4 -56:07:34.4 observation lost due to flaring
0554561001 F01b 23:22:00.1 -56:09:03.3 7.8 10.4 10.4
0505380201 F02 23:24:23.5 -56:07:13.2 observation lost due to flaring
0554560201 F02b 23:24:43.8 -56:09:03.0 10.2 13.2 13.2
0505380301 F03 23:27:07.0 -56:07:16.3 observation lost due to flaring
0505380401 F04 23:29:50.6 -56:07:16.0 5.2 6.9 6.9
0554560901 F04b 23:30:11.7 -56:09:01.2 3.1 12.7 12.7
0505380501 F05 23:32:34.6 -56:07:12.8 observation lost due to flaring
0505380601 F06 23:35:39.3 -56:08:18.7 5.6 10.6 10.6
0505380701 F07 23:20:49.3 -55:45:35.1 4.4 9.6 9.6
0505380801 F08 23:23:31.4 -55:45:39.2 9.3 9.1 0.0
0505380901 F09 23:26:12.7 -55:46:10.2 2.3 6.0 6.0
0505384801 F09b 23:26:11.6 -55:46:30.2 7.3 9.8 9.8
0505381001 F10 23:28:55.3 -55:45:39.2 9.7 12.6 12.6
0505381101 F11 23:31:37.8 -55:45:39.7 7.2 9.7 9.7
0505381201 F12 23:34:19.5 -55:45:42.6 10.8 13.5 13.5
0505381301 F13 23:37:01.4 -55:45:39.2 2.3 10.6 10.6
0505381401 F14 23:19:29.9 -55:23:01.1 10.8 13.9 13.9
0505381501 F15 23:22:09.7 -55:23:23.1 7.4 9.9 9.9
0505381601 F16 23:24:50.3 -55:23:26.3 3.2 11.7 11.7
0505381701 F17 23:27:29.7 -55:23:45.9 7.3 10.0 10.0
0505381801 F18 23:30:10.5 -55:23:41.1 11.3 15.2 15.2
0505381901 F19 23:32:51.0 -55:23:38.5 7.4 8.9 8.9
0505382001 F20 23:35:31.3 -55:23:44.6 10.5 13.9 13.9
0505382101 F21 23:38:12.0 -55:23:43.7 4.8 8.2 8.2
0505382201 F22 23:18:20.7 -55:00:13.1 11.8 14.3 14.3
0505382301 F23 23:20:58.9 -55:00:36.3 7.3 10.0 10.0
0505382401 F24 23:23:37.8 -55:00:35.5 7.5 10.0 10.0
0505382501 F25 23:26:16.6 -55:00:42.1 15.2 20.6 20.6
0505382601 F26 23:28:55.2 -55:00:49.1 9.4 12.1 12.1
0505382701 F27 23:31:34.3 -55:00:51.0 6.1 11.9 11.9
0505382801 F28 23:34:12.9 -55:00:55.7 7.1 9.8 9.8
0505382901 F29 23:36:51.9 -55:00:54.2 7.3 9.9 9.9
0505383001 F30 23:19:41.6 -54:37:27.7 12.7 16.4 16.4
0505383101 F31 23:22:18.6 -54:37:53.3 7.4 10.0 10.0
0505383201 F32 23:24:56.1 -54:37:52.3 11.6 13.6 13.6
0505383301 F33 23:27:32.7 -54:38:04.7 13.0 15.9 15.9
0505383401 F34 23:30:10.6 -54:38:00.9 9.1 11.9 11.9
0505383501 F35 23:32:29.0 -54:36:00.3 observation lost due to flaring
0554560601 F35b 23:32:47.7 -54:38:05.8 7.7 11.4 11.1
0505383601 F36 23:35:25.6 -54:37:57.3 8.6 11.8 11.8
0505383701 F37 23:21:08.8 -54:15:02.4 7.5 9.9 9.9
0505383801 F38 23:23:44.6 -54:15:01.5 8.7 11.5 11.5
0505384901 F39 23:25:58.1 -54:14:20.2 5.5 6.8 6.8
0505384001 F40 23:28:56.6 -54:15:15.2 9.4 12.2 12.2
0505384101 F41 23:31:32.4 -54:15:13.7 9.9 12.5 12.5
0505384201 F42 23:33:49.9 -54:13:13.3 observation lost due to flaring
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Figure 5.2:Left: The black line shows the 10 second-binned PN light curve in the 0.3− 10 keV
band for the field F04. The beginning of the observation was affected by flaring. The green
curve shows the light curve after the two-step cleaning (seeSect. 5.2), which safely removed
all contaminated time intervals.Right: Examples of the detection pipe products for field F04
in the 0.5− 2 keV band of the PN detector:a) counts image,b) double-component background
model,c) binary detection mask,d) reconstruction of all the detected sources. The green circle
(2 arcmin. radius) marks the cluster ID 018.

the two step cleaning process of the main PN eventlist. Whenever an image is extracted from the
PN eventlist, we extract also an image with the same selection criteria from the OOTE eventlist,
scale this image with a factor of 0.063 (full frame readout mode) and subtract it from the main
PN image.

5.3 Source detection

As the main source detection algorithm we utilize the sliding box technique and a maximum
likelihood source fitting in their improved implementationin the SAS taskseboxdetect and
emldetect. A detailed description of the work flow and configuration of our detection pipeline
developed for the XMM-NewtonDistant Cluster Project (XDCP) can be found in Fassbender
(2008), here we only summarize the main steps.

Source detection is carried out in three different schemes:
(i) the standard three band scheme: provides continuous, non-overlapping coverage in three en-
ergy bands: 0.3− 0.5 keV, 0.5− 2.0 keV and 2.0− 4.5 keV.
(ii) the optimized single band scheme: covers the 0.35− 2.4 keV band and was chosen to max-
imize the signal-to-noise-ratio for clusters of galaxies with a large range of redshifts and tem-
peratures (see also Scharf 2002). This bandpass is expectedto maximize the number of detected



5.3 Source detection 67

photons especially for high redshift systems (z& 1)
(iii) the five band spectral matched scheme: uses five partially overlapping bands (0.3 − 0.5,
0.35− 2.4, 0.5 − 2.0, 2.0 − 4.5 and 0.5 − 7.5 keV). This scheme is equivalent to a single band
detection in the full 0.3− 7.5 keV range, where the energy intervals in the overlaps have higher
weighting. The shape of the weighting function roughly mimics the expected continuum spec-
trum shape of a hot cluster (Fassbender 2008). This setup wasused only to confirm detections
from the first two schemes and we do not use any results derivedfrom it in the current work.

We have also carried out a detection using a wavelet detection algorithm developed for the
COSMOS project by Finoguenov et al. (2007). Every cluster presented in our current sample has
also been confirmed by this approach. In addition, we have identified four systems (Table 5.9)
with a wavelet detection but no SAS-based detection in any setup. All four systems are coincident
with significant galaxy overdensities. We find many interloping X-ray point-sources in these
systems (a potential source of misclassification in the SAS detections). Even after conservative
point source removal, residual contamination makes all theestimated X-ray parameters highly
uncertain. These detections are not included in the statistical description of the sample (e.g. the
logN − logS relation) and are listed here only for completeness.

5.3.1 Source list generation

In order to obtain the raw source lists, we extract images from the cleaned eventlist for each
detector and each band required in the given detection scheme (e.g. in the three band scheme
three images for each detector, in total nine images per field). We run the sliding box detection
algorithm (eboxdetect in the so-calledlocal mode) on these images. The background for each
potential source is estimated only locally in a detection cell of 5 × 5 pixels in 4 successive runs
with the number of pixels per cell doubled in each iteration.Sources detected by this procedure
are then excised from the images, creating an image usable for proper background estimation.

We model the background of each detector and band individually with a double compon-
ent background model. This background model is a linear combination of two templates based
on vignetted and unvignetted exposure maps, taking into account the sky X-ray background
(vignetted component) and the particle and instrumental background (unvignetted in the first
approximation).

The final sliding box detection is then run utilizing the fitted background model instead of
a locally estimated background. For all sources above the detection threshold we carry out a
maximum likelihood fitting (with theemldetect task). A beta profile with a fixed beta value
of β = 2/3 convolved with the two dimensional point-spread function(PSF) is fitted to each
source. The fit is carried out for all three detectors and all the bands in the given detection
schemesimultaneously. The free parameters of the fit are the source position, normalization of
the model (for each detector and band) and the core radius,θc, characterizing the source extent.
If the extent of the source is not statistically significant,the source is refitted as a point source
with extent fixed to zero.

The detectionlikelihood of a source is given by thedet ml parameter in theeboxdetect
andemldetect tasks, defined as detml = − ln Prand, wherePrand is the probability of observed
counts arising from pure random Poissonian fluctuations. Ineach step of the detection process,
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the minimum detection likelihood is set to 6, roughly equivalent to a& 3σ detection in terms of
signal-to-noise ratio.

The extent likelihood ext ml, defined analogously to characterize the probability of the
source being extended, is required to be≥ 3 in the three-band scheme and≥ 5 in the single
band scheme (corresponding approximately to minimum extent significances of∼ 2σ and∼ 3σ
respectively).

For a more detailed discussion and justification of the chosen detection schemes and thresh-
olds we refer to Fassbender (2008), who also demonstrates the performance of the described
source detection methods on over 450 archival XMM-Newtonobservations in the framework of
the XDCP project. A description of the used SAS tasks can be found in the SAS 7.1.0 reference
manual.1

In the current work, we aim for the best possible survey completeness including the high
redshift end of the cluster distribution and reliable source classification especially close to the
detection thresholds. This is also helped by combining different detection schemes and setting
relatively low extent thresholds. The increasing source contamination close to the detection
threshold is treated with careful screening using the optical data and ancillary X-ray information
(e.g. quality flags described in Appendix 5.8.1).

The detected sources create a raw master list of extended sourcecandidates. Each of these
candidates is then screened visually with optical imaging data (4 band BCS imaging) and accep-
ted to the presented cluster catalog only if a significant overdensity of galaxies in the photometric
redshift space is found (Sect. 5.4). The availableSpitzerimaging for the whole field will be used
in the future to confirmz >1 systems, where the depth of the BCS imaging is not sufficient
anymore.

The purely X-ray based selection function will be developedin subsequent work based on
simulations, where completeness and contamination of different detection schemes will be stud-
ied. Guided by extensive simulations of X-ray observations(Mühlegger 2010), we are going
to be able to get a high precision description of the survey selection function. This evaluation
is still in progress. A statistically well defined cluster sample will be drawn from the current
catalog (plus its 8 deg2 extension) and used to study the evolution of the cluster X-ray luminosity
function and perform cosmological tests.

Treatment of MOS CCDs in anomalous state

A special note is required concerning the anomalous states of CCD#4 of the MOS1 and CCD#5
of the MOS2 detectors and their effect on extended source detections. The occurrence of these
anomalous states is becoming more frequent. Half of our fields have the MOS2 CCD#5 in the
anomalous state and∼ 20% have an anomalous MOS1 CCD#4 (some observations are affected
by both). These anomalous (”hot”) states are characterizedby high overall background count
rates with atypical hardness ratios. The most affected are the soft bands (see Kuntz and Snowden
2008a).

We check for the presence of a hot chip in an observation by comparing count rates extracted

1xmm.esac.esa.int/sas/7.1.0/
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Figure 5.3:Left: Image of field F21 taken by the MOS2 camera in the 0.5− 2.0 keV band. The
MOS2 CCD#5 is visibly in an anomalously high (”hot”) with an enhanced background. Sources
detected in this field are marked by green circles. Sources with red circles were automatically
flagged as possibly spurious detections caused by the presence of the hot chip.Middle: A com-
posite background model for the same detector and band created by fitting the double component
model independently to the CCD#5 and the rest of the chips. The three blue-marked chips are
the reference chips used to identify hot chips in the observations. Right: The ratio of the total
detection likelihood(log scale) from the MOS2 chip in the 0.3 − 0.5 and 0.5 − 2.0 keV bands
to the total detection likelihoods from all other detectorsand bands (log scale). Blue bars show
the confirmed clusters from our sample, the red bars the 8 flagged sources from field F21 (from
the left panel). The vertical line marks where the soft band MOS2 detection constitutes 90% of
the total detection likelihoods in all detectors. The flagged sources were confirmed as spurious
by the optical data. A single confirmed cluster (ID 275) appears above the threshold, but isnot
flagged as spurious since it would have been above the detection likelihood even without the
MOS2 detection (i.e. not meeting all the required criteria described in Sect. 5.3.1).

from the suspected chip and the mean count rate of three otherchips in symmetrical positions
around the central chip (i.e. the mean count rate of CCD#2, CCD#4, CCD#7 of MOS2 and
CCD#3, CCD#5, CCD#7 of MOS1 detector). These reference chips were selected, because they
best match the area, shape and position of the affected chips (see middle panel of Fig. 5.3). The
count rates calculated in the 0.3− 2.0 keV band from the three reference chips are then averaged
to reduce shot noise and a chip is flagged hot, if its count rateis more than 10% higher than
the mean count rate from the reference chips. This thresholdis chosen to be very conservative
and was found to perform excellently, since chips in anomalous states have typically count rates
50− 100% higher than the reference rate.

The exceptionally high background of the hot chips leads to many spurious extended source
detections, when left untreated (see Fig. 5.3). We flag sources as possibly spurious detections
caused by the presence of a hot chip if at the same time: 1) theylie on a chip that was flagged hot,
2) are extended, 3) the detection likelihood from the given hot MOS detector in the soft bands
(sum of the 0.3− 0.5 and 0.5− 2.0 keV bands) accounts for more than 90% of the total detection
likelihood and 4) the source would be under our detection threshold without the detection on
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the affected chip. We still visually checked every flagged source also in the optical images and
confirmed the classification of these sources as spurious.

An example of this procedure can be seen in Fig. 5.3. The observation of field F21 has a hot
MOS2 CCD#5, clearly visible as an enhanced background (in the raw image in the left panel
and in the model background in the middle). The 8 extended sources detected on this chip were
flagged as a possibly spurious based on the described criteria. The detection likelihood ratio
(the MOS 2 detection likelihood in the soft bands over the total detection likelihood) of these 8
sources are displayed on the left panel of Fig. 5.3 (red) as compared to the sample of confirmed
clusters in our sample (blue).

A similar criterion can be applied in principle also to spurious point source detections. An
additional improvement can be achieved by weighting the input detection likelihoods by the
number of pixels in the detection aperture in order to avoid apossible bias, if a source has a low
detection likelihood in one of the reference detectors onlybecause it falls on a chip gap or is
(partially) out of field-of-view.

In addition, we make an attempt to model the high background of the hot chips by fitting in
first approximation the double component model to a hot chip only and another double compon-
ent model to the remaining chips. The two parts of the background model are then combined to
create a composite background map for the full detector area(middle panel of Fig. 5.3). All the
extended sources on hot chips flagged as spurious with the described detection likelihood test,
are not detected when the composite background maps are utilized, confirming the reliability of
our classification. The effect of using a composite background instead of a standard background
on detections coming from the remaining, non-anomalous chips is minor, since the two back-
ground models in these areas differ typically by less than 5%, and only the softest bands of each
detection scheme are affected. For the source characterization in observations affected by hot
chips we use exclusively composite background maps.

5.3.2 Growth curve analysis

The X-ray flux of the clusters is the most direct physical parameter obtained from observations
and allows us to determine the X-ray luminosityLX and estimate other key parameters as the
temperature and mass of the cluster from scaling relations.

A typical cluster of galaxies in relatively shallow observations like ours appears as a faint
diffuse source with typically of the order of& 100 source photons registered (total from all
three standard bands and detectors). Thus in order to get a reliable measurement of the flux and
trace the emission of the cluster as far out possible, we haveto employ a robust method. In
this work we utilize thegrowth curve methoddeveloped for the REFLEX and NORAS cluster
samples derived from theROSATall sky survey by Böhringer et al. (2000). Here we summarize
the procedure.

For each source, we extract images, exposure maps and background maps in the 0.5−2.0 keV
band, excluding all point sources detected by the pipeline.MOS1 and MOS2 products are then
directly co-added, since the difference in their response matrices is small. We run the growth
curve program on the PN and co-added MOS images independently.
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Figure 5.4: Example of the growth curve analysis of source ID018 (photo-z=0.39). The cluster’s
redshift and luminosity are close to the median values of theentire sample. The curves show the
encircled cumulative flux as a function of radius (PN: blue curve, combined MOS: red). The
PN and MOS curves are in good agreement. Dashed lines mark theflux measurement error bars
which include the Poisson noise and an additional 5% systematic error from the background
estimation. The estimated plateau flux is Fplat = 5.24× 10−14 erg s−1 cm−2 (horizontal line),
reached atrplat ∼ 90 arcsec. The vertical line signifies the estimatedr500 radius of the source,
r500 = 0.6 Mpc (∼ 117 arcsec). In this case, the plateau radius is slightly smaller thanr500 and
the flux and luminosity forr500 had to be extrapolated from their plateau values. The required
extrapolation is only∼ 2% in this case. See Sect. 5.3.3 for details.

In this analysis we use the X-ray center coordinates obtained from the beta model fitting pro-
cedure in the source detection step. We also explored the possibility of recentering by minimizing
the dipole moment of the count distribution (see e.g. Böhringer et al. 2010). This procedure usu-
ally yielded centers very close to the best-fit coordinates,but for faint sources often completely
diverged. The best-fit coordinates were always found to be a good description of the detected
X-ray emission centroid.

Counts are extracted from the image in concentric rings starting from the center and scaled
by the exposure time. In this way we obtain the total (source+ background) count rate profile.
The expected background count rate is estimated from the background map and subtracted for
each ring from the total count rate, obtaining the source count rate profile. Thegrowth curveis
the cumulative background subtracted source count rate profile (see Fig. 5.4).

We term the full aperture inside which a stable growth curve can be obtained, theextraction
radius rext (typically a 150− 200 arcsec aperture). It is adjusted for each source individually
(increased for brightest, most extended sources or trimmedfor sources close to the edge of FOV
or to a partially blended systems) and includes the source itself as well as enough sky region to
check the reliability of the double component background subtraction.
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If the background model describes the local background accurately, the growth curve levels
off to a flat plateau at the outer edge of the source. To estimate the total detected cluster emission,
we first calculate thesignificance radius rsig, defined as the radius outside which the source
signal increases less than the 1σ uncertainty in the count rate. The significance radius thus gives
the outermost radius where the potential increase of the growth curve becomes less than 1σ
significant. This radius is found to be typically slightly smaller than the radius where the source
signal-to-noise ratio decreases below unity.

To alleviate the effect of shot noise,rsig is determined by smoothing the growth curve in 20
and 48 arcsec windows (5 and 12 pixels respectively). For most clusters the two estimates are
in agreement. In the remaining cases, the local background usually exhibits irregular features
not captured by the double component model and we select the more appropriatersig and plateau
after visual inspection.

In addition, a single multiplicative correction factor to the background model can be set,
if the plateau exhibits a significant residual slope. This additional factor corrects the overall
normalization of the double component model locally insiderext. The average background cor-
rection factors are−2% (i.e. a 2% decrease compared to the default double component back-
ground) for PN and 0% for MOS (with standard deviations 7% and8%, respectively). More
than 3/4 of the present sample have correction factors smaller than10%. Reiprich (2001) and
Reiprich and Böhringer (2002) used a similar correction procedure utilizing a second order poly-
nomial to obtain stable plateaus. In our case, a simple correction factor turned out to be sufficient
and not leading to background over-fitting.

After setting the background correction, the total source count rate is estimated as the count
rate of the plateau. The flat plateau of the growth curve outside rsig is then fitted with a line. If
the slope of the line is less than 0.8% per radial bin, the plateau fit is accepted and the plateau
count rateCTRplat is estimated as the mean of the fitted line. If the slope is still not negligible,
an additional attempt is made to find a stable plateau by iteratively removing the outermost and
innermost (still outsidersig) bins. We note that in∼ 80% cases the first simple fit is fully accept-
able and no further iterations are necessary. For more detailed description of the iterative process
and quality flags of the plateau fit see Sect. 5.8.1 in the appendix. The aperture corresponding
to the plateau count rateCTRplat, theplateau radius rplat, is defined simply as the radial distance
where the growth curve first reachesCTRplat.

We provide a performance test of our X-ray photometry methodon the example of the XMM-
LSS cluster catalog (Pacaud et al. 2007) in Appendix 5.8.4. The main advantages of the growth
curve method thus are:(i) Excellent sensitivity allowing us to trace cluster emission to the out-
ermost faint outskirts.(ii) It makes no assumptions about the source profile unlike methods
based on beta model fitting, which is fully degenerate in the regime with< 400− 500 counts
and is known to not be an appropriate description of cluster emission for irregular and cool
core clusters.(iii) The method allows to check and correct the background modelling which is
done for the whole field of view, by adjusting several parameters to the conditions local to each
analyzed source.(iv) The PN and combined MOS growth curves are treated completelyinde-
pendently. Their comparison provides us with an important consistency check and allows us to
treat instrument specific features in the background separately.
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5.3.3 Physical parameter estimation

With a stable PN and MOS growth curve at hand we determine all the relevant physical paramet-
ers of the clusters in an iterative way.

In a given iteration, we measure the count rate inside the actual r500 aperture. From the es-
timate of the temperatureT500 (from the previous iteration), we calculate the energy conversion
factor (ECF) for PN and MOS, assuming a MeKaL spectral model (Mewe et al. 1985; Kaastra
1992; Liedahl et al. 1995) withT500, abundance of 0.3 times solar abundance and the hydro-
gen column density set to the Galactic value derived from theHI observations of Kalberla et al.
(2005).

To account for the spatial variation of the spectral response of the detectors we calculate a
response matrix for each source individually in a 150 arcsecaperture centered on the source for
the THIN filter. The MOS2 response matrix is used to calculatethe ECF of the co-added MOS
count rates.

With the obtained ECFs the PN and MOS count rates are converted to flux. From the flux
and known redshift of the source the k-corrected X-ray luminosity LX(< r500) is calculated.

The flux and luminosity estimates inside the plateau radiusrplat from the growth curve method
do not require any assumption about the spatial distribution of the source emission. However, in
some cases the actual value ofr500 is greater thanrplat (i.e. outside the region with directly meas-
urable emission), and therefore an extrapolation correction is applied to the flux and luminosity.
We correct for the missing flux by extrapolating the source emission with a beta model between
the plateau radius and current estimate ofr500. Theβ andrcore of the beta model are estimated
from the actual estimate ofT500 using the scaling relations of Reiprich and Böhringer (2002).
Owing to the good sensitivity of the growth curve method allowing us to trace cluster emission
out to large radii, the required extrapolation is minor. Themean correction is∼ 2%/ ∼ 3% for
PN/MOS (∼ 27% at maximum).

The final source flux and luminosity in the 0.5−2.0 keV band are then obtained by averaging
of the PN and MOS fluxes weighted with their inverse squared errors. Sources for which the
PN and MOS estimates do not agree or one of the estimates is missing (e.g. source outside of
the FOV of a given detector) are flagged (Table 5.7 in the appendix). An X-ray photometric
quality flag is also assigned to each source based on the quality of the plateau fit, portion of
pixels outside the detection mask, presence of anomalous features in the X-ray background and
visual screening.

The LX(< r500) is then used to update the values ofT500, M500, r500, andYX(< r500) in the
current iteration. We utilize theL−T, L−M andL−YX scaling relations from Pratt et al. (2009).
These scaling relations are best suited for our purposes forseveral reasons. They were derived
from XMM-Newtonobservations (removing possible calibration issues between relations de-
rived from different instruments) of a representative cluster sample (REXCESS, Böhringer et al.
2007). The sample covers a great range of the cluster luminosity function without a bias towards
a morphological structure type (like e.g. presence of a cooling core or merging activity). The
distribution of REXCESS clusters according to their morphology is therefore closer to the distri-
bution of clusters expected to be detected in surveys conditions. Additionally, theL−M relation
is based on theL −YX andYX −M scaling relation, which is found to be more robust than previ-
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ous directL − M calibrations (Arnaud et al. 2007). We use the relation coefficients from BCES
orthogonal fits (Akritas and Bershady 1996), which do not treatT500 as the independent variable,
since our only measured independent variable is in factLX(< r500). At this stage it is impossible
to safely detect and remove emission from possible cooling cores because of the limited resolu-
tion of XMM-Newton. Therefore we opt not to do so and use the relations that include the core
regions.

The redshift range covered by the REXCESS sample is relatively small (z < 0.2). In this
range no significant deviations from the self-similar evolution were found. Since our sample
extends out toz≈ 1, where deviations are expected, we test how large is the influence of a slower
than self-similar evolution on the estimated physical parameters in Sect. 5.6.1. The exact form
of the evolution is still an open question (Arnaud 2005; Pacaud et al. 2007) with the first solid
detection made only recently by the Chandra cosmology project (see Vikhlinin et al. 2009a).
The exact shape of the evolution law is still not well constrained and thus can not be reliably
incorporated into the parameter determination. The REXCESS sample also does not sample the
temperature distribution below∼ 2 keV, where a substantial part of our sample is lying.

We then use theM500 estimate to obtain a newr500 radius fromr500 =
3
√

3M500/4π500ρC(z),
whereρC(z) is the critical density of the Universe at redshiftz. In the next iteration this newr500

aperture is used to recalculate the luminosity and the wholeprocess is repeated until converging
to a final solution.

The described algorithm was also applied to the clusters SPT-CL J2332-5358 and SPT-CL
J2342-5411 iňSuhada et al. (2010) detected in the extension of the XMM-BCSsurvey. These
sources have been independently analysed by Andersson et al. (2010) using deeper data (from
XMM- Newtonfor the first cluster and fromChandrafor the second). Their results are in good
agreement2 with our values, demonstrating that our method yields robust results. We discuss
several possible sources of systematic errors of this procedure in Sect. 5.6.1. Physical parameters
determined for the present cluster sample are displayed in Table 5.6.

As a summary we provide here a compilation of scaling relations used to estimate the para-
meters in Table 5.6. The bolometric luminosity based scaling relations forr500 as described above
are taken from Pratt et al. (2009):

M = 2× 1014 M⊙

(

h(z)−7/3L
1.38× 1044 erg s−1

)1/2.08

(5.1)

T = 5 keV

(

h(z)−1L
7.13× 1044 erg s−1

)1/3.35

(5.2)

YX = 2× 1014 M⊙ keV

(

h(z)−9/5L
5.35× 1044 erg s−1

)1/1.04

. (5.3)

2For SPT-CL J2342-5411 (zphoto = 1.08) the agreement is very good overall, for SPT-CL J2332-5358 (zphoto =

0.32) our spectroscopic temperature estimate is higher than the Andersson et al. (2010) value (but consistent within
the error bars). Mass and the YX parameter in this particular case were calculated from the temperature scaling rela-
tions and are therefore overestimated. In the present work,the X-ray luminosity is the only direct cluster observable.
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In order to estimate the mass in ther200 aperture, we use the approximation provided by
Hu and Kravtsov (2003) to iteratively calculate the parameters of a NFW profile (Navarro et al.
1997) from theM500 mass and assuming the Bullock et al. (2001) relation for the concentration
parameter calculation. The NFW profile was then used to extrapolate the mass from ther500

to r200. The beta model extrapolation correction is calculated with the beta model parameters
obtained from scaling relations of Reiprich (2001), see also Finoguenov et al. (2007):

rcore = 0.07× r500

( T
1 keV

)0.63

and β = 0.4
( T
1 keV

)1/3

. (5.4)

5.4 Photometric redshift estimation

In order to measure the photometric redshifts (photo-zs) ofthe X-ray selected systems in our
sample, we applied the red-sequence redshift estimator to the Blanco Cosmology Survey imaging
data which covers two 50 deg2 patches of the southern sky and includes the full area of the present
XMM- Newtonsurvey. The details of the method will be provided in Song et al. (submitted), here
we give its brief summary.

The raw data has been reduced and processed using the data management system developed
for the upcoming Dark Energy Survey (Ngeow et al. 2006). At the time of preparation of this
paper, the status of the processing pipeline is not fully complete. This affects the accuracy of
photometric redshift presented here within 5− 7%. The overall uncertainty of the photo-zs is on
the∼ 10% level.

The red-sequence redshift estimator utilizes all available filters, (g-, r-, i-, andz) to search for
redshift peaks in the density distribution of galaxies within a radius of 0.8 Mpc centered on the
X-ray detection. The contribution of background galaxies is estimated from a surrounding 36′ ×
36′ sky patch and statistically subtracted. For each X-ray cluster candidate the whole redshift
range fromz = 0 to z = 1.05 is scanned through using simultaneously two colors that bracket
the 4000 Å break at the given redshift. This suppresses falseoverdensity peaks at transitional
redshifts where the 4000 Å break moves between two adjacent bands (e.g. the transition between
the g and r band aroundz ≈ 0.35). Once a peak in redshift space is identified, we refine the
redshift estimate by fitting a Gaussian function to the redshift density distribution. We then
select cluster members in a stripe (0.05 width in color) around the estimated red-sequence. The
final cluster redshift value is calculated as the inverse color error weighted mean redshift of
the selected member galaxies. This assures that the reliability of the photo-z values for the
whole system is always better than for any individual galaxy. An example of the galaxy density
distribution in the redshift space for cluster ID 018 is shown in Fig. 5.5 (its redshift is close to
the median redshift of the cluster sample). In a few cases twoor more solutions were found by
our algorithm. For these systems we visually check the obtained redshift distributions and select
the more likely solution given the positions of galaxies with respect to the X-ray emission.

The described photo-z estimation method allows us to measure the cluster redshift with good
precision up toz ≈ 0.8 even for X-ray selected groups. While care was taken to obtain reliable
results also forz & 0.8 systems (see Fig. 5.6 for two examples), here the already obtained
Spitzermid-infrared observations will provide an important improvement in subsequent work.
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Figure 5.5:Left: Pseudo-color image of source ID 018 from the Blanco Cosmology Survey in
riz bands. X-ray contours are overlaid in white. Right: Galaxy photometric redshift histogram
for the same source. The bottom panel shows the S/N distribution for this source. The estimated
redshift isz= 0.39.

The final photometric redshifts are presented in Table 5.6. Amore detailed analysis of optical
counterparts for our systems including luminosity and richness estimates will be presented in a
companion paper (Song et al., in prep.).

5.4.1 Spectroscopic redshifts

Spectroscopic redshifts are required to identify the clusters as compact objects, to derive precise
physical parameters and later for cosmological modeling. In order to make a first step towards
these goals we have carried out spectroscopic observationsof a subsample of our clusters in the
redshift rangez= 0− 0.4.

The observations made use of the EFOSC2 instrument at the 3.6m New Technology Tele-
scope (NTT) in La Silla, Chile. The observations were carried out in September 2010, with
typical exposure times of 840 seconds (two spectra per cluster, 420 seconds each). Our long slit
observations have been obtained using Grism #4. The slits (1.5′′ width) were placed on the BCG
and an additional cluster member candidate.

A standard reduction process was applied to the data using IRAF tasks.3 The observations

3iraf.noao.edu
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Figure 5.6: Pseudo-color images in theriz bands of the two X-ray detected (white contours)
systems with secure photo-z values abovez> 0.9. Both clusters have a BCG coincident with the
center of the X-ray detection.

were bias subtracted, cleaned from cosmic rays, and flat fielded. For each galaxy we have ob-
tained two spectra which were sky subtracted and combined toincrease the signal-to-noise ratio.
The wavelength calibration was carried out by comparison with exposures of He and Ar lamps.

The final spectra were then correlated with a database of galaxy templates. The galaxy red-
shifts have been primarily anchored by the H and K lines and the 4000Å break. Spectroscopic
redshifts have been secured in total for 12 BCG galaxies. In four systems a second member
galaxy in the slit had good signal-to-noise ratio in order tosafely estimate its redshift as well.
In all four cases the galaxies were found to have concordant redshifts with the BCG value. The
spectroscopic redshifts of the galaxies are summarized in Table 5.2 along with our photo-z es-
timates. We compare the two redshift sets in Sect. 5.5.4.

5.5 Results

5.5.1 Galaxy cluster sample

Table 5.6 provides the physical properties determined for the 46 clusters in the present sample.
The measured X-ray luminosity of the systems (Sect. 5.3.3) and the photometric and spectro-
scopic redshifts (Sect. 5.4 and 5.4.1) are used as inputs forthe cluster scaling relations to estimate
further physical parameters. Ancillary X-ray informationon the individual clusters can be found
in Table 5.7.
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Table 5.2: Spectroscopic redshift for 12 clusters in the redshift rangez = 0− 0.4. The redshifts
were obtained from long-slit spectroscopic observations at the NTT telescope. The redshifts
of the BCG galaxies are in thezA

spec column. Four clusters have a redshift for one additional
member galaxy (zB

spec). Photometric redshiftszphoto are taken from Table 5.6. For five systems we
also provide the photometric redshifts from the SCS survey (M09, M10).

ID zA
spec zB

spec zphoto zSCS
photo

70 0.152 0.152 0.17± 0.03 0.12
94 0.269 0.29± 0.04

127 0.207 0.209 0.22± 0.02
139 0.169 0.18± 0.01
150 0.176 0.173 0.20± 0.02 0.14
152 0.139 0.17± 0.02
227 0.346 0.35± 0.04
430 0.206 0.205 0.18± 0.01
457 0.1 0.10± 0.01
476 0.102 0.10± 0.01 0.1
511 0.269 0.26± 0.02 0.2
547 0.241 0.22± 0.02 0.18

We display the X-ray luminosity of our systems as a function of redshift in Fig. 5.8. The
redshift, temperature and mass distributions are shown in Fig. 5.7. The median redshift of the
cluster sample isz= 0.47. Six of the systems have photometric redshiftsz> 0.8. Three of these
have redshifts consistent with unity, although the photo-zuncertainty in this regime is large. The
median temperature of the clusters is∼ 2 keV and the median M500 mass 9× 1013 M⊙ (based
on luminosity scaling relations). We are thus able to probe the cluster/group transition regime
practically at all redshifts out toz≈ 1.

5.5.2 Survey sky-coverage

The simplest statistical characteristics of a cluster survey are its area coverage as a function of
limiting flux (sky-coverage function) and the cumulative surface density of the detected objects
above the given flux limit as a function of flux - the so-called logN − logS relation.4

In order to properly determine the survey’s sky coverage, good knowledge of the survey’s
selection function is necessary. For the simple case when the selection function is the function
of only flux, the sky coverage is then the selection function of the survey scaled by its geomet-
ric area. Especially for the case of extended sources the situation is more complex, since the
selection function depends also on other parameters (e.g the source extent and off-axis angle).
These effects can only be accounted for by Monte Carlo simulations. Atthis moment, without
the simulations at hand, we can still provide a preliminary,empirically calibrated sky coverage
calculation and cluster logN− logS relation. We will demonstrate, that these simple approaches

4We use the standard notation of this relation, but keep writing fX as the source flux rather thanS.



5.5 Results 79

Figure 5.7:Top left: Redshift distribution of the presented cluster sample based on the photo-
metric redshifts obtained with the red sequence fitting method. Top right: X-ray temperature
distribution estimated from the L-T scaling relation of Pratt et al. (2009).Bottom: Distribution
of the cluster masses in ther500 aperture calculated from the luminosities using the L−M scaling
relation from Pratt et al. (2009) (see Sect. 5.3.3).

show good agreement with the design aims for the survey depthand previous measurements of
the cluster logN − logS function.

While our source detection pipeline utilizes multiple detection bands and likelihood thresholds
(Sect. 5.3) we will for simplicity (and ability to compare our results with published work) char-
acterize detections made in the standard 0.5 − 2 keV band with a 3σ detection threshold and a
5σ extent significance.

In order to obtain the survey sensitivity function for extended sources, we first calculate the
point source sensitivity for each field. This is a simpler task since it does not require treatment of
the source extent. We calculate the point source sensitivity function by analytically inverting the
detection likelihood calculation (described in Sect. 5.3.1) and obtaining the minimal count-rate
necessary for a point source to be detected at the required detection threshold given the local
background and exposure in the detection cell.
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Figure 5.8: Left: Detection likelihood (detml) as a function of total detected source counts (PN
detector only) for point sources (open circles) and the detected clusters (full circles). Clusters
are color coded by their extent (beta model core radius). Dashed red line shows the best fit linear
relation in thedet ml - counts plane for point sources. The solid line shows the same relation
for extended sources (with slope fixed to the point-source fit). Typically, an extended source has
to have 2.4 times more counts than a point source to be detected at the samedet ml value. See
Sect. 5.5.2 for details.Right: Luminosity in the 0.5 − 2 keV band (object rest-frame) for the
presented cluster sample as a function of redshift. The lineshows the luminosity of a cluster
with a measured flux 1× 1014 erg s−1 cm−2 (unabsorbed, observer rest-frame).

The procedure is repeated for each survey field and the results are combined for the whole
survey area. In the areas where two or more fields overlap, we compare the sensitivity maps pixel-
by-pixel taking the highest reached sensitivity (i.e. lowest local count-rate limit) at the given
position. This procedure is chosen because the present catalog was derived from the detection
pipeline that ran on each field individually. An alternativeapproach is to combine the fields
before detection - reaching slightly deeper flux-limits in the overlapping areas.5 This comes at
the cost of losing the information on the local PSF shape usedby the maximum-likelihood fitting
algorithm, since the same sky location in two different observations is imaged at different off-axis
and position angles and thus with different PSF. Both approaches give comparable results and
we opt here to characterize the main scheme (i.e. detection on individual fields).

The medianpoint source sensitivity calculated in this way for the whole survey area is 3.7×
10−15 erg s−1 cm−2 for a energy-conversion factor6 of 1.5×10−12 erg s−1 cm−2. The corresponding
sky coverage as a function of flux is displayed in Fig. 5.9.

In the next step, we attempt to obtain a first order approximation to the sky coverage function
for theextendedsources by a simple scaling to the point source function. In Fig. 5.8 (left) we

5This was done for the ancillary catalog using the wavelet detection algorithm.
6Assuming a power law spectrum withΓ = 1.7 andnH = 1.25× 1020 cm−2 (median value of the galactic column

density in the survey field) and using an on-axis PN response file.
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Figure 5.9: The survey sky coverage. Dashed line shows the sky coverage as a function of
limiting point source sensitivity in the 0.5− 2.0 keV band. The empirically estimated extended
source sensitivity is shown with a solid line. The median point source sensitivity of the survey
is 3.7× 10−15 erg s−1 cm−2, median sensitivity for the extended sources 9.3× 10−15 erg s−1 cm−2

(vertical line).

show the dependence of the detection likelihood (i.e. thedet ml parameter) on the total detected
source counts for point sources and the confirmed clusters from our sample (full circles).

Photons from extended sources are distributed over a largerarea and thus require more counts
to reach a given detection likelihood compared to point sources. For those, a simple linear
relation in the log-log plane is a good description of the counts-det ml relation (dashed red line
in Fig. 5.8). Since the number of our clusters is small a similar linear relation for them is only
very weakly constrained. We therefore fix the slope to the value from the point source fit leaving
only the intercept as a free parameter (solid red line). The offset of the extended-source best-fit
line translates to a factor of 2.4 between the total requiredcounts of point and extended sources
at any givendet ml. Fixing the slope has also the advantage that the offset is independent of the
selected detection threshold. The best fit line roughly follows the locus of clusters with extent
(beta model core radius) close to the median value of∼ 20′′. The solid red line in Fig. 5.8 (left)
thus roughly gives the detected counts for a cluster with atypical extent detected with a given
likelihood. We then use this offset factor to scale up the point source sky coverage function(see
Fig. 5.9). The median flux limit for such sky-coverage is 9.3 × 10−15 erg s−1 cm−2 (using the
median ECF of our sample). In Fig. 5.8 we display the luminosity-redshift plane for our survey.
The luminosity threshold for a flux limited sample (fmin = 1× 10−14 erg s−1 cm−2) is also shown,
demonstrating a rough agreement with our calculation. Notethat in the present sample we also
include fainter sources than this threshold (the lowest cluster flux is∼ 6× 10−15 erg s−1 cm−2).
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This approach underestimates the effect of clusters with larger extent - and thus overestimates
the sky coverage at given flux.7 However, since the detection probability itself is a strongfunction
of source extent, the only way to properly account for its effect is through realistic simulations.

We present examples of preliminary sky coverage functions for extended source detection
on several (non-XMM-BCS) fields based on such Monte Carlo simulations (Mühlegger 2010)
in Fig. 5.15, discussed in Sect. 5.8.3. These first results validate our attempt to model to first
approximation the extended source sky-coverage by scalingthe point source curve and also con-
firm that the scaling factor between them is roughly∼ 2.4 (this scaling factor is expected to hold
only for simulations with roughly same depth as ours,∼ 10 ks).

5.5.3 ClusterlogN − logS

We now use this empirical sky-coverage in order to calculatethe survey’s logN − logS, defined
in standard way as:

N(> fX) =
NC
∑

i=1

1

Ω( f i
X)

deg−2, (5.5)

whereNC is the total number of clusters andΩ( f i
X) is the extended source sky-coverage cor-

responding to the flux of thei-th cluster. We characterized the survey sky coverage only for a
hypothetical single band (0.5 − 2 keV) detection scheme. Since such a detection scheme is not
part of our pipeline, we opt to draw a subsample from our cluster catalog derived from the three
band scheme (which includes the 0.5−2 keV). We consider for this calculation only clusters that
would have also been detected in this hypothetical single band run by setting the same detection-
and extent likelihood thresholds used for the sky-coveragecalculation in the previous section.

This requires us to recover the actual 0.5 − 2 keV band detection likelihoods from the total
det ml parameter, which includes contributions from all three detection bands. As we described
in Sect. 5.3,det ml can be interpreted asdet ml = − ln Prand, with Prand being the probability of
a false detection arising from pure Poissonian fluctuations. The actual definition of this parameter
is slightly more complex:

det ml = − ln(1− Γ(0.5ν, L)), (5.6)

whereΓ is the incomplete gamma function and its arguments are the number of degrees of free-
dom of theemldetect fit (for extended sourcesν = 3+ the number of detection bands times
number of instruments) and L is the sum of all the individual likelihoods (using the C statist-
ics of Cash 1979). This definition effectively converts the joint likelihoods to two degrees of
freedom allowing to compare detections from different combination of bands and instruments.
However, for the conversion to a single band detection likelihood, we need the original individual
likelihoods which we obtain by numerically inverting Eq. 5.6 for each source.

We then calculate the joint detection likelihood from all three instruments in the single, 0.5−
2 keV, band (all three detection probabilities being independent) and subsequently calculate the
new det ml parameter normalized back to 2 degrees of freedom using Eq. 5.6. The number

7The fit with a free slope gives an offset factor of∼ 4, the fit being skewed towards the locus of very extended
clusters.
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Figure 5.10: The logN − logS of the present sample in the 0.5 − 2.0 keV band. Fluxes are
calculated in ther500 aperture. Results from several surveys are also shown: RDCS(the ROSAT
Deep Cluster Survey, Rosati et al. 1998), 400 deg2 survey (Burenin et al. 2007; Vikhlinin et al.
2009a) and the XMM-LSS (Pacaud et al. 2007). See Sect. 5.5.3 for details.

of clusters that have this new single banddet ml parameter above the required threshold (i.e.
equivalent to∼ 3σ) is 40.

Finally, we calculate the logN − logS according to Eq. 5.5 and the variance of the number
counts asσ2 =

∑NC
i=1 1/Ω( f i

X)2. The recovered curve (see Fig. 5.10) is in good agreement with
the logN − logS of other surveys: e.g. the RDCS survey (the ROSAT Deep Cluster Survey,
Rosati et al. 1998), 400 deg2 survey (Burenin et al. 2007; Vikhlinin et al. 2009a) and the XMM-
LSS survey8 (Pacaud et al. 2007). Since the area and depth of the XMM-LSS survey are a good
match to our survey we discuss their comparison in more detail in Sec. 5.8.4.

We note, that we used the fluxes in ther500 aperture for our calculation whereas the XMM-
LSS uses a fixed physical aperture of 0.5 Mpc (typically very close tor500), RDCS∼ 80−90% of
the total flux (i.e. integrated out to infinity) and the 400 deg2 survey the full total flux. We have
chosenr500 because:a) it requires less extrapolation based on a beta model whose parameters are
typically highly uncertain and is itself not necessarily a good description of the surface brightness
profiles andb) it is the most natural choice when comparing to theoretical predictions. However,
assuming a typical cluster withr500 = 0.5 Mpc well described by a beta model with (β, rcore) =
(2/3, 180 kpc) the flux extrapolated to infinity would be higher by∼ 1/3 moving our curve along
the x-axis to higher fluxes only very slightly - even closer tothe RDCS and 400 deg2 survey’s

8 Note that the XMM-LSS curve is only digitized from the figure in Pacaud et al. (2007) since the original curve
is no longer available (Pacaud, private com.).
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Figure 5.11: Consistency test of our photometric redshift estimates with spectroscopic measure-
ments in the redshift rangez= 0− 0.4. Left: Comparison of our photometric redshift estimates
(red, 1σ error bars), with spectroscopic values (green). Brighter green points mark clusters,
where we have two concordant galaxy redshifts, while darkergreen color indicates clusters for
which only the BCG has a spectroscopic redshift. The photometric redshifts obtained by the
SCS survey (M09, M10) are shown in blue. The x-axis displays the cluster ID number. The ob-
jects are sorted in increasing redshift order. The bottom panel shows the residuals of the photo-z
values with respect to the spectroscopic measurement.Right: Cumulative histogram of the dif-
ference between the photometric and spectroscopic redshift normalized by the 1σ uncertainty
of the photo-z values, i.e.D = |zphoto− zspec|/σphoto. The dashed line shows the expectation for
the Gaussian distribution. Both curve are in good agreement, with a Kolmogorov-Smirnov test
confirming that the distribution of theD values is Gaussian at the 96% confidence level.

relations.
Uncertainties of the flux estimation (including the uncertainty of the photo-zs) affect the

logN − logS only in a minor way. The main source of uncertainty (not included in the error
bars) is our current lack of knowledge of the survey selection function (and thus only tentat-
ive description of the sky-coverage). The good agreement with previous work gives, however,
support to the present preliminary approach.

5.5.4 Comparison of spectroscopic and photometric redshifts

For a subsample of 12 clusters (z < 0.4) we have obtained spectroscopic redshifts of their BCG
and in four cases also for an additional member galaxy (Sect.5.4.1). We compare the spectro-
scopic redshifts with our photo-z values in Fig. 5.11 (left). Our photometric values (red points)
agree well within the error bars with the spectroscopic redshifts of the BCG (green points,
brighter green points mark the clusters with two concordantredshifts). Blue points mark the
photo-zs for five of the systems obtained by the SCS survey (M09, M10). These values exhibit
a systematic bias toward lower redshifts, with a mean relative difference of 19%. A similar
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trend is also visible in Fig. 5.12 (top left) where we compareour photo-z values with the SCS
measurements for all clusters common to both samples.

The right panel of Fig. 5.11, displays the comparison of the absolute difference of our photo-
metric and spectroscopic estimates in units of photo-z error, D = |zphoto− zspec|/σphoto. A compar-
ison with a Gaussian expectation shows an agreement at the 96% confidence level, confirming
both the good precision of our photo-z estimates and realistic description of their errors.

The present spectroscopic sample covers only part of the redshift range and does not allow
us to check the photometric redshift calibration at higher redshift. However, the good agreement
at low z supports the photo-z method used.

5.5.5 Cross-correlation with known sources

The XMM-BCS field has an excellent multi-wavelength coverage and has been already studied
by the Southern Cosmology Survey (M09, M10, McInnes et al. 2009) who identified in optical
data a number of clusters in this area. Due to a significant overlap with our cluster catalog we
will address a more detailed comparison in Sect. 5.5.6.

In search of other known sources coincident with our clusters, we make use of both the
NASA/IPAC Extragalactic Database9 and the SIMBAD Astronomical Database.10

First we looked for associated known clusters. For this query a search radius of 60′′ was se-
lected, finding a single match - the cluster 400d J2325-5443 (alternative name: [BVH2007] 240)
identified in the 160 Square Degree ROSAT Survey (Vikhlinin et al. 1998a; Mullis et al. 2003)
at spectroscopic redshiftz = 0.102. This cluster is coincident with our cluster ID 476 with
photometric redshift of 0.1 being in full agreement with thespectroscopic value. The source is
also part of the 400 Square Degree ROSAT Survey. See Appendix5.8.2 for more details on this
source.

We also list galaxy matches, if they are within a 16 arcsecondsearch radius from the X-ray
center in Table 5.8 (in the appendix) with matches coming from the 2 Micron All Sky Sur-
vey Extended objects catalog and the APM galaxy survey (Skrutskie et al. 2006; Maddox et al.
1990, respectively). Out of 13 matches, only two galaxies have known spectroscopic redshifts,
both obtained in the frame of the 6dF Galaxy Survey (Jones et al. 2004). The first is 2MASX
J23254015-5444308 atz = 0.101 coincident with the brightest galaxy in cluster ID 476. The
redshift value is concordant with the redshift from the 160/400 Square Degree ROSAT surveys.
The second match is the brightest cluster galaxy of the system ID 150 at redshiftz= 0.176, again
in good agreement with our estimated photo-z of 0.2.

As can be seen, the survey field has a wealth of multi-wavelength data, but very little spectro-
scopic measurements. This makes the ongoing spectroscopicfollow-up program very important,
as redshifts are essential for full utilization of the available data sets.

Radio sources coincident with the X-ray detected clusters can bias the SZE signal (filling the
decrement). We checked for intervening radio sources by cross-correlating our cluster catalog
with the NED database with a 1 arcmin search radius. We find 11 radio sources detected at 843

9nedwww.ipac.caltech.edu
10simbad.u-strasbg.fr/simbad/
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Table 5.3: Radio sources within 60′′ from the X-ray centers of the detected clusters. The quoted
flux density S is at 843 Mhz (36 cm) for the SUMSS sources and at 4.85 GHz (6.2 cm) for the
PMN detected object. The radio counterparts were obtained from the NASA/IPAC Extragalactic
Database.

ID Object Name R.A. (deg) Dec (deg) S (mJy) separation (′′)
018 SUMSS J232952-560723 352.4677 -56.1231 14.9± 0.8 56
035 SUMSS J233345-553817 353.4416 -55.6382 16.7± 0.8 6
044 SUMSS J231654-545406 349.2274 -54.9019 8.0± 1.0 14
109 SUMSS J232737-541622 351.9047 -54.2730 26.1± 1.2 9
110 SUMSS J233003-541424 352.5146 -54.2402 13.3± 1.1 6
189 SUMSS J233044-560123 352.6860 -56.0233 15.1± 0.8 36
210 SUMSS J233406-554708 353.5253 -55.7857 7.9± 0.7 3
288 SUMSS J233459-545535 353.7495 -54.9265 41.5± 1.6 37
426 SUMSS J232138-541849 350.4092 -54.3137 12.7± 1.9 14
534 SUMSS J232446-552432 351.1951 -55.4089 41.1± 1.5 17
546 SUMSS J233113-543025 352.8076 -54.5071 25.6± 1.3 26
150 PMN J2330-5436 352.5075 -54.6097 52.0± 8.0 34

MHz by the Sydney University Molonglo Sky Survey (SUMS, Mauch et al. 2003). The source
PMN J2330-5436,∼ 30 arcsec from cluster ID 150, was detected by the Parkes-MIT-NRAO
(PMN) southern survey at 4.85 GHz (Gregory et al. 1994). The list of all identified radio sources
is given in Table 5.3.

5.5.6 Cross-correlation with the Southern Cosmology Survey clusters

The Southern Cosmology Survey (SCS) carried out an optical clusters search using the Blanco
Cosmology Survey imaging data. Menanteau et al. (2009, hereafter M09) provided a catalog of
optically selected clusters with photo-z< 0.8 in a 8 deg2 field partially overlapping with the 6
deg2 region presented in this work. Menanteau et al. (2010, M10) then followed up this work by
creating a cluster catalog using the full 2005− 2007 BCS survey data (i.e.∼ 70 deg2, thus fully
covering also the whole XMM-BCS field), detecting 105 clusters with M > 3 × 1014 M⊙ and
photo-z< 0.8.

Combining both these catalogs, we find in total 30 SCS clusters whose optical coordinates
lie inside our 6 deg2 region.11 Out of these 30 systems, 26 come from the M09 catalog (which
contains clusters also below the mass limit applied in M10),two are included in both M09 and
M10 and an additional two clusters are from M10. For the two clusters in both M09 and M10 we
will use the updated parameters from M10.

The SCS catalog provides the BCG coordinates for each systemwhile our catalog lists the
X-ray centroids. For cross-correlation of the two catalogswe take a conservative 60′′ matching

11 In present work we thus do not consider SCS clusters that lie only partially in the 6 deg2 or in the 8 deg2

extension.
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radius, which yields 19 clusters. We summarize the properties of matched clusters in Table 5.4
and provide a more detailed comparison of their parameters in the next two sections.

Comparison of photometric redshifts

First, we turn to the comparison of the photometric redshifts for the 19 matches. M09 and
M10 utilize the BPZ code (Benı́tez 2000) to estimate photo-zs while our method is based on the
red-sequence method as described in Sect. 5.4. For the SCS clusters we use the photo-z errors
published in McInnes et al. (2009) where possible (the M09 and M10 catalogs do not provide
error bars). For the remaining cases we assume a 15% error, which is the mean precision of the
photo-zs where errors are available.

As can be seen in Fig. 5.12 (top left) there is no case of catastrophic disagreement. We find
a gap in the SCS photo-z distribution in the 0.35− 0.5 photo-z range that is not present in our
redshift distribution. The most important feature is, however, the systematic offset between the
photo-z estimates. The SCS photo-zs are on average∼ 20% lower than our values. This trend
roughly holds in the whole redshift range, as can be seen fromthe photo-z residuals plotted
against redshift in Fig. 5.12, bottom left). We found a similar bias when comparing the SCS
photo-zs to the spectroscopic subsample in Sect. 5.5.4. Forthe five systems with spectroscopic
redshifts the photo-zs were on average underestimated by∼ 19%.

In order to investigate potential sources of the discrepancy we check whether the photo-z
residuals depend on any of the available parameters, most importantly the richness parameter
N200, integrated optical luminosityLopt

200 and the BCG-X-ray centroid offset. However, we do not
find any statistically significant dependence.

X-ray - optical mass comparison

M09 and M10 provide rough mass estimates for their clusters based on the optical proxiesN200

and Lopt
200 using the scaling relations from Reyes et al. (2008). The richness estimatorN200 is

defined as the number of E/S0 ridgeline cluster members brighter than 0.4L∗. The integrated
cluster luminosityLopt

200 is the summedr band luminosity of the member galaxies included in the
N200 calculation. Both parameters are calculated within an aperture where thegalaxydensity
equals 200/ΩM times themeandensity of galaxies in the Universe. Fortunately, Johnstonet al.
(2007) found that this aperture is an unbiased estimate of the radius where thematterdensity is
200 times thecritical density of the Universe, i.e. the optical masses and our X-ray estimates
come from roughly the same apertures and can thus be directlycompared.
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Table 5.4: The 19 SCS clusters recovered in the XMM-BCS survey. SCS References: M09 - Menanteau et al. (2009), M10 -
Menanteau et al. (2010). The optical massesM(Lopt

200) andM(N200) are taken from M09 and M10, the weak lensing mass measure-
ments are provided by McInnes et al. (2009). The X-ray mass estimates obtained in the present work are taken from Table 5.6.
The ID of the X-ray counterpart and its distance from the BCG are listed in the last two columns. The masses are in units of
1013 M⊙.

SCS ID Ref. photo-z M(Lopt
200) M(N200) Mwl

200 MX
200 XMM-BCS ID separation

SCSO J233430.2-543647.5 M09 0.35 36 61 − 14.2± 3.0 357 26.6′′

SCSO J232211.0-561847.4 M09 0.61 56 46 4.7+26.1
−4.7 18.3± 4.0 527 1.6′′

SCSO J232540.2-544430.9 M09 0.10 21 86 2.3+8.9
−2.3 10.7± 2.3 476 3.2′′

SCSO J232230.9-541608.3 M09 0.12 16 100 8.5+9.2
−5.9 25.0± 5.1 70 0.6′′

SCSO J233000.4-543707.7 M09 0.14 12 43 − 12.9± 2.6 150 1.7′′

SCSO J232419.6-552548.9 M09 0.18 12 25 < 2.6 4.2± 1.1 547 1.0′′

SCSO J233215.5-544211.6 M09 0.20 17 33 10.2+8.4
−6.1 9.7± 2.1 511 10.0′′

SCSO J233037.1-554338.8 M09 0.20 10 27 16.2+10.7
−7.7 7.9± 1.7 34 2.3′′

SCSO J232200.4-544459.7 M09 0.27 17 39 2.6+8.6
−2.6 17.6± 3.6 136 3.9′′

SCSO J233522.6-553237.0 M09 0.29 22 32 8.5+16.0
−8.5 4.8± 1.2 528 17.4′′

SCSO J232956.0-560808.3 M09 0.32 20 39 21.3+27.5
−17.3 15.2± 3.2 18 1.7′′

SCSO J232839.5-551353.8 M09 0.32 10 17 16.9+20.1
−13.2 19.8± 4.2 88 36.2′′

SCSO J232633.6-550111.5 M09 0.32 28 32 < 4.8 16.5± 3.4 126 3.1′′

SCSO J233003.6-541426.7 M09 0.33 9 29 28.1+20.7
−14.7 14.6± 3.1 110 7.4′′

SCSO J232619.8-552308.8 M09 0.52 12 21 28.1+33.4
−22.2 11.8± 2.6 82 9.5′′

SCSO J231651.0-545356.0 M10 0.36 27 39 − 31.6± 6.5 44 24.7′′

SCSO J232856.0-552428.0 M10 0.57 35 20 − 8.3± 1.9 90 6.7′′

SCSO J233420.0-542732.0 M10 0.56 36 27 − 17.2± 3.7 158 41.6′′

SCSO J233556.0-560602.0 M10 0.64 47 25 − 7.2± 1.7 386 31.3′′
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Figure 5.12:Top left: Comparison of photometric redshifts for the 19 common cluster from our
sample and the SCS cluster survey from Menanteau et al. (2009) and Menanteau et al. (2010).
Top right: Comparison of masses for the same cluster sample in the r200 aperture determined
from the measured X-ray luminosity through scaling relations (x-axis) and the mean of the optic-
ally determined masses M(Lopt

200) and M(N200) (Table 5.4). The red line marks equality in both top
panels.Bottom left: Photo-z difference∆ = photo-z(SCS)− photo-z(XMM-BCS) as a function
of our estimates of redshifts.Bottom right: M200 difference∆ = M200(SCS)− M200(XMM-
BCS) as a function of our estimates of redshifts. The opticalmasses are significantly higher than
the X-ray estimates especially at the low and high redshift ends. See text for discussion. Green
points in all plots mark clusters from M10, black points those from M09.

In Fig. 5.12 (top right) we compare our X-ray masses with the optical massesM(N200) calcu-
lated from theN200 parameter. The optical masses are estimated to be accurate within a factor of
two (M09), where this factor should include also the uncertainty in extrapolating the Reyes et al.
(2008) scaling relations to higher redshifts (the scaling relations were calibrated for redshifts
z < 0.3). We used the factor two uncertainty to calculate theM(N200) error bars in Fig. 5.12.
We find that the optical masses are significantly higher than the X-ray mass estimatesM200 by a
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factor of∼ 2.6 (median value).
Reichert et al. (submitted) investigates X-ray luminositybased scaling relations on a large

compilation of cluster samples from the literature. They find only very few systems deviating
from the meanL−M relation by more than a factor two (i.e. with actual mass two or more times
higher than the luminosity prediction). We thus do not expect our masses to be underestimated by
similar factors even in individual cases. The observed biasin mass goes in the opposite direction
as that found in the photo-zs (i.e. photo-zs were underestimated while masses overestimated).
The photo-zs, however influence the mass estimates and therefore it is not straightforward to
disentangle all the factors contributing to this discrepancy. The influence of the redshift uncer-
tainty is likely more important for nearby systems, where ittranslates to larger differences in the
angular size of the aperture. The discrepancy of theM(Lopt

200) masses is similar. We note here,
however that theM(Lopt

200) masses in M09 were obtained from the scaling relations of Reyes et al.
(2008) prior to their erratum-correction.12

Bottom right panel of Fig. 5.12 displays the mass residuals versus our photometric redshifts,
but no clear trend is found. We check for dependence on additional factors (similarly to the
photo-z analysis in previous section), but again find no statistically significant relations. We
note, that the four clusters from M10 agree with our measurements better than all but one cluster
from M09.

McInnes et al. (2009) provides weak lensing mass measurement for the clusters found in
M09. This includes 13 clusters found in our sample (for two ofthese systems only upper limits
could be set). We compare the weak lensing masses with our X-ray estimates in Fig. 5.13. The
agreement is significantly better than forM(N200) masses, although the scatter and uncertainty in
the weak lensing mass estimates is large. From their full sample, McInnes et al. (2009) also noted
that theM(Lopt

200) seem to overestimate the total mass compared to their weak lensing estimates.
An in-depth comparison of optical and X-ray masses will be addressed in an upcoming work,

where we will provide also our own measurements ofN200 andLopt
200 (Song et al., in prep.). This

will allows us to properly investigate the presence of potential biases in the different mass estim-
ators methods and calibrate our own relations.

Parameter upper limits for X-ray non-detections

For the 11 SCS clusters that lie in the core area of our survey but have no X-ray counterparts we
provide X-ray flux upper limits in Table 5.5 and a mass limit using the SCS photo-z value.

The flux limits were calculated using the same procedure as weused for the survey sky
coverage calculation (Sect. 5.5.2, i.e. calculating the minimal flux needed for the source to be
detected at the given position and our detection threshold).

The flux was then converted to luminosity using the photometric redshift from either M09
or M10. We calculated the mass upper limits from theL − M scaling relation as detailed in
Sect. 5.3.3. The obtained upper limits on the mass are considerably lower than the M09/M10
estimates.

We also check for possible miss-classification (or confusion in presence of a central AGN)

12Scaling relations with the updated coefficients are available at:arxiv.org/abs/0802.2365.
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Figure 5.13: Comparison of X-ray masses (M200, x-axis) with the weak lensing measurements
(M(WL), y-axis) from McInnes et al. (2009) for 13 clusters in our sample. Although the scatter
and uncertainties are large, the agreement is considerablybetter than with the optical masses
M(N200) displayed in Fig. 5.12.

by cross-correlating the positions of these 11 clusters with our X-raypoint source catalog with a
threshold of 16′′. In this aperture we find no matches (except clusters ID 528 and ID 547 which
have also valid X-ray cluster detections, see Table 5.4). Thus the non-detection of these clusters
are very likely caused by their low flux rather than incorrectclassification.

5.6 Discussion

In this section we discuss the additional effects that influence the precision of the physical para-
meters provided in our catalog. We also give an outlook on theupcoming work in the context of
the XMM-BCS survey.



92 5. The XMM-BCS galaxy cluster survey

Table 5.5: The 11 SCS clusters from Menanteau et al. (2009) that lie in the XMM-BCS core
survey are but have no X-ray cluster detection we provided flux and mass upper limits.

SCS ID photo-z flimX L lim
500 M lim

500
(SCS) (10−14 erg s−1 cm−2) (1043 erg s−1) (1013 M⊙)

SCSO J232829.7-544255.4 0.68 0.79 1.6 5.5
SCSO J233106.9-555119.5 0.19 0.69 0.1 1.3
SCSO J233550.6-552820.4 0.22 0.68 0.1 1.6
SCSO J232156.4-541428.8 0.33 0.88 0.3 2.8
SCSO J233231.4-540135.8 0.33 1.59 0.6 4.0
SCSO J233110.6-555213.5 0.39 0.73 0.4 3.1
SCSO J233618.3-555440.3 0.49 1.51 1.4 5.9
SCSO J232215.9-555045.6 0.56 0.84 1.1 4.8
SCSO J232247.6-541110.1 0.57 0.72 0.9 4.4
SCSO J232342.3-551915.1 0.67 1.22 2.4 7.0
SCSO J233403.7-555250.7 0.71 0.56 1.3 4.7

5.6.1 Error budget of the X-ray analysis

For the present catalog, we restricted ourselves to provideonly formal statistical errors for the
estimated parameters (Table 5.6) that include the Poisson errors of the flux measurement, a 5%
systematic error from the background modeling and the intrinsic scatter of the scaling relations.
Although we used the bolometric luminosity to calculate further physical parameters, here we
assumed the intrinsic scatter found in the 0.5−2 keV luminosity relations. This scatter is slightly
larger than the bolometric one and it gives a more realistic error estimates since the band lumin-
osity is, in fact, our only direct observable, while the temperature required for the bolometric
correction is not. We determine physical parameters with following precision (mean across the
whole redshift and flux range): flux and luminosity to∼ 16%, T500 and M500 to∼ 30%, and Y500

to∼ 60%.
In this section we discuss several additional sources of systematic errors and their impact

on the estimated fluxes and other parameters. All below reported relative errors are obtained by
averaging over the whole cluster sample. Several of the considered effects are redshift dependent,
but we typically allow broad parameter ranges and thus our uncertainty estimates are rather
conservative.

1) Good precision photometric redshifts are crucial for the determination of each physical
parameter. Photo-z estimates in the present work have a meanerror of∼ 10% and show good
agreement with the available spectroscopic measurements (Sect. 5.5.4). In order to estimate the
impact of the photo-z uncertainty on the measured physical parameters we offset the redshifts
(Table 5.6) by their 1σ errors to both sides and rerun the iterative physical parameter estimation
procedures (see Sect. 5.3.3).

We find that, for the flux fX(< r500), all values are consistent within their 1σ uncertainty and
for most clusters the relative difference is below the∼ 2% level (Fig. 5.14, left). Change in the
photo-z affects the flux in a complex way - it is entering directly the energy-conversion factor
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Figure 5.14:Left: The effect of the photometric redshift uncertainty on the determined flux in
the r500 aperture.Right: The effect of the photometric redshift uncertainty on the determined
luminosity in ther500 aperture. Green points mark the relative difference of flux (luminosity)
for photo-z increased by 1σ compared to the mean value. Red points are for the case when we
decrease the photo-zs by the same amount.

(ECF) calculation (lower redshift leads to a lower ECF), andalso during the iterative process
through the scaling relations, which then feed back into theaperture size itself as well as the
temperature which again affects the ECF value. This complex dependence explains the scatter of
the flux residuals in Fig. 5.14, leading to different convergence points for different input photo-zs.
Interestingly, a lower photo-z value leads to ahigherflux in ther500 aperture. The reason is that
the direct effect of decreasing the photo-z would be to a lower temperatureand mass and thus
also reduce ther500 value. However, the redshift dependence of the angular distance is stronger
and thus theangular size of ther500 aperture is actually larger for lower redshifts, which leads
to the increase in the fX(< r500) values (we confirm this explanation by checking the flux in fixed
sky apertures).

For luminosities the photo-z errors translate into a∼ 20% uncertainty (Fig. 5.14, right). Here
the dependence is dominated by the cosmological redshift dimming and thus higher redshifts
yield also higher luminosities. If we now use the perturbed redshift and luminosity values to
recalculate temperatures and masses, we find that theT500 values vary on the∼ 7% level, while
for M500 the uncertainty is on the∼ 5% level.

2) In the present work, we have utilized the bolometric luminosity scaling relations of Pratt et
al. (2009) based on the REXCESS cluster sample (Böhringer et al. 2007). The direct application
of these scaling relations, however, requires extrapolations both to higher redshifts (the REX-
CESS cluster sample includes only local clusters withz . 2) and to the low-mass regime of
groups of galaxies.

The physical parameters provided in Table 5.6 were obtainedby assuming the redshift evolu-
tion of the cluster scaling relations to be self-similar. This is a standard assumption supported by
predictions of a purely gravitationally driven cluster growth (e.g. Kaiser 1986). However, there
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is increasing evidence, that the evolution of the luminosity scaling relations is slower than the
self-similar expectation (see Reichert et al. (submitted)and references therein). We test the influ-
ence of this assumption by using the simplified approach proposed by Fassbender et al. (2011a)
by removing the self-similar evolution factor from the relations (the ”no evolution” scenario).
This approach is consistent with the more detailed analysisof Reichert et al. In this picture,
the predicted temperatures are on average higher by 10% and masses by 18% compared to the
self-similar scaling relations. At the high redshift end (z> 0.8) this effect is even more important
(∼ 20% and 30% increase, respectively), while forz< 0.2 the effect is less than 5%.

3) The Galactic hydrogen column densities reported by the LAB HI survey (Kalberla et al.
2005) are systematically lower by∼ 27% than the Dickey and Lockman (1990) values in the
whole survey area. The effect on the derived luminosities is, however, only marginal (∼ 1.5%).

4) In order to quantify the effect of possible deviations of the cluster metallicity from the
mean value of 0.3 solar, we bracket the possible metallicities in the very conservative range of
(0.1, 0.6) solar. The corresponding range ofLX(< r500) deviations from the fiducial value (for 0.3
solar metallicity) is (−1.2%, 1.5%), i.e. lower metallicities lead to higher luminosities and vice
versa.

5) We also test the quality of the flux extrapolation correctiondescribed in Sect. 5.3.3. The
correction coefficients are calculated by integrating a beta model between (rplat, r500), if rplat <

r500. We use Eq. 5.4 to estimate theβ andrC parameters. Alternatively, we can use the canonical
valueβ = 2/3 andrC obtained from the maximum likelihood fit in the source detection step.
The two extrapolation method give fluxes (and luminosities)differing on average for the whole
sample by 2%. For individual objects the relative difference of fluxes is clearly correlated with
the amount of extrapolation needed and is roughly of the sizeof the correction itself. This means
that the extrapolation is currently very weakly constrained. Fortunately, for the vast majority of
clusters it plays only a minor role.

6) The combined MOS1 and MOS2 counts are converted to flux and luminosities using the
MOS2 response matrix (see Sect. 5.3.3). We have chosen the MOS2 response matrix over the
MOS1, because some sources lie on the missing MOS1 CCD#6, where no meaningful response
matrix can be calculated. If the MOS1 response is used instead, the luminosities obtained purely
from the combined MOS detectors are on average lower by 2% (excluding clusters detected on
the position of the missing MOS1 chip). The finalLX(< r500) calculated as the weighted average
of the individual PN and MOS luminosities is affected by less than 1.3%.

7) The response matrices used in our analysis are calculated for a fixed radius of 150 arcsec.
This range is roughly the average extraction radius of our clusters (i.e. from which growth
curves are extracted and local background estimated). We calculate response matrices for two
additional radii - 60 arcsec and 240 arcsec, to check how the spatial averaging of the spectral
response impacts the derived ECFs and thus flux and luminosity. In this very conservative range
of extraction radii we found the average effect to be of the order of 2.5%.

8) The uncertainties in the absolute normalization of the effective area of the detectors de-
crease the flux measurement precision. Nevalainen et al. (2010) found an agreement between
0.5− 2 keV fluxes measured by PN and both MOS cameras to be better than ∼ 5− 7% and for
ACIS onChandraand the PN found the fluxes to differ only by 2%.

9) We also tried to run the physical parameter estimation procedure (Sect. 5.3.3) from sev-
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eral initial values ofT500/r500. The iteration procedure always converged to the same solution,
confirming its independence from the starting values.

We will provide tests of photometric accuracy of the growth curve method in a subsequent
publication based on simulations using realistic backgrounds (i.e. using our survey fields as
background for the simulated clusters).

A proper understanding of a realistic error budget of a cluster sample is crucial for its model-
ling in the cosmological context. From our analysis we find that most effects are typically on the
∼ 2% level (under conservative assumptions) and the major contributing factors are the uncer-
tainty of the photo-z measurements and the required extrapolations of the scaling relations (both
in the range of 5− 30% depending on the parameter and the redshift of the system). For a few
clusters an additional significant source of uncertainty isconnected with the flux extrapolation.
A full self-consistent treatment of the error propagation (including their full covariance matrices)
and its impact on the cosmological modeling of the sample will be addressed in subsequent work.

5.6.2 Project outlook

The present sample establishes the observational base of the X-ray part of the XMM-BCS survey.
In upcoming work we will use the available multi-wavelengthdata to follow several lines of
investigations, some of which have already been initiated:

• The X-ray cluster catalog will be extended to cover the whole14 deg2 area. The prelimin-
ary source catalog is already available and we will follow upthis work by estimating the
photometric redshifts and physical parameters for the clusters in the same way as presented
in this work. The full cluster catalog is expected to comprise∼ 100 clusters and groups of
galaxies.

• We will calculate the selection function based on Monte Carlo simulations developed by
Mühlegger (2010). This analysis will allow us to constructa well controlled subsample
from the full cluster catalog that will be suitable for cosmological modelling.

• A more detailed analysis of optical properties of the clusters presented in this sample will
be provided in Song et al., in prep. We will provide here measurements of theN200 and
Lopt

200 parameters and investigate their mass scaling relations.

• A detailed comparison of the X-ray, optical and mid-infrared cluster samples will allow us
to gain good understanding of the selection function of eachmethod. We will study the
cluster/group population in this field and establish its multi-wavelength properties. The
Spitzerimaging data will also be used to improve the photometric redshift estimates, espe-
cially for distant systems with redshiftz& 0.8.

• We have initiated further X-ray-SZE studies based on a cooperation with the SPT collabo-
ration. The current SPT cluster samples of Williamson et al.(2011) and Vanderlinde et al.
(2010) include only sources with minimal detection significance of 5σ. There are only two
clusters in the 14 deg2 above this threshold, SPT-CL J2332-5358 and SPT-CL J2342-5411,
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independently detected also in our survey (Šuhada et al. 2010). Using our X-ray selected
cluster catalog we can also safely investigate lower significance SPT detections. As a first
example, cluster ID 044, (XBCS 231653.1-545413) was found to have a direct SPT detec-
tion at the 4.2σ level (B. Benson, private communication). Another approach is a stacking
analysis of the SZE data for the X-ray selected clusters. Here, a preliminary analysis of
the top eleven clusters ranked by their X-ray predicted SPT detection significance yields a
& 6σ detection. We will explore both approaches in more depth in upcoming work, but
already now it is clear, that with a joint SZE and X-ray analysis we are able to explore a
completely new mass regime for the SZE surveys.

• The multi-wavelength coverage of the field provides opportunities also for non-cluster
science. As an example, we have detected a total of 3065 X-raypoint sources in the survey
(1639 in the core region and 1426 in the extension). Most of these point sources are AGN
and using the available multi-wavelength data we will be able to carry out a study with a
focus on the obscured AGN population.

5.7 Conclusions

• We have provided the analysis of the 6 deg2 XMM- Newtonfield in the framework of the
XMM-BCS survey. We have carried out X-ray source detection and constructed a catalog
of 46 clusters and groups of galaxies.

• Based on four band optical imaging provided by the Blanco Cosmology Survey we have
confirmed that these X-ray detections are coincident with overdensities of red galaxies.
Using the red sequence method we have measured the photometric redshifts of these sys-
tems.

• We have initiated a spectroscopic follow-up program by carrying out long slit spectroscopy
observations using the EFOSC2 instrument at the 3.6 m NTT telescope at La Silla, Chile.
We have obtained spectroscopic redshifts for BCG galaxies in 12 clusters and in four cases
also for one additional member galaxy. This sample covers the redshift range 0< z < 0.4
(i.e. roughly up to the median redshift of the sample) and constitutes the first spectroscopic
information for the field. We find good agreement between our photometric estimates and
the spectroscopic values, but the spectroscopic sample hasto be extended in redshift, in
order to be able to provide a rigorous calibration of the photo-zs.

• Using the redshift information we measured the X-ray luminosities for our cluster sample.
From luminosity scaling relations we estimate their most important physical parameters,
e.g. mass, temperature and theYX parameter. We discuss the influence of several factors
on the precision of the provided estimates. The uncertaintyof the photometric redshift
estimates and the extrapolation of the scaling relations tohigh redshift systems and into
the group regime are identified as the most important factorsthat determine the overall
errors in the physical parameters. We verify our X-ray parameter estimation method by
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analysing the C1 sample of the XMM-LSS survey (Pacaud et al. 2007). We find good
agreement between the parameters provided by both pipelines.

• The present sample of clusters and groups of galaxies coversthe redshift range fromz =
0.1 to redshift ofz≈ 1 with a median ofz= 0.47. The median temperature of the clusters
is∼ 2 keV, and the medianM500 mass 9×1013 M⊙ (based on luminosity scaling relations).
With our XMM-Newtonobservations we are thus able to effectively probe the cluster/group
transition regime practically at all redshifts up toz≈ 1.

• We provide a preliminary, simplified calculation of the survey sky coverage which does
not require extensive Monte Carlo simulations. Using this calculation we characterize our
cluster sample by its logN − logS relation. We find good agreement with the relations
established by the RDCS survey (Rosati et al. 1998), 400deg2 survey (Burenin et al. 2007;
Vikhlinin et al. 2009a) and the XMM-LSS project (Pacaud et al. 2007).

• We carried out first comparisons with optical studies available from the Southern Cosmo-
logy Survey (SCS, Menanteau et al. 2009, 2010). In this preliminary investigation we find
the SCS photometric redshifts biased low by∼ 20% with respect to our estimates (both
photometric and spectroscopic, where available). We find a discrepancy between the X-ray
and optical mass estimates, with optical masses being significantly higher. We compare
our masses to weak lensing mass measurements available for 13 clusters in our sample
from McInnes et al. (2009). The weak lensing masses are foundto be in a much better
agreement with our X-ray estimates.



Table 5.6:Physical parameters of the clusters sample. Notes:† cluster was detected in observations strongly affected by flaring;⋄ cluster is
heavily affected by blending with a nearby source (see Sect. 5.8.1). Notes for redshifts:a spectroscopic redshift;b a high redshift system for
which secure photometric redshift estimate is not possiblefrom the current photometric catalog (the provided parameters are tentative).

ID R.A. (J2000) Dec (J2000) z rplat Fplat r500 F500 L500 T500 M500 Y500 M200

(deg) (deg) (photo.) (arcmin/r−1
500) (10−14 erg s−1 cm−2) (kpc) (10−14 erg s−1cm−2) (1043 erg s−1) (keV) (1013 M⊙) (1013 M⊙ keV) (1013 M⊙)

011† 351.8070 −56.0615 0.97± 0.10 0.7/0.6 2.80± 0.42 577± 54 2.85± 0.43 11.8± 1.8 3.4± 1.0 16.4± 4.6 4.8± 2.9 24.3± 6.8
018 352.4828 −56.1360 0.39± 0.04 1.5/0.7 5.14± 0.50 633± 58 5.21± 0.51 2.6± 0.3 2.3± 0.7 10.9± 3.0 1.8± 1.1 15.2± 4.2
032 352.1778 −55.5662 0.83± 0.07 1.6/1.0 8.06± 0.68 702± 64 8.00± 0.66 21.5± 1.8 4.2± 1.2 25.0± 6.9 10.8± 6.4 37.0± 10.2
033 352.0448 −55.8400 0.79± 0.05 1.1/0.9 2.94± 0.25 593± 54 2.94± 0.25 7.6± 0.6 3.0± 0.9 14.4± 4.0 3.5± 2.1 21.0± 5.8
034 352.6538 −55.7270 0.28± 0.02 1.7/0.8 2.84± 0.45 536± 50 2.89± 0.46 0.7± 0.1 1.5± 0.4 5.8± 1.6 0.5± 0.3 7.9± 2.2
035 353.4388 −55.6387 0.67± 0.05 1.2/0.9 2.02± 0.32 560± 53 1.95± 0.31 3.6± 0.6 2.4± 0.7 10.5± 3.0 1.8± 1.1 15.0± 4.2
038⋄ 353.5130 −55.8156 0.39± 0.05 1.1/0.7 1.30± 0.20 503± 47 1.33± 0.20 0.7± 0.1 1.5± 0.4 5.4± 1.5 0.4± 0.3 7.5± 2.1
039 349.8214 −55.3244 0.18± 0.04 2.3/0.7 9.12± 0.56 586± 53 9.33± 0.57 0.8± 0.1 1.6± 0.5 6.8± 1.9 0.7± 0.4 9.2± 2.5
044 349.2212 −54.9036 0.44± 0.02 2.4/1.1 17.14± 1.15 787± 72 16.75± 1.10 10.5± 0.7 3.6± 1.0 22.2± 6.1 7.5± 4.4 31.6± 8.6
069 350.9631 −54.8923 0.75± 0.07 1.7/1.3 2.22± 0.43 560± 53 2.03± 0.35 4.8± 0.8 2.6± 0.7 11.6± 3.3 2.2± 1.4 16.7± 4.7
070 350.6286 −54.2691 0.152a 3.2/0.6 83.67± 1.70 819± 74 85.85± 1.75 5.1± 0.1 3.0± 0.8 18.1± 4.9 4.6± 2.7 25.0± 6.8
081 351.8470 −55.2624 0.85± 0.12 0.4/0.4 1.01± 0.17 497± 47 1.05± 0.18 3.5± 0.6 2.3± 0.7 9.1± 2.6 1.4± 0.9 13.2± 3.7
082 351.5779 −55.3859 0.63± 0.05 0.9/0.7 1.32± 0.23 526± 50 1.34± 0.23 2.2± 0.4 2.0± 0.6 8.3± 2.4 1.1± 0.7 11.8± 3.3
088 352.1748 −55.2234 0.43± 0.04 2.5/1.3 8.50± 1.27 679± 63 7.43± 1.01 4.6± 0.6 2.7± 0.8 14.1± 3.9 3.0± 1.8 19.8± 5.5
090 352.2366 −55.4081 0.58± 0.02 0.8/0.7 0.76± 0.18 481± 47 0.78± 0.18 1.1± 0.2 1.6± 0.5 6.0± 1.8 0.6± 0.4 8.3± 2.4
094 353.0185 −55.2120 0.269a 1.3/0.6 4.83± 0.53 583± 54 5.02± 0.55 1.1± 0.1 1.7± 0.5 7.4± 2.1 0.8± 0.5 10.1± 2.8
109 351.9058 −54.2705 1.02b 0.7/0.7 1.45± 0.21 510± 48 1.47± 0.21 7.3± 1.1 2.8± 0.8 12.0± 3.4 2.6± 1.6 17.7± 5.0
110 352.5161 −54.2388 0.47± 0.06 1.4/0.8 3.77± 0.49 605± 56 3.47± 0.47 2.7± 0.4 2.3± 0.7 10.4± 2.9 1.7± 1.0 14.6± 4.1
126 351.6393 −55.0206 0.42± 0.02 1.9/1.0 5.48± 0.41 643± 59 5.38± 0.40 3.2± 0.2 2.4± 0.7 11.8± 3.2 2.1± 1.3 16.5± 4.5
127 351.8492 −55.0648 0.207a 0.8/0.3 2.58± 0.29 499± 46 2.91± 0.33 0.4± 0.1 1.2± 0.4 4.4± 1.2 0.3± 0.2 5.9± 1.6
132 352.0084 −54.9292 0.96± 0.17 1.3/1.1 2.91± 0.34 571± 53 2.74± 0.31 11.1± 1.2 3.3± 0.9 15.7± 4.4 4.4± 2.7 23.3± 6.5
136 350.5036 −54.7500 0.36± 0.02 2.4/1.1 8.29± 0.76 673± 62 8.15± 0.68 3.4± 0.3 2.5± 0.7 12.6± 3.5 2.4± 1.4 17.6± 4.8
139†⋄ 351.3953 −54.7212 0.169a 1.9/0.6 4.83± 0.65 517± 48 5.01± 0.67 0.4± 0.1 1.3± 0.4 4.6± 1.3 0.3± 0.2 6.2± 1.7
150 352.5015 −54.6184 0.176a 2.9/0.8 18.25± 0.89 654± 59 18.48± 0.91 1.6± 0.1 2.0± 0.6 9.4± 2.6 1.3± 0.7 12.9± 3.5
152 352.4168 −54.7886 0.139a 0.9/0.3 2.50± 0.41 448± 42 2.97± 0.49 0.2± 0.1 1.0± 0.3 2.9± 0.8 0.1± 0.1 3.9± 1.1
156 353.8815 −54.5865 0.67± 0.06 0.8/0.6 3.35± 0.24 614± 56 3.43± 0.24 6.0± 0.4 2.8± 0.8 13.9± 3.8 3.2± 1.9 19.9± 5.5
158 353.6032 −54.4586 0.55± 0.03 1.4/0.9 3.57± 0.54 617± 58 3.58± 0.54 4.0± 0.6 2.5± 0.7 12.1± 3.4 2.3± 1.4 17.2± 4.8
210 353.5240 −55.7859 0.83± 0.09 0.7/0.7 0.55± 0.11 451± 43 0.56± 0.11 1.9± 0.4 1.9± 0.5 6.6± 1.9 0.8± 0.5 9.5± 2.7
227 350.5425 −55.4199 0.346a 1.1/0.6 1.51± 0.19 506± 47 1.56± 0.20 0.6± 0.1 1.4± 0.4 5.3± 1.5 0.4± 0.3 7.2± 2.0
245 351.0160 −55.0225 0.62± 0.03 0.8/0.7 0.97± 0.18 500± 48 0.99± 0.18 1.6± 0.3 1.8± 0.5 7.0± 2.0 0.8± 0.5 9.9± 2.8
275 353.6991 −55.2736 0.29± 0.03 1.7/0.8 2.93± 0.45 541± 51 2.95± 0.45 0.8± 0.1 1.5± 0.4 6.0± 1.7 0.5± 0.3 8.2± 2.3
287 354.2119 −55.2988 0.57± 0.04 0.9/0.7 0.98± 0.35 501± 54 1.00± 0.36 1.3± 0.5 1.7± 0.5 6.7± 2.1 0.7± 0.5 9.3± 3.0
288 353.7523 −54.9164 0.60± 0.04 1.8/1.2 2.75± 0.63 580± 56 2.44± 0.48 3.4± 0.7 2.4± 0.7 10.7± 3.1 1.9± 1.2 15.3± 4.4
357 353.6200 −54.6066 0.48± 0.06 2.0/1.2 3.56± 0.47 596± 55 3.16± 0.40 2.6± 0.3 2.2± 0.6 10.1± 2.8 1.6± 0.9 14.2± 3.9
386 353.9763 −56.0928 0.53± 0.05 0.7/0.6 0.66± 0.17 468± 47 0.67± 0.18 0.8± 0.2 1.5± 0.4 5.2± 1.6 0.4± 0.3 7.2± 2.2
430 351.3891 −55.7327 0.206a 1.3/0.6 1.59± 0.33 455± 44 1.69± 0.36 0.2± 0.1 1.0± 0.3 3.3± 1.0 0.2± 0.1 4.4± 1.3
444 354.0839 −55.5189 0.71± 0.05 0.9/0.7 1.27± 0.25 521± 50 1.29± 0.26 2.8± 0.6 2.2± 0.6 8.8± 2.5 1.3± 0.8 12.6± 3.6
457 352.1177 −54.2472 0.1a 1.6/0.5 1.98± 0.52 387± 39 2.29± 0.60 0.1± 0.1 0.7± 0.2 1.8± 0.5 < 0.1 2.4± 0.7
476†⋄ 351.4166 −54.7412 0.102a 2.3/0.5 10.27± 1.18 508± 47 11.04± 1.27 0.3± 0.1 1.2± 0.3 4.1± 1.1 0.2± 0.1 5.5± 1.5
502 349.9334 −54.6400 0.55± 0.05 0.7/0.5 1.55± 0.14 540± 50 1.61± 0.14 1.9± 0.2 2.0± 0.6 8.1± 2.2 1.1± 0.6 11.4± 3.2
511 353.0628 −54.7006 0.269a 1.5/0.6 4.41± 0.71 574± 54 4.53± 0.73 1.0± 0.2 1.7± 0.5 7.1± 2.0 0.7± 0.4 9.7± 2.7
527 350.5456 −56.3127 0.79± 0.06 1.0/0.8 2.26± 0.37 568± 54 2.27± 0.37 6.0± 1.0 2.7± 0.8 12.6± 3.6 2.7± 1.7 18.3± 5.2
528 353.8357 −55.5442 0.35± 0.02 0.8/0.5 0.63± 0.21 441± 46 0.68± 0.22 0.3± 0.1 1.1± 0.3 3.5± 1.1 0.2± 0.1 4.8± 1.5
538 353.5258 −54.7310 0.20± 0.02 1.6/0.7 1.99± 0.81 469± 52 2.07± 0.85 0.2± 0.1 1.1± 0.3 3.6± 1.2 0.2± 0.1 4.8± 1.6
543 353.1806 −54.8297 0.57± 0.03 1.7/1.0 4.15± 1.13 629± 61 4.07± 0.90 4.9± 1.1 2.7± 0.8 13.2± 3.8 2.8± 1.7 18.7± 5.5
547 351.0815 −55.4305 0.241a 1.1/0.5 1.05± 0.33 443± 46 1.12± 0.35 0.2± 0.1 1.0± 0.3 3.1± 1.0 0.1± 0.1 4.2± 1.3
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5.8 Appendix

5.8.1 Quality flags and ancillary information

In this section we provide additional useful ancillary datafor our clusters in the form several
X-ray quality flags and diagnostic parameters compiled in Table 5.7. Here is the description of
the table’s columns:

• ID: the cluster identification number.

• BCS field: the identification number of the BCS field, on which the cluster is lying. Some
clusters lie on two or more tiles, in those cases we provide the name of the tile with the
largest overlap region.

• XMM OBSID: The official identification number of the XMM-Newtonpointing contain-
ing the cluster. If the cluster lies in two (or three) adjacent observations we provide the
OBSID of the pointing which provides the best constraint on the cluster flux (typically the
one where the cluster is at the smallest off-axis angle).

• flagHC: The hot chip flag is a four character string, with the characters being either T for
”true” or F for ”false”. The significance of the characters:
1. character: Does the observation have a hot MOS2 CCD#5?
2. character: Does the cluster lie on the MOS2 CCD#5?
3. character: Does the observation have a hot MOS1 CCD#4?
4. character: Does the cluster lie on the MOS1 CCD#4?
For the problematics of the hot chips see Sect. 5.3.1.

• SNRXflux : The flux estimation significance determined asF500/σF500, whereF500 is the
source flux in ther500 aperture, andσF500 is its error (including shot noise and 5% back-
ground modelling uncertainty, Sect. 5.3.2).

• flaginst: The instrument flag equals 0 if the physical parameters of thesource were obtained
using the PN and both MOS cameras. If flaginst = 1 only PN could be used and if flaginst = 2
only the combination of the two MOS cameras was utilized.
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• QPN
plat: The automatic plateau fit quality flag for the PN growth curves. These flags have

the same meaning as in Böhringer et al. (2000). In summary, as described in Sect. 5.3.2
we fit a line to the growth curve between rplat and the outer extraction radius. The flag
describes the quality of this fit by calculating the ratio of the predicted count rate from the
linear fit to the expectation, if the plateau was constant andequal to the estimated plateau
flux. QPN

plat = 1: the growth curve shows neither significant increase nor decrease outside
rplat. This value is assigned if the linear extrapolation does notdiffer by more than 0.8%
per bin from the constant value. QPN

plat = 2: marks a declining curve (decline> 0.8%/bin).
A decline can occur if the background model (determined froma fit to the whole field)
slightly overestimates the local background. In this case we attempt to estimate the plateau
level from the 3 bins closest to rplat. If the final fit is acceptable (no significant residual
decline), the plateau is accepted and assigned this qualityflag. QPN

plat = 3 and QPN
plat = 4: in

case that the plateau is rising an attempt is made to iteratively exclude the outermost bins
and in a second step also the innermost bins. This procedure helps in correcting an outer
rise of the growth curve due to a neighboring source and if necessary by skipping over a
few bins if the curve fluctuates in the radial range close to rplat. If this procedure converges,
after the exclusion of the outermost bins the plateau is accepted and flagged with QPN

plat = 3.
If the procedure converges, but it required also the second step of excluding the innermost
bins we assign QPN

plat = 4. If QPN
plat = 5, the plateau is rising and the increase could not be

corrected for by the above described procedure. If there areonly two or less radial bins
outside the plateau radius can not be established and we assign QPN

plat = 9.

QPN
plat ≤ 4 mark generally good quality plateaus (naturally, the lower the flag the better).

QPN
plat = 5 is a serious warning and QPN

plat = 9 is not recommended to be used at all. In fact,
for the parameters in Table 5.6 we do not use plateaus with this flag with the exception
for the systems ID 476 and 139 where an alternative solution is not available due to their
significant blending (Appendix 5.8.2).

• QMOS
plat : The same as QPN

plat but applied to the MOS1+MOS2 growth curve.

• QPN
gca: Visual flag set considering the overall quality of the PN growth curve solution (tak-

ing into account the presence of chip gaps, anomalous background, potential contamina-
tion etc.). Value equal to 1 is the best (no problems), 3 the worse (to be considered as a
warning).

• QMOS
gca : The same as QPN

gca but applied to the MOS1+MOS2 growth curve.

• QTOT : Overall global X-ray flag, assigned visually taking into consideration all the above
flags. Sources with this flag equal to 1 (best) and 2 (only mild warnings) have high quality
X-ray photometry measurements. Flag equal to 3 should be handled with care but we
included them in all analyses presented in this paper.

We have identified 4 additional sources, which have confirmedoptical counterparts, but the
available data allows us to derive only very rough X-ray parameters. These can be considered to
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have QTOT = 4 and havenotbeen included in our analyses. We provide their tentative parameters
in the Table 5.9.
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Table 5.7: Cluster ID and proper name cross-reference table. We also list the BCS field name for each cluster and additional
ancillary X-ray quality flags (see text for details).

ID Name BCS field XMM OBSID flagHC SNRXflux flaginst QPN
plat QMOS

plat QPN
gca QMOS

gca QTOT

011 XBCS 232713.7-560341 BCS2327-5602 0505380301 TFFF 6.7 0 1 1 2 2 1
018 XBCS 232955.9-560810 BCS2327-5602 0505380401 TFFF 10.2 0 3 1 1 1 1
032 XBCS 232842.7-553358 BCS2327-5529 0505381001 FFFF 11.9 0 1 1 1 1 1
033 XBCS 232810.7-555024 BCS2327-5602 0505381001 FFFF 11.9 0 1 1 2 2 1
034 XBCS 233036.9-554337 BCS2332-5529 0505381101 TTFF 6.3 0 1 1 1 2 1
035 XBCS 233345.3-553819 BCS2332-5529 0505381201 FFFF 6.3 0 1 1 3 3 1
038 XBCS 233403.1-554856 BCS2332-5602 0505381201 FFFF 6.6 0 1 1 2 1 2
039 XBCS 231917.1-551928 BCS2319-5529 0505381401 FFFF 16.2 0 1 1 1 1 2
044 XBCS 231653.1-545413 BCS2316-5455 0505382201 TTFF 14.9 0 1 1 1 1 1
069 XBCS 232351.1-545332 BCS2324-5455 0505382401 TFTF 5.2 0 1 1 2 2 1
070 XBCS 232230.9-541609 BCS2324-5421 0505383801 TFTT 49.1 0 1 1 1 1 1
081 XBCS 232723.3-551545 BCS2327-5529 0505381701 TFFF 6.0 0 3 1 2 3 2
082 XBCS 232618.7-552309 BCS2327-5529 0505381701 TFFF 5.9 0 1 1 1 2 1
088 XBCS 232842.0-551324 BCS2327-5529 0505381801 FFFF 6.7 1 1 1 2 3 1
090 XBCS 232856.8-552429 BCS2327-5529 0505381801 FFFF 4.3 0 1 1 1 3 1
094 XBCS 233204.4-551243 BCS2332-5529 0505381901 TTFF 9.2 0 5 1 2 2 1
109 XBCS 232737.4-541614 BCS2328-5421 0505384001 FFFF 6.8 0 1 1 2 2 1
110 XBCS 233003.9-541420 BCS2331-5421 0505384001 FFFF 7.6 0 1 1 1 2 1
126 XBCS 232633.4-550114 BCS2328-5455 0505382501 TFTF 13.3 0 1 1 1 1 1
127 XBCS 232723.8-550353 BCS2328-5455 0505382501 TFTF 8.8 0 1 1 1 1 1
132 XBCS 232802.0-545545 BCS2328-5455 0505382601 FFFF 8.6 0 1 1 1 2 2
136 XBCS 232200.9-544500 BCS2320-5455 0505383101 FFTF 10.9 0 1 1 1 1 1
139 XBCS 232534.9-544316 BCS2324-5455 0505383201 TFTF 7.5 0 9 9 3 3 3
150 XBCS 233000.4-543706 BCS2331-5421 0505383401 FFFF 20.4 0 1 1 1 1 1
152 XBCS 232940.0-544719 BCS2328-5455 0505383401 FFFF 6.1 0 4 1 3 2 2
156 XBCS 233531.6-543511 BCS2335-5421 0505383601 FFFF 14.2 0 1 1 2 2 1
158 XBCS 233424.8-542731 BCS2335-5421 0505383601 FFFF 6.7 0 1 1 2 2 1
210 XBCS 233405.8-554709 BCS2336-5602 0505381201 FFFF 5.0 0 1 1 2 2 1
227 XBCS 232210.2-552512 BCS2323-5529 0505381501 FFFF 7.9 0 1 1 2 2 1
245 XBCS 232403.8-550121 BCS2324-5455 0505382401 TFTF 5.4 0 1 1 1 2 1
275 XBCS 233447.8-551625 BCS2336-5529 0505382001 TTFF 6.6 0 1 1 2 2 1
287 XBCS 233650.9-551756 BCS2336-5529 0505382101 TTFF 2.8 0 4 4 3 3 3
288 XBCS 233500.5-545459 BCS2335-5455 0505382801 TFFF 4.4 0 5 1 1 2 1
357 XBCS 233428.8-543624 BCS2335-5421 0505383601 FFFF 7.5 0 1 1 1 2 1
386 XBCS 233554.3-560534 BCS2336-5602 0505380601 TFFF 3.8 0 1 3 1 3 1
430 XBCS 232533.4-554358 BCS2323-5529 0505384801 FFFF 4.8 0 1 1 1 2 1
444 XBCS 233620.1-553108 BCS2336-5529 0505382001 TFFF 5.0 0 1 1 1 3 1
457 XBCS 232828.2-541450 BCS2328-5421 0505384001 FFFF 3.8 2 1 1 2 2 2
476 XBCS 232540.0-544428 BCS2324-5455 0505383201 TFTF 8.7 0 9 5 3 3 3
502 XBCS 231944.0-543824 BCS2320-5455 0505383001 TFFF 11.1 0 1 1 2 3 1
511 XBCS 233215.1-544202 BCS2331-5455 0505383501 TFFF 6.3 0 3 1 2 2 1
527 XBCS 232210.9-561846 BCS2323-5602 0554561001 TFFF 6.1 0 1 3 1 3 1
528 XBCS 233520.6-553239 BCS2336-5529 0505382001 TFFF 3.1 0 1 1 3 3 1
538 XBCS 233406.2-544352 BCS2335-5455 0505383601 FFFF 2.4 2 1 3 1 2 3
543 XBCS 233243.3-544947 BCS2331-5455 0554560601 TFTF 3.7 1 1 1 3 3 1
547 XBCS 232419.6-552550 BCS2323-5529 0505381601 TFTF 3.2 2 1 1 3 1 1
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5.8.2 Notes on individual sources

Some of the identified clusters required individual treatment and in this section we provide notes
for these cases:

• ID 011: this high redshift cluster lies on a heavily flared field F03 with no quiescent
period. Therefore, the field was not used for the sensitivityfunction calculation and the
logN − logS. The double component background model accounts in principle in the first
approximation for the enhanced background and therefore weprovide the basic X-ray
parameters for this cluster. The diagnostic flags (Table 5.7) indicate that the growth curve
solution is quite reliable, but due to the flaring all physical parameters should be treated
with caution.

• ID 038: This source consists of two completely overlapping systems, one with photometric
redshiftz= 0.39± 0.05 and the second withz= 0.74± 0.07. Since there is no direct way
to disentangle the contribution of the two sources, we will assume that all the flux comes
from the more nearby system. In this case, the estimated physical parameters are upper
limits.

• ID 070: is a nearby cluster with large extent and measured flux. It lies on a hot MOS1
CCD#4 and due to its extent it is impossible to obtain a background area on this chip
uncontaminated by the source emission. Therefore we can notuse the procedure described
in Sect. 5.3.1, where we fit a double component model to the hotchip independently from
the rest of the field. Instead we discard the data from this chip completely.

• ID 109: due to the limited depth of the available optical data we canprovide only very
tentative redshift estimate for this system.

• ID 139 and 476: We detect two nearby, high significance extended sources inthis region
(∼ 1.3 arcmin apart). The systems are confirmed as independent also in redshift space by
our spectroscopic measurements (ID 476 atz = 0.102 and ID 139 atz = 0.169). In order
to measure the flux of each cluster we excise the other source.Due to their proximity,
however, full deblending is not possible and therefore bothfluxes are likely overestimated.
The analysis of the sources is further complicated by the presence of a very bright X-ray
point source at∼ 2 arcmin distance from the clusters and very high quiescent soft proton
contamination.

The cluster catalog of Burenin et al. (2007) based on ROSAT data includes a source with
a center roughly between the two systems (i.e. very likely misclassified as a single cluster
due to the limited resolution of ROSAT).

• ID 275: also lies on a hot MOS2 CCD#5. Its detection likelihood is completely dominated
by the MOS2 detection, however the source is not flagged as spurious based on the criteria
described in Sect. 5.3.1, because it would be above the detection threshold even without
the MOS2 data. In this case, the background modeling of the hot chip was possible and
this background was used in the subsequent growth curve analysis.
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Table 5.8: Galaxies identified in the NED database to be within 16′′ from the X-ray center. We
list spectroscopic redshifts where available - in both cases the identified galaxies are the BCG
galaxies of their cluster counterparts. Redshift reference: a Jones et al. (2004).

ID Object Name R.A. (deg) DEC (deg) redshift separation
034 APMUKS(BJ) B232750.10-560012.1 352.6544 -55.7274 1.9′′

039 2MASX J23191712-5519284 349.8214 -55.3245 0.5′′

041 2MASX J23190212-5523195 349.7588 -55.3888 1.3′′

070 2MASX J23223092-5416086 350.6289 -54.2691 0.8′′

094 APMUKS(BJ) B232918.62-552918.2 353.0196 -55.2122 2.5′′

127 2MASX J23272468-5503589 351.8528 -55.0664 9.6′′

150 2MASX J23300047-5437069 352.5019 -54.6187 0.177a 1.5′′

152 2MASX J23294006-5447220 352.4168 -54.7895 3.1′′

227 APMUKS(BJ) B231920.30-554137.6 350.5444 -55.4194 4.4′′

268 APMUKS(BJ) B232326.14-554657.3 351.5618 -55.5074 14.0′′

476 2MASX J23254015-5444308 351.4173 -54.7419 0.101a 3.1′′

511 APMUKS(BJ) B232929.68-545847.0 353.0645 -54.7035 10.8′′

547 2MASX J23241957-5525494 351.0816 -55.4303 0.6′′



Table 5.9:Physical parameters for the low quality detections.

ID R.A. (J2000) Dec (J2000) z rplat Fplat r500 F500 L500 T500 M500 Y500 M200

(deg) (deg) (photo.) (arcmin/r−1
500) (10−14 erg s−1 cm−2) (kpc) (10−14 erg s−1cm−2) (1043 erg s−1) (keV) (1013 M⊙) (1013 M⊙ keV) (1013 M⊙)

534 351.1993 −55.4128 0.31± 0.02 1.4/0.7 2.18± 1.11 523± 64 2.22± 1.13 0.7± 0.4 1.5± 0.5 5.6± 2.0 0.5± 0.4 7.6± 2.8
536 354.2994 −55.3514 0.69± 0.07 0.8/0.7 0.83± 0.23 487± 49 0.85± 0.24 1.8± 0.5 1.9± 0.6 7.1± 2.1 0.8± 0.5 10.0± 3.0
540 350.1461 −54.4628 0.24± 0.02 1.3/0.6 1.66± 0.46 474± 48 1.75± 0.48 0.3± 0.1 1.2± 0.3 3.8± 1.2 0.2± 0.1 5.2± 1.6
541 350.5048 −54.3296 0.59± 0.06 0.9/0.7 1.06± 0.30 506± 51 1.08± 0.30 1.5± 0.4 1.8± 0.5 7.0± 2.1 0.8± 0.5 9.9± 3.0
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5.8.3 Test of sensitivity function from preliminary Monte Carlo simula-
tions

The determination of the survey selection function is a crucial requirement for the cosmological
modeling of the cluster sample, scaling relation studies etc. Due to the complex nature of ex-
tended source detection, this question can be properly addressed only by detailed Monte Carlo
simulations. In the present work we utilized a simplifying approach that allowed us to get a first
estimate of the sensitivity functions and the recovered logN − logS relation (Sect. 5.5.2 and
5.5.3).

The software for the Monte Carlo simulations (Mühlegger 2010) is in an advanced develop-
ment stage which allows us to carry out a preliminary test of our simplified approach.

The simulation pipeline uses the survey fields themselves and injects mock beta model clusters
into the observations at random positions across the field-of-view. The field is then processed
with the detection pipeline. The process is repeated on a grid of cluster fluxes and core radii
and the cluster detection probability is derived as a function of these parameters. The use of real
observations instead of model backgrounds allows us to derive a realistic selection function. The
simulation software is described in detail in Mühlegger (2010).

Simulations are currently available for a subset of the XMM-NewtonDistant Cluster Project
(XDCP, Böhringer et al. 2005; Fassbender 2008) fields. Fromthese fields we selected 3 obser-
vations (XMM OBSIDs 0104860201, 0111970101, 0112551101) which have similar depth to
our survey fields (e.g. cleaned exposure times∼ 10 ks and enough area unaffected by the central
source to safely assess the background). We processed thesefields with our detection pipeline
and calculated the point source sensitivity function and the scaled extended sensitivity function
as described in Sect. 5.5.2. The comparison with the sensitivity function derived from the sim-
ulations are displayed in Fig. 5.15. The simple calculation(black curves) already matches the
realistic calculation (red curves) very well, capturing also the transition parts of the curve. The
curves from simulations include the effect of incompleteness of the output catalogs. The red
curves in Fig. 5.15 are calculated for a 50% completeness level (c=0.5). The completeness of
our cluster catalog can be assessed only by simulations, butis certainly higher than 50%. This
means that the preliminary analytic sky coverage function overestimates the sky coverage. The
use of the true sky-coverage function would lead to an increase of the weighting factor in Eq. 5.5
and would move the points in Fig. 5.10 in the relevant flux range slightly higher. The sensitiv-
ity function for a 90% completeness scenario is plotted in green and as expected yield a much
smaller area for the given flux.

Additional subtle effects slightly influence this comparison, e.g. leading to different normal-
izations of the two curves in the saturated high-end part:1) All the fields have a bright source
in the center of the field-of-view, which has to be excised. The excision is treated slightly dif-
ferently in the simulations and in the simple calculations leading to slightly different totalgeo-
metricarea.2) The simulated curves were calculated for the single band detection scheme in the
0.35− 2.4 keV while our analytic solution for a 0.5− 2 keV band. The fluxes were converted to
the 0.5− 2 keV band, but detection in these different energy ranges could cause slightly different
completeness and contamination fractions.

We conclude, that our first-order approach yields a good description of the sensitivity function
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Figure 5.15: Sky-coverage for extended sources in the threeCHECCS fields from Monte Carlo
simulations at the 50% (red curve) and 90% (red curve) completeness level. Black solid curve
shows the sky-coverage calculated by scaling the point source curve (dashed) with an offset factor
of 2.4 (see Sect. 5.5.2). The simple scaling is shown to be a good first order description of the
extended source sensitivity function. See Appendix 5.8.3 and Sect. 5.5.2 for details.

for a 50% completeness level. To estimate the completeness of our sample will be possible only
from Monte Carlo simulations. The sensitivity functions from Sec. 5.5.2 provides sufficient
precision for present applications and the preliminary logN− logS is already in good agreement
with previous findings. The described simulation pipeline will be applied to the whole XMM-
BCS survey in subsequent work and the realistic selection function will be utilized for further
analysis and modelling of the final cluster sample.

5.8.4 Comparison with the XMM-LSS survey

The first part of the XMM-LSS survey (the initial 5 deg2, Pierre et al. 2007; Pacaud et al. 2006,
2007) offers an excellent match to our survey not only with respect to the area, but also to
the typical depth (having only slightly higher average exposure times). Since the XMM-LSS
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project has already carried out Monte Carlo simulations to calibrate their detection and source-
characterization pipeline, we make here an effort to compare results derived from our XMM-BCS
pipeline with their published results.

Cluster detection comparison

A full comparison of the source detection pipelines would beonly of limited use and is currently
impossible since only a small part of the XMM-LSS extended sources have also been spectro-
scopically confirmed up to now (the so-called C1 sample of Pacaud et al. (2007)13). Therefore,
we restrict ourselves to the reanalysis of the C1 sample.

We downloaded all the XMM-LSS fields with C1 detections14 and fully reanalyzed them
with the XMM-BCS pipeline. We confidently detected all the C1clusters and they are among
our highest ranked extended source detections.

In Fig. 5.16 we compare their detection and extent likelihoods with their respective XMM-
LSS variants (SB Detect Likelihood andSB Extent Likelihood). Both sets of paramet-
ers exhibit a strong correlation, showing good consistencybetween both detection approaches
(XMM-LSS uses a single band wavelet detection scheme). The scatter between the parameters
is caused by small differences in the data reduction process, background estimation and source
detection algorithms.

The C1 sample is defined bySB Detect Likelihood> 32,SB Extent Likelihood> 33.
We fit a linear relation in the two log-log planes and use thesecuts to convert the XMM-LSS
thresholds to our parameters obtaining:det ml> 16.4 (equivalent to∼ 5.4σ detection in our
scheme) andext ml> 8.3 (i.e.∼ 3.7σ extent significance).

X-ray photometry comparison

In Fig. 5.17 we compare the fluxes in the 0.5−2 keV band and 0.5 Mpc aperture measured by the
XMM-LSS and by us using the growth curve method (Sect. 5.3.2). Being interested only in the
flux estimation we have fixed the redshift and temperature to their spectroscopic values provided
by XMM-LSS. Both methods give fluxes that are in good agreement and no significant bias is
found.

We have checked the dependence of flux residuals defined here as (fXMM−LS S
X − fXMM−BCS

X ) /
fXMM−BCS
X on several parameters: the flux itself, cluster redshift, off-axis angle, fraction of missing

pixels (due to chip gaps etc.), background correction factors and amount of extrapolation. We
did not find any systematic effects in either PN or MOS fluxes.

This agreement is encouraging, if we take into account that the two pipelines utilize prin-
cipally different approaches to the flux measurement. XMM-LSS utilizes abeta model fit to the
cluster’s surface brightness integrated out to a fiducial radius, while our method is completely
non-parametric (except for a typically small extrapolation factor if the required aperture is larger

13Catalog available at :heasarc.gsfc.nasa.gov/W3Browse/all/xmmlssoid.html
14XMM OBSIDs: 0037980301, 0037980701, 0037981001, 0037981101, 0037981201, 0037981501,

0037981601, 0037981801, 0037982501, 0037982601, 0109520201, 0109520301, 0109520601, 0111110301,
0111110401, 0112680101, 0112680201, 0112680301, 0112680401, 0112680501, 0147110101, 0147110201.
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than the range where the cluster emission is detected directly). Background estimation in both
approaches is also markedly different.

The fluxes do not agree within the error bars for the brightestcluster in this sample (XLSS-
J022145.2-034617), with our flux being by∼ 15% higher. The brightest outlier in the other
direction (i.e. our flux lower than the one from XMM-LSS) is XLSS-J022609.9-045805. In this
case we found excessive contamination from point sources inthe X-ray photometry aperture. We
carefully checked and manually adjusted the automatic point source removal, which led to a net
decrease of measured flux.

Interestingly, if we decide to rely only on a temperature derived from theL−T the flux estim-
ation precision is practically unchanged (the average difference is only 3%). The temperatures
are also in good agreement, although the error bars are large. The mean temperature residuals are
< 1% with a standard deviation of∼ 23%, comparable to measurement errors. This shows that
theL−T scaling relation and its evolution adopted in this work fromPratt et al. (2009) is suitable
for cluster samples drawn from surveys of this type. We do notfind any systematic dependence
of the temperature residuals on redshift, flux or flux residuals.

The cluster mass is not a direct observable in either of the two surveys. XMM-LSS gives
rough estimates based on their spectroscopic measurement and beta model fit using the relation
from Ettori (2000). Our estimates, using theL−M relation of Pratt et al. (2009), give on average
almost 40% higher masses. The mass residuals strongly amplify the temperature residuals where
a unit increment of temperature residual increases the temperature more than a unit decrement of
temperature residual would decrease it. This leads to a net increase of mass with respect to the
XMM-LSS value.

Finally, we also check the consistency of the beta model fits between the two pipelines. Since
the core radiusrcore and theβ exponent of the beta model are strongly degenerate, especially for
the case of low counts profiles, our fitting procedure keepsβ fixed to the canonical value of 2/3.
The XMM-LSS pipeline carries out fits with both thercore andβ as free parameters. Despite this
difference, we find good agreement between the estimated core radii (Fig. 5.18).
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Figure 5.16: Comparison of detection (left panel) and extent likelihoods (right panel) between
our pipeline (x-axis) and the XMM-LSS pipeline Pacaud et al.(y-axis 2007). The derived likeli-
hoods are well correlated and the red line shows the best fit relations.

Figure 5.17: Comparison of measured X-ray fluxes of the C1 subsample of the XMM-LSS survey
in the 0.5 − 2 keV band and a 0.5 Mpc aperture (Pacaud et al. 2007, y-axis) and the fluxes
measured by our pipeline (x-axis). The red line marks equality. See Sect. 5.8.4 for details of this
comparison.
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Figure 5.18: Beta model core radii for the XMM-LSS C1 sample as estimated by our pipeline
(x-axis) and by the XMM-LSS estimates. Red line marks equality. The core radii are typically
highly uncertain given the relatively low photon statistics. Despite this the agreement between
the two estimates is good. Note that the XMM-LSS values are fitted with the beta value as a free
parameter, while we fix its value to 2/3.
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Abstract
We report on the discovery of two galaxy clusters, SPT-CL J2332-5358 and SPT-CL J2342-5411,
in X-rays. These clusters were also independently detectedthrough their Sunyaev-Zel’dovich
effect by the South Pole Telescope, and in the optical band by theSouthern Cosmology Sur-
vey. They are thus the first clusters detected under survey conditions by all major cluster search
approaches. The X-ray detection is made within the frame of the XMM-BCS cluster survey
utilizing a novelXMM-Newtonmosaic mode of observations. The present study makes the
first scientific use of this operation mode. We estimate the X-ray spectroscopic temperature
of SPT-CL J2332-5358 (at redshiftz = 0.32) to be T= 9.3+3.3

−1.9 keV, implying a high mass,
M500 = 8.8±3.8×1014 M⊙. For SPT-CL J2342-5411, atz= 1.08, the available X-ray data do not
allow us to directly estimate the temperature with good confidence. However, using our measured
luminosity and scaling relations we estimate that T= 4.5±1.3 keV and M500 = 1.9±0.8×1014 M⊙.
We find a good agreement between the X-ray masses and those estimated from the Sunyaev-
Zel’dovich effect.

6.1 Introduction

Almost 40 years after the theoretical prediction of the Sunyaev-Zel’dovich effect (hereafter SZE,
Sunyaev and Zel’dovich 1972), i.e. the distortion of the cosmic microwave background spec-
trum by the hot gas in clusters of galaxies, we have entered a new era where the first clusters
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have been discovered by large-area SZE surveys (Staniszewski et al. 2009). Two ambitious SZE
cluster surveys are currently underway: by the South Pole Telescope (SPT) and by the Atacama
Cosmology Telescope (ACT). Recently, the SPT released a catalog of 21 SZE-selected galaxy
clusters identified in the first∼ 200 deg2 of sky surveyed by the SPT (Vanderlinde et al. 2010,
hereafter V10). Both SPT and ACT have additionally carried out observations of known clusters
(Plagge et al. 2010; Hincks et al. 2010).

The SZE provides new prospects for precision cluster cosmology for two main reasons:(1)
the SZE decrement characterized by the Comptonization parameter Y is currently considered
as a robust, low-scatter proxy for cluster mass (e.g. da Silva et al. 2004; Motl et al. 2005) and
(2) the SZE is not subject to the cosmological surface brightness dimming effect, resulting in a
selection function closely corresponding to a selection with a fixed mass limit at all redshifts.

However, to be able to fully harvest the potential of the upcoming comprehensive multi-
wavelength surveys, we need to have(1) a good understanding of the cluster selection function,
(2) cluster redshift measurements and(3) a well-calibrated link between cluster observables and
total cluster masses.

In order to address these issues and to best understand the results of the different survey
techniques, we are conducting a coordinated multi-wavelength survey in a test region (which
will be covered by both SZE surveys) in the optical by the Blanco Cosmology Survey (BCS, 100
deg2), in the mid-infrared withSpitzer(14 deg2) and in X-rays withXMM-Newton.

Here we present the X-ray detections of two clusters, SPT-CLJ2332-5358 and SPT-CL
J2342-5411. These clusters were independently detected bySPT (V10) and confirmed to be
coincident with overdensities of red galaxies (High et al. 2010). In addition, SPT-CL J2332-
5358 has been recently detected in the optical (SCSO J233227-535827, Menanteau et al. 2010).
This source is also coincident with the X-ray source 1RXS J233224.3-535840 in the ROSAT
Bright Source Catalog (Voges et al. 1999). The presentXMM-Newtonobservations enable us to
confirm both objects as X-ray luminous clusters of galaxies.

Throughout the article we adopt aΛCDM cosmology with (ΩΛ,ΩM,H0) = (0.7, 0.3, 70
km s−1 Mpc−1).

6.2 XMM-Newton data reduction

The sources SPT-CL J2332-5358 and SPT-CL J2342-5411 were discovered as high-significance
extended sources inXMM-Newtonobservations carried out in the framework of the XMM-BCS
cluster survey (̌Suhada et al., in prep.).

The X-ray survey currently extends over 14 deg2 (Fig. 6.1). The core of theXMM-Newton
field consists of a deeper region covering 6 deg2 with 42 partially overlapping∼ 12 ks long
individual pointings and three large scale (∼ 2.7 deg2 each)mosaic mode observations. Each of
the three mosaics consists of 19 stable pointings (3.5 ks exposures) and the slews between them,
with a total time∼ 90 ks per mosaic.
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SPT-CL J2332-5358

2 arcmin

SPT-CL J2342-5411

2 arcmin

Figure 6.1: Left: mosaic modeXMM-Newtonimage of the whole 14 deg2 survey field. The
false color image was constructed from surface brightness images in the 0.3− 0.5, 0.5− 2.0 and
2.0 − 4.5 keV bands. Regions A, B, and C mark the three mosaic mode observations, region F
the deeper core of the survey consisting of 42 individual pointings. The green circles mark the
positions of SPT-CL J2332-5358 and SPT-CL J2342-5411 with aradius equal to rplat (Sect. 6.2.2)
in both images.Right: 0.5− 2.0 keV images of SPT-CL J2332-5358 (top) and SPT-CL J2342-
5411 (bottom) with overlaid SZE signal-to-noise contours from the SPT survey (V10).

6.2.1 XMM-Newton mosaic mode observations

The mosaic mode observationis a new observation mode ofXMM-Newtonand this is the first
instance of its scientific use. Mosaic mode observations were designed to significantly increase
the efficiency of observations covering areas larger than the field of view of the telescope. Be-
fore the implementation of this mode such observations could only be achieved by consecutive
independent single pointings. Each of these individual pointings then required its own instru-
mental overhead, which particularly for the EPIC PN camera can be a significant part of the total
observing time, especially if the required exposure times for the pointings themselves are short.

The mosaic mode observation starts as a standard observation with operational overhead
(telescope pointing and guide star acquisition) followed by instrumental overhead, when a charge
zero level (i.e.offset table) is calculated for the PN camera, which typically amounts to3− 4 ks
(MOS cameras are operated with fixed offset tables and their setup is negligible). After the setups
are finished, the observation itself starts. In our mosaics,each stable pointing has an exposure of
3.5 ks, followed by a slew to the next field offset by∼ 23′. Science data are also collected during
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the slew and different from the standard operating mode the observation is not interrupted by a
new instrumental setup sequence, but the same offset table is used during the whole mosaic.

Without the mosaic mode, surveys of this kind would practically be unfeasible, with ob-
serving efficiency (i.e. the ratio of integration time to total time) around only 50%, compared
to & 80% efficiency achieved with the present setup. More information onthe mosaic mode
observations can be found in theXMM-NewtonUser Handbook.1

6.2.2 X-ray data analysis

Both SPT-CL J2342-5411 and SPT-CL J2332-5358 were detectedin the mosaic observations car-
ried out in December 2009 (mosaic A, OBSID: 0604870301 and mosaic B, OBSID: 0604873401
respectively). We defer a more detailed description of the survey data reduction to a forthcoming
publication of the X-ray cluster catalog. Here we summarizethe main steps and highlight the
differences of treating mosaic eventlists with respect to standard observations.

The EPIC data were processed with the currentXMM-NewtonStandard Analysis System
(SAS) version 9.0.0. We calibrated the raw observational data files in a standard way. Events
in bad pixels, bad columns and close to the chip gaps were excluded from further analysis. The
eventlists were screened for high-background periods caused by soft proton flares following the
two-step cleaning method of Pratt and Arnaud (2003), but setting a 3σ limit in both energy bands.

The clean exposure times are 71.9/72.6 ks for PN, and 85.0/88.7 ks for the MOS cameras for
the entire mosaic A/B respectively. The beginning of the mosaic sequence B in thePN camera
was strongly affected by soft proton flaring, therefore the effective exposure at the SPT-CL J2332-
5358 location is only 0.1 ks in PN, while it is 3.1 ks in each MOS camera. The source in addition
lies partially on the missing MOS1 CCD#6, yielding a total combined MOS effective exposure
of only ∼ 4 ks. Local exposure times for SPT-CL J2342-5411 were∼ 2.8 ks in PN,∼ 2.1 ks in
MOS1 and∼ 2.3 ks in MOS2.

As the main source-detection algorithm we utilized the sliding box technique and a maximum
likelihood source fitting in their current, improved implementation in the SAS taskseboxdetect
andemldetect.

Mosaic data of this extent is too extensive to fit into the memory storage during the detec-
tion process. Therefore we segmented the mosaic into several overlapping parts, which could be
handled by the SAS tasks. Segmenting the mosaic into sky-chunks for source detection is prefer-
able to splitting it into individual stable pointings, because we also wished to include counts
gathered during the slews between the pointings and utilizethe greater depth in the regions
where two neighboring pointings overlap.

The mosaic segments have a typical size of∼ 1 deg2 and overlap by& 2′ along all borders.
This way the input images, exposure, and background maps could be accommodated by the
ebox- andemldetect tasks ran with increased memory buffer (imagebuffersize=2000 flag).

In order to get a reliable measurement of the flux and trace theemission of the clusters as far
out as possible, we implemented a refined version of thegrowth curve method(Böhringer et al.
2000). The cumulative source flux as a function of radius (i.e. the growth curves) for the two

1 xmm.esac.esa.int/external/xmm user support/documentation/uhb/XMM UHB.pdf
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systems are displayed in Fig. 6.2. The total source flux was determined iteratively by fitting a
line to the flat part of the background-subtracted growth curve. We define theplateau radius
(rplat) as the aperture where the growth curve reaches the total flux.

For SPT-CL J2332-5358 we detected source emission out to rplat = 196′′, with total source
flux of Fplat(0.5−2.0 keV)= 9.38±0.50×10−13 erg s−1 cm−2, corresponding to a total luminosity
Lplat(0.5− 2.0 keV)= 2.67 ± 0.14 × 1044 erg s−1. Errors of the flux and luminosity include the
Poisson errors and a 5% systematic error in the background estimation.

The X-ray morphology of this cluster agrees well with the SZEsignal on the largest scales
(Fig. 6.1) and its peak is close to the position of the brightest cluster galaxy (BCG, Fig. 6.4). We
detect a significant X-ray extension up to∼ 1.5′ SE from the BCG. A detailed characterization of
the galaxy distribution and the correlation between X-ray and optical morphology will be given
in a forthcoming paper.

For SPT-CL J2342-5411 we found rplat = 62′′, Fplat(0.5− 2.0 keV)= 5.74± 0.58× 10−14 erg
s−1 cm−2 and a total luminosity Lplat(0.5−2.0 keV)= 2.84 ± 0.3 × 1044 erg s−1 (Fig. 6.2, right).

X-ray spectroscopy

The available survey data,2 although modest in exposure, allow us to get a first temperature
estimate for SPT-CL J2332-5358.

In order to determine a suitable aperture for spectroscopicmeasurements, we created a wave-
let reconstruction (Vikhlinin et al. 1998b) of the combined0.5-2.0 keV band image. We found
that a circular aperture with 70” radius well encloses the region where the cluster emission is
registered at≥ 5σ significance.

A background spectrum was extracted from an annulus concentric with the source and span-
ning the radial distance from 200′′ to 400′′. The inner radius was selected based on the growth-
curve analysis as the radius where cluster emission is no longer observable (Fig. 6.2, left). The
outer radius is constrained by the field of view. We excised all detected point sources from each
extracted spectrum after a visual check.

We fitted the spectrum with a single temperature MeKaL model,fixing the column density to
the galactic valuenH = 1.62× 1020 cm−2 (Dickey and Lockman 1990), metal abundance toZ =
0.3 Z⊙ and redshift toz= 0.32 (photometric, High et al. (2010), consistent with Menanteau et al.
(2010)). To avoid biases stemming from analyzing low-countspectra, we used a minimally
binned spectrum (≥ 1 cts/bin) and C-statistics.

The fitted temperature is T= 9.3+3.3
−1.9 keV (1σ errors) for the joint fit from all three cameras

(Fig. 6.3, left). In order to check for possible systematicsin the background subtraction, we
also fitted the spectrum using background spectra extractedfrom a completely independent cir-
cular region (on different chips than the source but roughly at the same off-axis angle). The test
background gives a consistent result, T= 9.4+3.5

−1.9 keV.

2Due to current limitations of thebackscale task, used to calculate the area scaling factors of the spectra, we
omitted the slew part of the survey for spectroscopical purposes and filtered from the mosaic eventlist only events
detected during the relevantstable pointingperiod (the slew part would contribute only a few tens of counts in this
case).
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Table 6.1: Basic X-ray parameters of SPT-CL J2332-5358 and SPT-CL J2342-5411. Flux and
luminosity errors include the Poisson errors and a 5% systematic error in the background es-
timation. Errors of parameters obtained from scaling relations include the measurement errors
of the luminosity and temperature, respectively, and the intrinsic scatter of the scaling relations.
We assume self-similar evolution for all the scaling relations and no evolution of their intrinsic
scatters (see Sect. 6.2.2).

parameter SPT-CL J2332-5358 SPT-CL J2342-5411 units
α (J2000)a 23h 32m 26.7s 23h 42m 45.8s

δ (J2000)a −53◦ 58′ 20.4′′ −54◦ 10′ 59.2′′

photometric redshift 0.32b 1.08b

F500 [0.5− 2.0 keV] 9.52± 0.51 0.58± 0.06 10−13 erg cm−2 s−1

L500 [0.5− 2.0 keV] 2.71± 0.15 2.86± 0.29 1044 erg s−1

T500 9.3± 2.6c 4.5± 1.3f keV
r500 1.3± 0.2d 0.6± 0.1d Mpc
M500 8.8± 3.8d 1.9± 0.8d 1014 M⊙
YX,500 11.6± 9.7e 1.1± 0.7g 1014 M⊙ keV
r200 2.0± 0.3d 0.9± 0.1d Mpc
M200 12.4± 5.4d 2.7± 1.2d 1014 M⊙

a X-ray coordinates based on a maximum-likelihood fit of a PSF-folded beta model to the surface brightness distri-
bution;b High et al. (2010);c Spectroscopic temperature (Sect. 6.2.2), error bars averaged, assuming isothermality;
d M−T relation from Arnaud et al. (2005), using relations forT > 3.5 keV, self-similar evolution, radii calculated
analytically from the mass estimates;e M500−YX relation (Arnaud et al. 2007).f L−T relation from Pratt et al.
(2009), self-similar evolution, relation for the 0.5− 2 keV luminosity, BCES orthogonal fit.g L−YX relation from
Pratt et al. (2009), self-similar evolution, relation for the 0.5−2 keV luminosity, BCES orthogonal fit. YX , the X-ray
analogue to the Comptonization parameter Y, is the product of the gas mass and temperature (e.g. Kravtsov et al.
2006).

Based on our temperature measurement we estimated several important physical parameters
(Table 6.1), including mass in r500 and r200 apertures from the M−T scaling relation, assuming
self-similar evolution. For parameters obtained from scaling relations we included the measure-
ment errors of the luminosity and temperature and the intrinsic scatter of the scaling relations.
We used a beta model to extrapolate the observed flux and luminosity out to r500 (because the
estimated r500 value is higher than the measured rplat). This extrapolation is negligible (∼ 1.5%).

The available photon statistics for SPT-CL J2342-5411 is much lower and allows us to
carry out a tentative analysis only. Following the previously described procedure, we extrac-
ted the source spectrum from a 45′′ region and the background spectrum from a concentric an-
nulus with 100′′ inner and 200′′ outer radius. Fixing the column density to the galactic value
nH = 1.86× 1020 cm−2, metal abundance toZ = 0.3 Z⊙ and redshift toz = 1.08 (photometric,
High et al. 2010), we found that the spectrum is consistent with a single temperature MeKaL
model (Fig. 6.3, right). The temperature is only weakly constrained, T= 6.7+5.2

−2.4 keV, and there-
fore we opted for the use of luminosity-based scaling relations (L−T and L−YX) to estimate the
physical parameters of the system (Table 6.1). The evolution of the scaling relations and their
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intrinsic scatter is currently not firmly established out toz ∼ 1. We assumed self-similar evol-
ution of the scaling relations and no evolution of their intrinsic scatters. The error from these
assumptions for SPT-CL J2342-5411 is expected to be smallerthan the quoted measurement
errors.

6.3 Discussion and conclusions

We have presented first results from the XMM-BCS cluster survey, providing X-ray detections
of two SZE-selected systems, SPT-CL J2332-5358 and SPT-CL J2342-5411. The X-ray analysis
is based on mosaic modeXMM-Newtonobservations - the first time observations of this kind
have been carried out.

The system SPT-CL J2332-5358 ranks among the hottest known clusters (T= 9.3 keV) and
is exceptionally massive (M200 & 1 × 1015 M⊙). Our mass estimate is in excellent agreement
with the ROSAT-based result of Menanteau et al. (2010). The SZE-inferred mass reported by
V10 is M500 = 5.20± 0.86± 0.83× 1014 M⊙, where the error bars represent the statistical and
systematic uncertainties, both at 68% confidence. They notethat this mass is biased low by a
bright dusty point source identified in the 220 GHz SPT data. Apreliminary analysis indicates
that this point source decreases the SZE mass estimate by a factor of∼1.5. This would imply a
corrected SZE mass estimate of M500 = 7.8± 1.3± 1.3× 1014 M⊙, which agrees well with our
X-ray estimate.

This is an initial study of the system SPT-CL J2332-5358. Other aspects of the system are
investigated in forthcoming papers:1) using a deeper XMM observation Andersson et al. (in
prep.) perform a detailed comparison of the X-ray and SZE properties of this cluster,2) a char-
acterization of the galaxy population and morphology will be addressed in Song et al. (in prep.).

The source SPT-CL J2342-5411 belongs to the one of the most distant known clusters (z =
1.08) with X-ray and SZE detections. The discovery of such a distant system in both SZE and
X-ray surveys demonstrates the great potential of the two observational approaches for cosmo-
logical and cluster evolution studies. The estimated mass for this system, M500 = 1.9 ± 0.8 ×
1014 M⊙, is consistent with the SZE mass M500= 2.66± 0.50± 0.37× 1014 M⊙ (V10).

SPT-CL J2332-5358 and SPT-CL J2342-5411 are the first galaxyclusters discovered inde-
pendently in X-ray, SZE and optical surveys. These clustersexemplify the promise of multi-
wavelength cluster surveys and give a glimpse of the possible synergies of current and future
large-scale survey experiments, including SPT,Planck, eRosita, and the Dark Energy Survey.
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6.4 Appendix

The appendix provides additional information concerning the X-ray analysis of SPT-CL J2332-
5358 and SPT-CL J2342-5411.
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Figure 6.2:Left: The growth curve of SPT-CL J2332-5358: red curve shows the integrated flux
as a function of outer integration radius for the MOS2 camerain the 0.5− 2.0 keV band. Source
flux is detected out to 196′′ (rplat, dashed line). The total measured flux in this aperture and band
is Fplat = 9.4±0.5×10−13 erg s−1 cm−2 (horizontal dot-dashed level). We omitted the use of the PN
and MOS1 camera for the growth curve analysis (see Sect. 6.2.2). Right: The growth curve of
SPT-CL J2342-5411: red curve shows the integrated flux as a function of outer integration radius
for the joint MOS1 and MOS2 cameras (0.5 − 2.0 keV band), blue curve for the PN camera.
Source flux is detected out to rplat = 62′′ (dashed line). The total measured flux, estimated as the
weighted average of the MOS and PN plateau fluxes, is Fplat = 5.7 ± 0.6 × 10−14 erg s−1 cm−2

(dot-dashed level). In both panels, error bars on the growthcurve indicate the Poisson error of
the flux measurement including a 5% systematic error in the background estimation.
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Figure 6.3: Left: XMM-NewtonX-ray spectrum of SPT-CL J2332-5358 fitted with a single
temperature MeKaL model which gives T= 9.3+3.3

−1.9 keV. The column density is fixed to the
galactic valuenH = 1.62 × 1020 cm−2 (Dickey and Lockman 1990), the metal abundance to
Z = 0.3 Z⊙ and the redshift toz = 0.32 (photometric).Right: XMM-NewtonX-ray spectrum of
SPT-CL J2342-5411. The available low-count spectrum (displayed for completeness) allows us
to draw only tentative conclusions. The spectrum is consistent with a single temperature MeKaL
model, with the temperature only weakly constrained to T= 6.7+5.2

−2.4 keV. The column density
is fixed to the galactic valuenH = 1.86 × 1020 cm−2 (Dickey and Lockman 1990), the metal
abundance toZ = 0.3 Z⊙ and the redshift toz = 1.08 (photometric). The spectra were binned
only for display purposes, the fit was carried out with≥ 1 cts/bin binning and C-statistic. Red:
MOS1, black: MOS2, green: PN. See Sect. 6.2.2 for details.
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SPT-CL J2332-5358

2 arcmin 2 arcmin

SPT-CL J2342-5411

Figure 6.4:Left: Color image of SPT-CL J2332-5358 (photo− z = 0.32). Right: Color image
of SPT-CL J2342-5411 (photo− z = 1.08). Both images were obtained from the Blanco Cosmo-
logy Survey imaging in thegri bands. X-ray contours are overlaid in white. Green circles show
the estimated rplat (see Sect. 6.2.2). Both clusters have a large BCG (brightestcluster galaxy)
within few arcseconds (. 10′′) from the X-ray emission peak.
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Abstract
Context:Multi-wavelength surveys for clusters of galaxies are opening a window on the elusive
high-redshift (z > 1) cluster population. Well controlled statistical samples of distant clusters
will enable us to answer questions about their cosmologicalcontext, early assembly phases and
the thermodynamical evolution of the intracluster medium.
Aims: We report on the detection of twoz > 1 systems, XMMU J0302.2-0001 and XMMU
J1532.2-0836, as part of the XMM-NewtonDistant Cluster Project (XDCP) sample. We invest-
igate the nature of the sources, measure their spectroscopic redshift and determine their basic
physical parameters.
Methods:The results of the present paper are based on the analysis of XMM-Newtonarchival
data, optical/near-infrared imaging and deep optical follow-up spectroscopy of the clusters.
Results:We confirm the X-ray source XMMU J0302.2-0001 as a gravitationally bound, bona
fide cluster of galaxies at spectroscopic redshiftz = 1.185. We estimate itsM500 mass to
(1.6 ± 0.3) × 1014 M⊙ from its measured X-ray luminosity. This ranks the cluster among in-
termediate mass system. In the case of XMMU J1532.2-0836 we find the X-ray detection to
be coincident with a dynamically bound system of galaxies atz = 1.358. Optical spectroscopy
reveals the presence of a central active galactic nucleus, which can be a dominant source of the

1Based on observations obtained with ESO Telescopes at the Paranal Observatory under program ID 080.A-0659
and 081.A-0312, observations collected at the Centro Astrnómico Hispano Alemán (CAHA) at Calar Alto, Spain
operated jointly by the Max-Planck Institut für Astronomie and the Instituto de Astrofı́sica de Andalucı́a (CSIC).
X-ray observations were obtained by XMM-Newton.
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detected X-ray emission from this system. We provide upper limits of X-ray parameters for the
system and discuss cluster identification challenges in thehigh-redshift low-mass cluster regime.
A third, intermediate redshift (z = 0.647) cluster, XMMU J0302.1-0000, is serendipitously de-
tected in the same field as XMMU J0302.2-0001. We provide its analysis as well.

7.1 Introduction

The number of known galaxy cluster detections at high redshift (z & 1) is constantly growing
(see Appendix 7.5.2). Recently we have witnessed the detection of the first spectroscopically
confirmed clusters at redshift> 1.6 by Papovich et al. (2010) and Tanaka et al. (2010). This dis-
tance record has been however soon overtaken by the cluster XMMU J105324.7+572348 with
z= 1.753 (Henry et al. 2010). Finally, Gobat et al. (2011) reported on the detection of a remark-
able structure which is consistent with a low mass cluster atredshift 2.07. The nature of another
potentially very distant system, JKCS041 detected by Andreon et al. (2009) at a photometric
redshift of 1.9, was contested by Bielby et al. (2010). Recently obtained deep z’ and J imaging,
however seems to confirm the presence of a cluster atz = 2.2 (based on a red sequence redshift
estimation).

For the first time we can start constructing sizable cluster samples atz> 1 as a consequence of
several important factors. First, there is progress in cluster search methods, both classical such
as X-ray (Mullis et al. 2005; Stanford et al. 2006; Henry et al. 2010; Fassbender et al. 2011a,
Nastasi et al., in prep.) and optical/mid-infrared surveys (Gladders and Yee 2005; Stanford et al.
2005; Gobat et al. 2011; Papovich et al. 2010) as well as new selection methods like surveys util-
ising the Sunyaev-Zel’dovich effect (SZE, Planck Collaboration et al. 2011a; Williamson et al.
2011; Vanderlinde et al. 2010; Marriage et al. 2010).

The second essential prerequisite is the availability of deep spectroscopic data, required to
the confirm the cluster candidates as genuine gravitationally bound systems and to estimate their
redshifts. This typically requires considerable effort and exposure times, and therefore many of
the current crop of distant clusters are the results of observational campaigns spanning several
years.

In addition, atz> 1.5 we are also nearing to the edge of capabilities of even the largest optical
spectroscopic instruments, since at these redshifts the 4 000 Å-break (an important feature to
anchor the redshift of passive galaxies) is redshifted beyond 10 000 Å, towards the tails of the
sensitivity curves of current spectrographs, where the fringing contamination is dominant and
significantly decreases the signal-to-noise ratio achievable in a given observation. Fortunately,
near-infrared spectroscopy is able to overcome this problem (e.g. Tanaka et al. 2010). Existing
(e.g. MOIRCS on the Subaru telescope and LUCIFER at the LargeBinocular Telescope) and
upcoming (KMOS at the VLT) instruments will soon be able to provide confirmation for new
high redshift clusters with a much higher efficiency than the optical spectrographs.

Even though studying high redshift systems is a truly daunting task, the effort is rewarded by
gaining a direct view of the earliest assembly epochs of the most massive Dark Matter (DM) halos
today, their gas content - the intracluster medium (ICM) - and their galaxy populations. Since
the properties of the cluster population are intrinsicallyconnected to the underlying cosmology,
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they provide a sensitive test of the cosmological parameters.

The high-mass end of the cluster mass function at high-redshift provides the best leverage
when constraining cosmological parameters through their effect on the distribution and growth
of the large scale structure. Since massive distant clusters are rare, this regime can be effectively
probed only by surveys which are able to cover large sky areas(and hence large survey volumes)
such as the SZE surveys. The selection function of these surveys is (almost) independent of
redshifts and their sensitivity is limited to very massive clusters with minimal mass 3−5×1014 M⊙
(Vanderlinde et al. 2010; Williamson et al. 2011; Marriage et al. 2010).

However, the majority of the cluster population lies below this mass threshold. Therefore, if
we want to understand the thermodynamical evolution of the ICM and the evolution of the galaxy
population, we have to look at lower mass systems down to the group regime. For the purpose
of this paper we will consider the cluster-group transitionregime to be around∼ 1 × 1014 M⊙.
This threshold region can be probed by X-ray surveys, but it is at the very limit of feasibility of
contemporary X-ray surveys (joint X-ray and near-infrareddetections can reach slightly lower
limiting masses, e.g. Finoguenov et al. 2010). Accessing this threshold population will, how-
ever, allow us to directly calibrate the mass scaling relations for less massive systems and study
potential mass-dependent effects on the evolution of the galaxy population of the clusters.

Already a simple consideration from the virial theorem (Kaiser 1986) predicts a tight link
between the ICM’s properties (luminosity, temperature, gas mass) and the total mass (i.e. includ-
ing DM). These quantities are thus not only of interest from the point of view of characterising
the physical conditions of a given cluster, but also as an important observational input for cos-
mological studies. While the scaling relations of nearby clusters are fairly well known (e.g.
Pratt et al. 2009; Arnaud et al. 2005), the evolution of theserelations is only starting to be ex-
plored at redshiftsz& 0.5− 0.7 (Vikhlinin et al. 2009b; Pacaud et al. 2007). Thez> 1 regime is
still practically unexplored.

The redshift rangez = 1− 2 is a transition period also for the galaxy population of clusters.
Local clusters exhibit typically well-defined red-sequences populated by passively evolving early-
type galaxies. While similar red sequences are found also insome of the high redshift clusters,
e.g. the very massive cluster XMMU J2235.3-2557 (Strazzullo et al. 2010; Rosati et al. 2009),
we are finding more and more cases, where star-formation is still ongoing (Fassbender et al.
2011b; Hayashi et al. 2010; Hilton et al. 2010).

Sizable, well controlled cluster samples at high redshift are thus important to address many
questions about the cluster population as a whole, but also about the underlying cosmology. In
this paper we provide first details on two new, X-ray selectedclusters atz> 1. In Sect. 7.2 we de-
scribe their detection and follow-up observations (imaging and spectroscopy). Optical properties
are summarized in Sect. 7.2.2 and the X-ray analysis in Sect.7.2.3. We discuss the results and
draw conclusions in Sect. 7.3 and 7.4, respectively. The analysis of a third, intermediate redshift
cluster (z= 0.647), serendipitously detected together with XMMU J0302.2-0001, is provided in
Appendix 7.5.1.

Throughout the article, we adopt aΛCDM cosmology with (ΩΛ,ΩM,w,H0) = (0.7, 0.3,−1, 70
km s−1 Mpc−1). Physical parameters are estimated within an aperture corresponding to a factor
500 overdensity with respect to thecritical density of the Universe at the cluster redshift.
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Table 7.1: Observation log of the X-ray coverage of XMMU J0302.2-0001 and XMMU J1532.2-
0836. The quoted exposure times are net clean times. MOS1 andMOS2 exposure times are
averaged. The off-axis angle for the XMM-Newtonobservations is an average angle from all
three detectors.

Cluster Instrument OBSID Exp. time (PN/MOS) [ks] Off-axis angle
XMMU J0302.2-0001 XMM 0041170101 36.4/46.2 10.9′

XMMU J1532.2-0836 XMM 0100240701 13.2/17.4 5.0′

XMMU J1532.2-0836 XMM 0100240801 19.4/25.8† 6.1′

† This observation is heavily contaminated by quiescent proton flaring and used only for systematics check
(Sect. 7.2.3 and Sect. 7.3.2).

7.2 Observations and data analysis

The analysis of the presented clusters is based on archival,medium-deep X-ray observations and
optical/near-infrared data (both imaging and spectroscopic) collected in a follow-up campaign.
All observations are summarized in Tables 7.1 and 7.2.

7.2.1 Initial X-ray detection with XMM- Newton

Both XMMU J0302.2-0001 and XMMU J1532.2-0836 were detectedas extended sources as part
of the XMM-NewtonDistant Cluster Project (XDCP) sample. The XDCP consists of470 XMM-
Newtonarchival fields with a total non-overlapping area close to 80deg2. The data was obtained
from the XMM data archive.2 The initial cluster detection was performed with the XMM-Newton
science analysis system SAS v6.5 utilising a sliding box detection and a maximum likelihood
source fitting.3 Details of the source detection pipeline can be found in Fassbender (2008).

For the purposes of this paper we re-analyzed the observations containing both sources with
the current updated version of SAS (v10.0). The details of the observations are summarized in
Table 7.1.

XMMU J0302.2-0001

XMMU J0302.2-0001 was detected in the XMM-Newtonobservation OBSID: 0041170101 with
39.3 ks PN exposure time and 50.4 ks in either MOS camera. We identified and excised a time
period strongly affected by soft proton flaring in a two-step cleaning process yielding 36.4 ks PN
and 46.2 ks MOS clean exposures. We find no residual quiescentsoft proton contamination in
any of the detectors.

The source is detected at the coordinates (α, δ) = (03h 02m 11.9s,−00◦ 01′ 34.3′′) (J2000)
at a relatively high off-axis angle of 11′ with very high detection and extent significance (both

2xmm.esac.esa.int/xsa/
3SAS taskseboxdetect andemldetect.
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& 10σ). The beta model core radius isrC = 14.4′′, based on a fit with a fixedβ = 2/3. In an
aperture of 1′ we detected 130 source counts in PN and 80 in the combined MOS detectors.

XMMU J1532.2-0836

The second X-ray source, XMMU J1532.2-0836, is found in two XMM-Newtonobservations
(OBSID: 0100240701 and 0100240801) at coordinates (α, δ) = (15h 32m 13.0s −08◦ 36′ 56.9′′).
The off-axis angles are in both observations similar,∼ 5′ − 6′. Pointing 0100240801 is slightly
deeper with 19.4/25.7 ks clean time in PN/MOS compared to 13.2/17.3 ks of 0100240701. Un-
fortunately, after inspecting the light curve of observation 0100240801 we find a steady decline
of the count rate along the whole duration of the observation- a clear indication of a residual
quiescent (i.e. non-flaring) soft proton contamination. Toconfirm this suspicion we use a dia-
gnostic test suggested by De Luca and Molendi (2004). By looking at the count rate ratio inside
and outside the field of view of each detector in the 8− 10 keV band, we find a∼ 50% soft back-
ground enhancement compared to the normal level in PN and more than 90% enhancement in
both MOS cameras. Observation 0100240701 is found to be completely uncontaminated. In both
observations we detect below 50 source counts, which is reflected in the uncertainty of derived
parameters.

The system was detected at a∼ 5σ significance level, however it was classified as a point
source in observation 0100240701. It is only in the slightlydeeper (but contaminated) observa-
tion, where the source is flagged as extended with a 2σ significance and beta model core radius
of rC ≃ 8′′. Therefore, in the source detection step the extent is established only tentatively. We
describe an in-depth investigation of the extent significance in Sect. 7.3.2, where we conclude
that the currently available data is not sufficient to confirm the extended nature of the source with
any statistical significance. All quoted values for XMMU J1532.2-0836 unless noted otherwise
will come from the analysis of the uncontaminated field 0100240701.

XMMU J0302.1-0000

We also identified an additional cluster candidate in the first XMM- Newtonobservation (OB-
SID: 0041170101) roughly 2′ from XMMU J0302.2-0001. We obtained spectroscopy for mem-
ber galaxies for both clusters simultaneously in the same FORS2 pointing. This allowed us to
confirm also this second source, XMMU J0302.1-0000, as a genuine cluster of galaxies at in-
termediate redshiftz ≈ 0.65. In the following we will focus on the twoz > 1 clusters and we
provide details for XMMU J0302.1-0000 in Appendix 7.5.1.

7.2.2 Optical/Near-infrared observations

In addition to the archival X-ray data, we have obtained optical/near-infrared imaging and deep
optical spectroscopy for the clusters. In this section we provide the details of the available data
and its analysis.
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Follow-up imaging and optical properties

The optical/near-infrared imaging data used in this work is summarized in Table 7.2. This data
was obtained prior to spectroscopy to allow pre-selection of the cluster candidates. Here we use
it to investigate the basic optical properties of the cluster galaxy populations.

XMMU J0302.2-0001

In order to identify the optical counterparts of XMMU J0302.2-0001, we carried out medium
deep H and z-band imaging data with the prime-focus wide-field (field-of-view of 15.4′ on the
side) near-infrared OMEGA2000 camera (Bailer-Jones et al.2000) at the 3.5m Calar Alto tele-
scope. The observations were performed on 3rd and 4th January (H and z band respectively)
2006 under clear conditions (calibration with on-chip 2MASS stars was done in photometric
conditions). We reduced the data with the designated OMEGA2000 NIR pipeline (Fassbender
2008). The individually reduced frames are visually checked and co-added. The total exposure
time of the final stacked images is 50 min in H band (75 co-addedframes) and 23 min in z band
(23 frames). We reach a 50% completeness limit (Vega) of Hlim = 21.0 mag and zlim = 23.0 mag
with FWHM(H)= 1.34′′ and FWHM(z)= 1.49′′.

The photometry catalog was obtained by runningSExtractor (Bertin and Arnouts 1996)
in dual image mode with the unsmoothed H-band image used as the detection image. We then
cross-checked the catalog with available SDSS photometry.

The VLT/FORS2 imaging (Prog. ID: 079.A-0119(A)) was carried out in the R-band at a fairly
good seeing of∼ 0.7′′ and photometric conditions. With total clean exposure timeof 20 min, it
is a valuable complement to the Calar Alto imaging data. For the reduction of the pre-imaging
data we followed the same procedure as Schwope et al. (2010) and Fassbender et al. (2011a).

In Fig. 7.1 (top left) we display a pseudo-color image of XMMUJ0302.2-0001 in the H/z/R
bands (red/green/blue). A population of red galaxies (2.3 < z−H ≤ 3.0) is found to be coincident
with the X-ray source. We show the z−H vs. H color-magnitude diagram (CMD) of XMMU
J0302.2-0001 in Fig. 7.2 (left). We also overplot the synthetic z−H color of a Simple Stellar
Population (SSP) model (formation redshift zf=5, solar metallicity) for the cluster’s redshift (red
dashed line). We find around 10 red galaxies within 30′′ from the X-ray center with colors well
matching the model prediction. The overdensity of red galaxies compared to the field is at a
∼ 25σ significance level - one of the largest known overdensities at z> 1.

The brightest cluster galaxy (BCG) is coincident with the X-ray emission peak and seems
to be undergoing merging activity (see Fig. 7.1, bottom left). The very bright blue object (H≈
17 mag) at the cluster redshift (but beyond 30′′ from its center) is an AGN with redshift from
SDSS (Sect. 7.3.4). Galaxy ID: 6 (in Table 7.3) also has a bluer color, which is consistent with
the presence of a very strong [Oii] emission line (see Fig. 7.3).

XMMU J1532.2-0836

The imaging in the case of XMMU J1532.2-0836 consists of R andz band imaging obtained with
the VLT/FORS2 instrument (Prog. ID: 078.A-0265) and seeing of 0.6′′ and 0.8′′, respectively.
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The total exposure time is 16 min in R band and 8 min in z. The final R-z vs. z color-magnitude
diagram of XMMU J1532.2-0836 is displayed in Fig. 7.2 (right). The dashed red line shows the
R−z color of a spectro-photometric sequence (SSP model, zf=5, solar metallicity) at the redshift
of the cluster. Two spectroscopic members have colors consistent with this simple model.

As can be noted from the figure, these two galaxies are very close to the completeness limit
of our data and we can thus see only the very brightest end of the galaxy population. The third
galaxy (ID: 3) has bluer colors and a strong [Oii] emission line. We also detect [Neiii]λ3869 Å
and [Nev]λ3426 Å emission lines. It is therefore likely that this galaxy harbours an obscured
AGN (see Sect. 7.3.2).

We have designated the brightest spectroscopic member as the cluster candidate’s BCG (ID:
1), with ∼ 5.5′′ distance from the cluster center. This galaxy is relativelyfaint (z∗ − 0.4). The
brightest galaxy lying exactly at the predicted SSP color isa spectroscopically confirmed fore-
ground galaxy. However, there is one galaxy slightly brighter than the marked BCG within 30′′

from the X-ray center - which could also be a BCG candidate. Unfortunately, we do not have
spectroscopy for this source. Compared to galaxy ID: 1 it hasa slightly bluer color than the SSP
prediction and a slightly larger cluster-centric distance, i.e. ID: 1 still remains the better BCG
candidate.
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Table 7.2: Summary of the optical/near-infrared observations of XMMU J0302.2-0001 and XMMU J1532.2-0836 analysed in this
work. The grism column applies for spectroscopic observations, the band for imaging. Exposure times and seeing are reported for
each band individually.

Cluster Data Exposure Time Prog. ID Date Grism/Band Seeing
XMMU J0302.2-0001 VLT/FORS2/MXU spec. 3h (8× 1308 sec) 080.A-0659 2008 Jun 6 300 I 1.03′′ − 1.26′′

XMMU J1532.2-0836 VLT/FORS2/MXU spec. 3h (8× 1308 sec) 081.A-0312 2008 Apr 4, 7 300 I 0.79′′ − 1.36′′

XMMU J0302.2-0001 CAHA 3.6m†/Omega2000 imag. 50 min/23 min 2006 Jan 3, 4 H/z 1.34′′/1.49′′

XMMU J0302.2-0001 VLT/FORS2 imag. 20 min 079.A-0119 2007 Feb 23 R 0.7′′

XMMU J1532.2-0836 VLT/FORS2 imag. 16 min/8 min 078.A-0265 2008 Apr 4, 7 R/z 0.6′′/0.8′′

† Calar Alto Observatory.
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Figure 7.1: Optical/Near-Infrared images of the clusters.Top: Pseudo-color image of the clusters
XMMU J0302.2-0001 (left, red channel: H band, green: z, blue: R) XMMU J1532.2-0836
(right, red channel: z, green: z+R, blue: R). Adaptively smoothed X-ray contours are overlaid
in cyan. Solid/dashed circles mark a 60′′/30′′ radius region centered on the X-ray detection. An
associated overdensity of red galaxies is apparent in both cases.Bottom: A high contrast zoom
on the central regions of the clusters (dashed circle has a 30′′ radius). XMMU J0302.2-0001
is displayed in the H band whereas XMMU J1532.2-0836 in the z band. Red circles mark the
confirmed spectroscopic members with properties listed in Table 7.3 and spectra displayed in
Fig. 7.3. The BCG is marked with a dashed red circle (ID 1 for both clusters). Spectroscopically
confirmed foreground galaxies are indicated by green crosses.
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Table 7.3: Spectroscopic redshifts of cluster member galaxies. The last column lists the main detected spectral features. Forbidden
lines are detected in emission, the rest in absorption. The distance from the X-ray center in arcseconds is given as the dX parameter.

ID α (J2000) δ (J2000) zspec dX [′′] Features
XMMU J0302.2-0001
1 (BCG) 03:02:12.260 -00:01:33.87 1.1848± 0.0007 5.4 [Oii]†, Ca-K, 4 000 Å break
2 03:02:11.462 -00:01:32.01 1.1735± 0.0007 7.0 Mgii, Ca-H/K, 4 000 Å break
3 03:02:16.181 -00:03:32.28 1.1806± 0.0004 134.3 [Oii], Ca-H/K†

4 03:02:11.774 -00:01:32.61 1.1968± 0.0007 2.5 Mgii, [O ii], Ca-H, G band
5 03:02:09.930 -00:01:05.91 1.2042± 0.0004 41.0 [Oii]†

6 03:02:15.228 -00:01:49.87 1.1596± 0.0004 52.3 [Oii]
XMMU J1532.2-0836
1 (BCG) 15:32:13.294 -08:37:00.75 1.3592± 0.0016 5.5 Mgii, Ca-H/K
2 15:32:13.149 -08:36:57.97 1.3580± 0.0007 2.1 Feii, Mg ii, Ca-H/K
3 15:32:13.010 -08:36:57.14 1.3568± 0.0005 0.4 Feii, [O ii], [Ne iii], [Nev]

† The feature is faint.
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Spectroscopic confirmation

In order to increase the efficiency of spectroscopic follow-up, we submit the X-ray identified
candidates to a pre-screening process based on optical/near-infrared imaging. This allows us to
compile a candidate shortlist with very low contamination rate (Fassbender 2008).

XMMU J0302.2-0001 was classified as a good high redshift cluster candidate based on its
solid X-ray detection and a very prominent (∼ 25σ) overdensity of red galaxies. This system
was therefore selected as a prime candidate for spectroscopic follow-up.

For XMMU J1532.2-0836, the depth of the available X-ray observations allowed us to es-
tablish it only as tentative high-z cluster candidate. However, the optical images revealed four
very red galaxies exactly coincident with the X-ray emission peak and thus also this system was
included among the cluster candidates for the purpose of spectroscopic confirmation with the
VLT /FORS2 instrument.

For each cluster we carried out an observation in the MXU-mode (Mask eXchange Unit),
whose 6.8′ × 6.8′ field-of-view allows us to obtain a sufficient number of galaxy spectra with a
single slit mask centered on the cluster.

We reduced the observations with a new FORS 2 adaptation of the VIMOS Interactive
Pipeline and Graphical Interface(VIPGI, Scodeggio et al. 2005) which includes all the standard
analysis steps - bias subtraction, flat field corrections, image stacking and extraction of back-
ground subtracted 1D galaxy spectra. The wavelength calibration is carried out using a Helium-
Argon lamp reference line spectrum (calibration uncertainty < 1Å). Details of the spectroscopy
reduction pipeline will be given in Nastasi et al., in prep. The final stacked spectra are corrected
for the sensitivity function of the FORS 2 instrument. We obtain the galaxy redshifts by cross-
correlating their spectra with a galaxy template library using the IRAF4 package RVSAO and the
EZ software (Kurtz and Mink 1998; Garilli et al. 2010, respectively).

XMMU J0302.2-0001

As can be seen in Fig. 7.3 (bottom, left), there is a peak of sixconcordant redshifts in the galaxy
redshift distribution around the X-ray center of XMMU J0302.2-0001 atz≈ 1.19. The measured
redshifts, the most dominant spectral features and clustercentric distances are listed in Table 7.3.
Five of the galaxies are within 55′′ from the X-ray center. This includes also the BCG and two
additional red galaxies in the immediate vicinity of the X-ray centroid (< 10′′ offset, see Fig. 7.1),
which allows us to establish the redshift of the system with good confidence. The spectra of
galaxies ID: 4 and ID: 5 have low signal-to-noise ratios, butwe still are able to measure their
redshifts rather safely and keep them therefore in the member list. Galaxy ID: 6 is not passive -
it exhibits an extremely strong [Oii] emission line.

In order to estimate the final cluster redshift we apply a selection criterion adopted from
Milvang-Jensen et al. (2008): we require the galaxy redshifts to be in a 0.015 wide redshift slice
around the iteratively established cluster redshift. Thisselection includes galaxies ID: 1− 5 and
yields a median cluster redshift ofz= 1.185± 0.016 (error is the interquartile range).

4iraf.noao.edu
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Figure 7.2:Left: The z-H vs. H color-magnitude diagram (CMD) for XMMU J0302.2-0001.
Square boxes mark secure spectroscopic cluster members. Galaxies with projected cluster-
centric distances less than 30′′ are shown as red circles, those with distances between 30′′ − 60′′

as green circles. Galaxies with concordant redshift at> 60′′ distances have blue circles. The
dashed black line marks the magnitude limits. The apparent Hband magnitude of a L∗ galaxy at
the cluster redshift is shown with a vertical blue dotted line. To help to guide the eye we over-
plot the color of a solar metallicity SSP model for the clusters’ redshifts with formation redshift
zf = 5 (red dashed line).Right: The R-z vs. z CMD of XMMU J1532.2-0836. The symbols
and colors have the same meaning as in the above plot. Note that the R and z magnitudes here
are in the AB system. Two of the spectroscopic members lay on the model prediction for a red
sequence at this redshift, the third member has a significantly bluer color.

We conclude the discussion of the spectroscopy of XMMU J0302.2-0001 by remarking that
there is an additional spectroscopic galaxy redshift from the Sloan Digital Sky Survey which is
concordant with the cluster redshift. We discuss this source in Sect. 7.3.4.

XMMU J1532.2-0836

For XMMU J1532.2-0836 we were able to obtain three galaxy spectra (Fig. 7.1, top right).
All three spectra have good signal-to-noise ratios and the redshifts can be anchored by several
prominent spectral features (Table 7.3). They yield a redshift of the system equal to 1.358±0.001.
The three spectroscopic members are within∼ 6′′ from the X-ray center (Fig. 7.1, bottom right).
The fourth red galaxy close to the center was found to be a foreground object.

Galaxy ID: 3 has a very prominent [Oii] emission line and [Neiii] and [Nev] lines were
detected as well. These features are characteristic for thepopulation of obscured AGN (e.g.
Groves et al. 2006). The implications of the presence of an AGN for the X-ray analysis of the
source is discussed in Sect. 7.3.1.

Finally, we note that the four galaxies atz≈ 1.1 in Fig. 7.1 (bottom right) would constitute a
system given our selection criterion (Sect. 7.2.2). However, these galaxies are spatially unrelated
and thus do not form a genuine galaxy overdensity.
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Figure 7.3:Top: Spectra of secure cluster members for XMMU J0302.2-0001 (left, z = 1.185)
and XMMU J1532.2-0836 (right,z= 1.358) smoothed with a 7 pixel boxcar filter. The expected
observed positions of prominent spectral features at the median redshift are indicated by black
dashed lines. The sky spectrum (bottom) and telluric features (top) are overplotted in red. For the
BCGs (top panels) we display an overlaid LRG template spectrum in blue.Bottom: Distribution
of VLT /FORS2 galaxy spectra for the two clusters. The red hashed parts show the distribution of
the red galaxies for both clusters (also shown in the insets), selected by requiring the redshift to
be withinzCL ± 0.015. The black hashed peak corresponds to cluster XMMU J0302.1-0000 (see
Appendix 7.5.1). See Sect. 7.2.2 for discussion.
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7.2.3 Growth curve analysis of the X-ray imaging data

Figure 7.4: Growth curve analysis of XMMU J0302.2-0001 (z=1.185, left) and XMMU J1532.2-
0836 (z=1.358, right). The curves show the encircled cumulative fluxas a function of radius
(PN: blue curve, combined MOS: red). Dashed lines mark the flux measurement error bars
which include the Poisson noise and an additional 5% systematic error from the background
estimation. The dashed horizontal lines mark the plateau levels. See Sect. 7.2.3 for details.

We utilize an improved version of thegrowth curve method(Böhringer et al. 2000), in or-
der to trace the emission to an as high cluster-centric distance as possible and obtain a reliable
measurement of the flux. The cumulative source flux (i.e. background-subtracted) as a function
of radius, the growth curves, for the two systems are displayed in Fig. 7.4. The total source flux
was determined iteratively by fitting a line to the flat part ofthe background-subtracted growth
curve. We define theplateau radius(rplat) as the aperture where the growth curve levels off into
a flat plateau. The flux at this radius is the total detected fluxof the source.

XMMU J0302.2-0001

For XMMU J0302.2-0001 we found rplat = 55′′, Fplat(0.5− 2.0 keV)= (11.73± 1.36)× 10−15 erg
s−1 cm−2 and a total luminosity Lplat(0.5− 2.0 keV)= (8.56 ± 0.99) × 1043 erg s−1 (Fig. 7.4).
Errors of the flux and luminosity include the Poisson errors and a 5% systematic error in the
background estimation.

The analysis of this cluster is complicated by the presence of an extremely bright point source
80′′ away from the cluster center. At this high off-axis angle the point-spread function (PSF) is
already significantly broadened with respect to its on-axisshape and therefore the emission of
the point source is spread out in the PSF wings inside the cluster region. Before the background
estimation we manually removed a circular region with a conservative radius centered on the
point source. The flux estimation described above is based onimages with the point source
masked out in the same way. We have mitigated this contamination of the cluster emission by
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Table 7.4: Basic X-ray parameters of XMMU J0302.2-0001 and XMMU J1532.2-0836. Flux
and luminosity errors include the Poisson errors and a 5% systematic error in the background
estimation. Errors of parameters obtained from scaling relations include the measurement errors
of the luminosity and temperature, respectively, and the intrinsic scatter of the scaling relations.
The first set of parameters uses the self-similar L−T and L−M relations from Pratt et al. (2009)
for the bolometric luminosity. The second set of parameters(the no-evolution case) follows
the prescription of Fassbender et al. (2011a) by removing one E(z) factor from the bolometric
luminosity scaling relations of Pratt et al. (2009). In bothscenarios, scaling relations are
obtained by the BCES orthogonal fit algorithm (Akritas and Bershady 1996) and the input
luminosities include the core regions. Parameters for XMMUJ1532.2-0836 are upper limits.
See Sect. 7.3.1 for more discussion.

Parameter XMMU J0302.2-0001 XMMU J1532.2-0836a Units
α (J2000)b 03h 02m 11.9s 15h 32m 13.0s

δ (J2000)b −00◦ 01′ 34.3′′ −08◦ 36′ 56.9′′

redshift 1.185± 0.016 1.358± 0.001
E(z) 1.96 2.15
Ang. scale 8.28 8.41 kpc s−1

na
H 7.07 8.13 1020 cm−2

L-M, L-T self-similar evol.
F500 [0.5− 2.0 keV] 11.44± 1.28 3.02± 0.96 10−15 erg cm−2 s−1

L500 [0.5− 2.0 keV] 8.35± 0.93 3.81± 1.21 1043 erg s−1

F500 [bolometric] 13.62± 2.96 3.52± 2.46 10−15 erg cm−2 s−1

L500 [bolometric] 21.08± 2.36 8.63± 2.75 1043 erg s−1

T500 2.8± 0.7 2.1± 0.6 keV
M500 1.2± 0.2 0.7± 0.2 1014 M⊙
r500 0.47 0.37 Mpc
M200 1.7± 0.4 1.0± 0.3 1014 M⊙
L-M, L-T no evol.
F500 [0.5− 2.0 keV] 11.59± 1.33 2.89± 1.14 10−15 erg cm−2 s−1

L500 [0.5− 2.0 keV] 7.80± 0.90 3.23± 1.27 1043 erg s−1

F500 [bolometric] 12.93± 3.14 3.51± 2.72 10−15 erg cm−2 s−1

L500 [bolometric] 21.62± 2.50 7.82± 3.03 1043 erg s−1

T500 3.5± 0.9 2.6± 0.7 keV
M500 1.6± 0.3 0.9± 0.3 1014 M⊙
r500 0.53 0.42 Mpc
M200 2.5± 0.5 1.4± 0.4 1014 M⊙

a All values are upper limits;b X-ray coordinates based on a maximum-likelihood fit of a PSF-folded beta model to
the surface brightness distribution;c Values from the LAB HI survey (Kalberla et al. 2005).
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excluding these regions and extrapolating the cluster emission as measured at the same cluster-
centric radius but from the uncontaminated parts.

XMMU J1532.2-0836

We display the growth curve for XMMU J1532.2-0836 in Fig. 7.4(right) extracted from the
uncontaminated field (OBSID: 0100240701, see Sect. 7.2.1).We detected the source emission
out to rplat = 22′′, with a total source flux of Fplat(0.5 − 2.0 keV) = (2.82± 1.11)× 10−15 erg
s−1 cm−2, i.e. four times fainter than XMMU J0302.2-0001. This flux atthe cluster’s redshift
corresponds to a total luminosity Lplat(0.5 − 2.0 keV) = (3.59 ± 1.41) × 1043 erg s−1. We
note that the source is very faint and thus the flux could be established only with a∼ 40% error.
A systematic shift between the MOS and PN is also apparent in Fig. 7.4 (the MOS flux being
higher). Note however, that the growth curves are cumulative flux distributions and thus the
radial bins are not independent. All subsequent physical parameters are thus only tentative and
will require a dedicated deeper (on-axis) X-ray observation for corroboration.

Except for pointing 0100240701 there is an additional XMM-Newtonobservation available of
similar depth and at similar off-axis angle, but this one is heavily contaminated by soft-protons.
There is some evidence that the soft protons undergo reflection on the telescopes mirror and
are thus vignetted across the field of view. The vignetting function for MOS was tentatively
established by Kuntz and Snowden (2008b) to be shallower than the vignetting of genuine X-
ray photons. For PN a systematic study has not yet been carried out but a preliminary analysis
suggests a similar shape to the MOS vignetting. Given this, our two-component background
model should be able to capture the enhanced background to the first order. We have therefore
extracted growth curves also from the second observation. We find that while there is a relatively
large scatter between the curves, they typically agree within the error bars. The measured total
flux (the plateau level of the curves) agree very well, the difference between them being much
smaller than their errors: Fplat(0100240701)= 2.82±1.11 and Fplat(0100240801)= 2.95±0.94 in
10−15 erg s−1 cm−2 units in the 0.5− 2.0 keV band. This is a reassuring indication that indeed the
plateau fitting algorithm and the procedure of combining thegrowth curves from PN and MOS
yields very stable results, even for observations with non-standard backgrounds.

7.3 Results and discussion

7.3.1 Physical properties of the clusters

The number of counts for both clusters is insufficient for a spectroscopic analysis and therefore
we can estimate additional physical parameters only through luminosity based scaling relations.
In the following analysis, we will assume that the entire X-ray emission detected and character-
ized by the growth curve analysis (Sect. 7.2.3) originates in the ICM (after removing the detected
point sources). For XMMU J0302.2-0001 we find no indication that there is any further contam-
ination, but in the case of XMMU J1532.2-0836 this assumption is likely not valid due to the
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presence of an obscured AGN (Sect. 7.2.2). We discuss this possibility in Sect. 7.3.2. The phys-
ical parameters for this system should therefore be considered as upper limits.

Due to the high redshift of the clusters and the limited resolution of XMM-Newtonwe can
not excise the core regions of the clusters. We therefore usethe scaling relations that include
cores. We use the growth curve (Böhringer et al. 2000) to iteratively obtain a self-consistent set
of parameters utilizing luminosity based scaling relations. The iterative procedure is described in
Šuhada et al. (2010), with the difference that we extrapolate the 0.5− 2 keV luminosity to obtain
its bolometric value. We estimate the remaining physical parameters using the bolometric L−T
and L−M relations from Pratt et al. (2009) (orthogonal fit, no Malmquist bias correction).

First, we assume a self-similar evolution of the scaling relations. Under this assumption, we
estimate the objects to be intermediate mass systems with M500 ≃ 1.2 × 1014 M⊙ for XMMU
J0302.2-0001 and M500 ≃ 7× 1013 M⊙ for XMMU J1532.2-0836. This corresponds to temper-
atures T≃ 3 keV and T≃ 2 keV respectively. The results for both systems are summarized in
Table 7.4.

The major uncertainty on the estimated physical parametersat these high redshifts stems
from the fact that the evolution of the scaling relations is not yet well established. Self-similar
evolution is a common assumption and a direct prediction of the simple, purely gravitation driven
growth. However there are several indications that the evolution of luminosity scaling relations is
slower than the self-similar prediction - see discussion inFassbender et al. (2011a) and references
therein, e.g. Stanek et al. (2010) and Reichert et al. (submitted).

We therefore adopt the simplified approach of Fassbender et al. (2011a) and remove a factor
of E(z) from the self-similar evolution factor (E(z)−7/3) in the bolometric luminosity based scal-
ing relations. This modified evolution factor,E(z)−4/3, is consistent with preliminary results of
Reichert et al. (submitted) based on a fit to a large sample of high redshift clusters compiled from
the literature. Since our algorithm iteratively estimatesa self-consistent set of parameters, the
change of scaling relations impacts slightly the estimatedflux and luminosity (mainly through
the temperature dependence of the energy-conversion-factor). This change is minuscule, but for
consistency we display the full sets of the estimated parameters for both calculations (i.e. the
self-similar and no-evolution scenarios) in Table 7.4.

However, the impact of the different evolution models on temperatures and masses is serious.
The non-evolving case approach yields roughly 30% higher cluster masses and∼ 25% higher
temperatures (Table 7.4, bottom). Given the precision of the scaling relations (and their intrinsic
scatter) and the error of the luminosity measurement, the estimates are still in agreement within
their 1σ error bars (albeit for the masses only barely). However, this uncertainty is systematic and
very important for studies of cluster samples (and naturally the eventual cosmological constraints
derived from them). This clearly demonstrates the importance of establishing a well controlled
high-redshift calibration cluster sample.

For both the self-similar and no-evolution scenarios we also include our estimates of the
mass M200 (mass inside the aperture where the mean density is 200 timesthe critical density of
the Universe). The masses have been obtained by extrapolating M500 assuming an NFW pro-
file (Navarro et al. 1997) and using the relations of Hu and Kravtsov (2003) and the DM profile
concentration mass/redshift dependence of Bullock et al. (2001). The parameters are obtained
iteratively using the M500 values as inputs. For both clusters the conversion factor M500 7→M200
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is≈ 1.5 and M200 is∼ 90% of the virial mass.
While at their observed redshifts the clusters would rank among intermediate and low mass

systems, respectively, they still have∼ 8 − 9 Gyr of potential mass accretion ahead, before
reaching the current epoch. In order to predict the final massof the clusters atz = 0, we use the
mean mass growth rate relations of Fakhouri et al. (2010), based on the mass assembly histories
of halos in the Millennium and Millennium-II simulations. We estimate thez = 0 mass of
XMMU J0302.2-0001 to be 1× 1015 M⊙ and 7× 1014 M⊙ for XMMU J1532.2-0836. Thus at
the present epoch, XMMU J0302.2-0001 would be a very massiveclusters with a mass similar
to the Coma cluster. If we use the definition of formation timeas the redshift at which the cluster
acquired 50% of itsz = 0 mass (e.g. see the appendix of Giocoli et al. 2007), the formation
redshift of XMMU J0302.2-0001 would be aroundz ≈ 0.5, while XMMU J1532.2-0836 would
be assembled slightly earlier, atz≈ 0.6.

7.3.2 The nature of the X-ray emission of XMMU J1532.2-0836

XMMU J1532.2-0836 with its fluxFX ≈ 3 × 10−15 erg cm−2 s−1 is one of the faintest cluster
candidates discovered in a serendipitous X-ray survey. Given the estimated upper limits, we are
indeed entering here the low-mass cluster/group regime at high redshifts. Probing the feasibility
limits of this kind of cluster surveys, however also means that we have to deal with increasing
uncertainty in the sources’ classification and characterization.

In this case, the initial detection revealed the presence ofan extended source at∼ 2σ signific-
ance level (but only in one of the two observations). Optical/near-infrared imaging confirmed the
presence of red galaxies coincident with the X-ray detection and spectroscopic data confirmed
the presence of a dynamically bound galaxy system.

Optical spectroscopy, however, also revealed the likely presence of an obscured AGN in the
core of the cluster (Sect. 7.2.2). The X-ray spectral distribution of an AGN can in first approxim-
ation be described as a power-law (with average indexΓ ≈ 1.8) intrinsically absorbed with hydro-
gen column densities from∼ 1022 cm−2 to over 1025 cm−2 (for Compton thick sources) depending
on the structure and orientation of the circumnuclear absorber (e.g. Antonucci and Miller 1985).
This local absorption introduces a photoelectric absorption cut-off removing most of the soft X-
ray emission. Unfortunately, for an AGN at redshiftz = 1.358 a significant fraction of photons
are redshifted from unabsorbed parts of the spectrum into our detection band (0.5 − 2 keV).
Intrinsic absorption column densities equal to a few times 1023 cm−2 are enough to remove a
significant fraction of the soft emission even after redshifting and thus for these cases the AGN
contamination of the observed X-ray emission should be small or even negligible. However,
for lower column densities the AGN emission would give a significant contribution and indeed
possibly be even the dominant source of the detected photons.

Since the observations are not deep enough to constrain the source spectrum, we have checked
the hardness ratios (ratio of the difference of counts in two adjacent bands) of the source in our
detection bands (0.3− 0.5, 0.5− 2 and 2− 4.5 keV). Due to the faintness of the source the ratios
are highly uncertain, but are consistent with ICM emission.Given the uncertainties, however,
AGN contamination (assuming moderate absorption) can alsonot be ruled out this way.

Apart from the spectral distribution, a safe detection of source extent would constitute a
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strong piece of evidence that the observed emission originates from the thermal bremsstrahlung
of the ICM. As discussed in Sect. 7.2.1 source extent was detected only in the slightly deeper,
but contaminated field. We re-examine the shallower, clean observation 0100240702 looking
for instrumental effects that could mask the source’s true extent. In this observation the source
lies partially in a very prominent out-of-time (OoT) event stripe (in the PN detector) caused by
the very bright star system (UZ Lib) which was the actual target of the observation. Originally,
we removed the OoT stripe in the observation in a standard, statistical way.5 We then try an
alternative approach, by keeping the OoT events in the detection images and modelling them in
the background estimation step. This method also does not yield an extent detection.

The area around the system is strongly affected by chip gaps in the MOS detectors. In the
next run we therefore applied a much less conservative criterion for including low exposure
areas in the vicinity of chip gaps, gaining thus more geometric area for source detection. With
this modification the source is still detected without a significant extent.

As a final test, we carry out a joint source detection on both fields simultaneously (i.e. two
times three detectors, each in three bands). The joint detection is carried out in two different
ways. First we stack the data from the same detectors/bands and run source detection simultan-
eously on the nine merged data sets. XMMU J1532.2-0836 is detected in the merged data set
with a higher detection significance as in either of the single observations, but its extent is not
confirmed.

Merging observations has the disadvantage that the exact information on the shape of the
point-spread-function (PSF) is lost (the two observationshave slightly different off-axis and po-
sition angles. While the effect is expected to be small, it could be a deciding factor in this case,
since the potentially extended emission is so weak. Therefore we also attempt to carry out source
detections on all 18 images6 simultaneously without stacking them. There is currently no SAS
task that can carry out extended source detection in two pointings simultaneously, but we mod-
ified the source code of theemosaicproc task (experimental task in SAS v10.0.0, originally
developed for point source detection in mosaic observations) to fit our purposes. However, also
this approach does not yield a detection of extent at a statistically significant level. We repeated
the procedures for several possible combinations of detectors with no extent detections in most
of the cases. Extent was detected exclusively in runs where the two MOS detectors from the con-
taminated observations were used along with either of the PNcameras. Given that these MOS
detectors have the highest contamination (∼ 90% compared to 50% of the PN from this same ob-
servation) it leads us to the conclusion that the extent is likely due to an unaccounted background
fluctuations caused by the soft-proton contamination. We estimate that for a fully conclusive
confirmation of AGN presence a 25 ksChandraobservation will be sufficient (gathering∼ 25
source counts). Time for this follow-up observation has been allocated.

In summary, the extent of the source was not confirmed by deeper analysis. While XMMU
J1532.2-0836 clearly constitutes a dynamically bound system, the detected X-ray emission can
not be unambiguously attributed to the ICM from the available data. Note however, that we
have below 100 source counts (after background subtraction) even if we combine both available

5See e.g. the XMM-Newtonuser handbook,xmm.esac.esa.int/sas/current/doc/.
6Two observations times three detectors times three bands.
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observations. Given our findings we can not exclude the possibility that the detected AGN is
the dominant (possibly only) source of X-ray emission detected from this system. This source
is thus an example of systems that even with availability of multi-wavelength data are hard to
properly classify. For large upcoming surveys such systemswill be presumably numerous (e.g.
eRosita, which in addition has a slightly worse PSF) and therefore additional studies will be
needed to establish how can we explore the cluster-group transition regime at high redshifts with
good confidence and effective use of follow-up observing time.

7.3.3 The galaxy population of the clusters

It is interesting to note that in the cluster XMMU J0302.2-0001 we detect [Oii] line emission
in four out five spectroscopic members (excluding the galaxyID: 6). This feature, an indic-
ator of sustained star-formation, is detected along with other features which are typical for ma-
ture systems. Similar activity is observed also in other high redshift X-ray selected clusters:
XMMU J1007.4+1237 (atz = 1.56 Fassbender et al. 2011b), XMMU J0338.8-0030 (Pierini et
al., submitted) and XMMU J2235.3-2557 (Lidman et al. 2008) at z= 1.39. While some of these
[O ii] emitters are bluer than the cluster red sequence, many of them have colors in full agreement
with the old, passive galaxies and in some cases are even redder (e.g. in XMMU J2235.3-2557).
These galaxies can also span a large range in magnitudes, up to the very bright end of the cluster
luminosity function. An increase in star formation activity in red sequence galaxies is also ap-
parent in optically selected cluster sample of Finn et al. (2010) (mostly intermediate redshift
systems) and in dense galaxy environments at redshifts∼ 1 seen in GOODS and DEEP2 galaxy
surveys (Elbaz et al. 2007; Gerke et al. 2007; Cooper et al. 2008).

We are thus very likely observing residual stochastic star-formation in probably bulge dom-
inated disc galaxies. This effect can be expected to be more important as we move to higher
redshifts and enter lower-mass regimes. As we have remarkedin Sect. 7.3.1, based on cluster
mass growth rates from simulations, XMMU J0302.2-0001 is still in its assembly phase and
is expected to be experiencing significant mass accretion and merging activity. These pro-
cesses lead to large variations in the cluster/group tidal field. Based on numerical simulations
Martig and Bournaud (2008) show that tidal field fluctuation can enhance the star formation
activity of galaxies (beyond the expectations from purely galaxy-galaxy interaction driven activ-
ity). This effect should be particularly efficient at high redshifts and in low mass systems, before
quenching processes take place. The XDCP project has the X-ray sensitivity and sky area to be
able to effectively study this transition regime and the relevant environmental effects. We leave
further discussion to an upcoming dedicated study based on available data. However, we note
that in order to completely disentangle the ongoing processes, information on the spectral energy
distribution atλ > 4 000 Å (rest frame) is necessary as well as high-spatial resolution imaging in
order to be able to assess the galaxy morphologies.
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7.3.4 Cross-correlation with known sources

We queried the NASA/IPAC Extragalactic Database7 and the SIMBAD Astronomical Database,8

in search for potentially interesting known sources.
We find that XMMU J0302.2-0001 has been previously detected by the BLOX survey (Bonn

lensing, optical, and X-ray selected galaxy clusters Dietrich et al. 2007) as the object BLOX
J0302.2-0001.5. The cluster was selected in X-rays, but notby the optical and weak lensing
detection algorithms. Their estimates of the X-ray parameters (rC = 12.8′′ ± 1.2′′ and flux
FX = (12.1± 1.3)× 10−15 erg cm−2 s−1 in the 0.5− 2 KeV band) are in good agreement with our
values. The cluster does not have a redshift measurement from the BLOX survey.

At a cluster centric distance of∼ 185′′ we find the source SDSS J030214.82+000125.3
identified in the Sloan Digital Sky Survey (SDSS) as a quasar (Véron-Cetty and Véron 2006).
The object has a known spectroscopic redshift,z = 1.179 (Schneider et al. 2007; Cristiani et al.
1996), which is in concordance with our redshift for XMMU J0302.2-0001. At∼ 185′′ offset
(corresponding to∼ 1.5 Mpc at this redshift) it could be associated with the cluster’s outskirt re-
gion. We also detect this quasar as a high significance X-ray point sources in our XMM-Newton
observation (see Fig. 7.7).

For the cluster XMMU J1532.2-0836 we do not find any complementary redshifts in the
databases. Neither do we find any known radio source within a 2′ radius from either system.

Both sources are also part of the The Second XMM-Newtonserendipitous source catalog9

(Watson et al. 2009). Their detection parameters are in agreement with our estimates, however
since our pipeline is optimized for high redshift cluster detection, we detect both systems with
slightly higher detection likelihoods.

7.4 Conclusions

1. We have detected two high redshift systems, XMMU J0302.2-0001 atz = 1.185 and
XMMU J1532.2-0836 atz = 1.358. The objects were X-ray selected in the framework
of the XMM-NewtonDistant Cluster Project.

2. We have obtained and analysed medium deep optical/near-infrared imaging and deep op-
tical spectroscopy with VLT/FORS2 and measured spectroscopic redshifts for both sys-
tems. We have confirmed XMMU J0302.2-0001 as a bona fide galaxycluster. Among
its spectroscopically confirmed members we find several luminous [Oii] emitters. These
giant galaxies are likely experiencing residual stochastic star formation activity, possibly
triggered by galaxy-galaxy interactions and fluctuations in the overall tidal field.

3. Based on the obtained optical/near-infrared imaging we established that XMMU J0302.2-
0001 has a well populated red sequence. In fact, XMMU J0302.2-0001 corresponds to one
of the most prominent overdensities of red galaxies (2.3 < z− H ≤ 3.0) among the known

7nedwww.ipac.caltech.edu
8simbad.u-strasbg.fr/simbad/
9amwdb.u-strasbg.fr/2xmmidr3/catentries
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X-ray selectedz > 1 clusters. Given the currently limited depth of the data forXMMU
J1532.2-0836, we can see the bright end of the red sequence (finding two spectroscopical
members to have colors consistent with a SSP spectro-photometric sequence for the cluster
redshift), but deeper observations will be required to study the galaxy population of the
cluster in more detail.

4. From archival XMM-Newtondata we have estimated the basic physical parameters of
XMMU J0302.2-0001. Within the r500 aperture we measured the luminosity (0.5-2 keV
band) of cluster to be L500 = (8.35±0.93)×1043 erg s−1. Assuming a self-similar evolution
of the L−M scaling relation this value correspond to M500 = (1.2 ± 0.2)× 1014 M⊙. This
ranks XMMU J0302.2-0001 among intermediate mass clusters at its redshift.

5. We confirm the presence of a dynamically bound galaxy system with three concordant
redshifts and coincident with XMMU J0302.2-0001. We also find [O ii], [Ne iii] and [Nev]
emission lines in the optical spectrum of one of the member galaxies making it a likely
obscured AGN candidate.

6. We carried out an in-depth X-ray analysis of XMMU J1532.2-0836, showing that its ori-
ginal tentative detection as an extended source can not be confirmed by currently available
data. While the nature of the X-ray emission as originating from faint ICM emission can
not be ruled out, we conclude that it is likely that the emission is dominated (or possibly
even fully caused) by the central AGN. Notwithstanding this, we estimate upper limits on
the X-ray properties for the case that the AGN emission is negligible. We estimate the
upper limit for the 0.5− 2 keV band luminosity to be L500 = (3.81± 1.21)× 1043 erg s−1

and the corresponding mass M500 = (0.7± 0.2)× 1014 M⊙.

7. We have discussed the effect of non-self similar evolution of the scaling relations on our
mass estimates. We find that a no-evolution scenario yields up to 30% higher masses and
∼ 25% higher temperatures at these redshifts. This strongly underscores the importance of
the efforts to properly calibrate these relationships in the redshift regime z& 0.8.

8. We detected and analysed a third cluster, XMMU J0302.1-0000, which was serendipit-
ously detected together with cluster XMMU J0302.2-0001. This cluster is established to
be an intermediate mass system at an intermediate redshift,z= 0.647.

We are experiencing a time period when many crucial questions about the cluster population
and its evolution can start to be addressed by analysing cluster samples at high redshifts. This
is also the objective of the XDCP project, with the main aim toaddress the evolution of scaling
relations and obtain cosmological constraints. The present paper extends the XDCP sample
and provides the first analysis of the clusters in preparation for planned deeper studies based
on additional optical/near-infrared data. XMMU J1532.2-0836 is scheduled for deep J and Ks
imaging by the Hawk-I instrument on the VLT. AChandraobservation to investigate the nature
of the X-ray emission from this system has also been allocated. For XMMU J0302.2-0001,
K band imaging has already been obtained by the Large Binocular Telescope. A joint, multi-
wavelength analysis of these (and other XDCP) targets will be discussed in up-coming studies.
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7.5 Appendix

7.5.1 XMMU J0302.1-0000

The cluster XMMU J0302.1-0000 was detected in the observation OBSID: 0041170102 only
∼ 2′ from XMMU J0302.2-0001 at an off-axis angle of 11′, with a high confidence extent signi-
ficance (∼ 10σ).

We measured the redshift of the cluster (z=0.647± 0.003) from the same VLT/FORS2 data
taken for XMMU J0302.2-0001. The redshift is based on the Milvang-Jensen et al. (2008) cri-
terion (Sect. 7.2.2), identifying 8 cluster members (blackhashed peak in Fig. 7.3, bottom left).

This redshift places the cluster below the formal XDCP distant cluster sample limit (z≥ 0.8).
The galaxy distribution of the cluster well matches the X-ray surface brightness distribution (see
Fig. 7.5), with the BCG close to the X-ray peak.

We carry out the X-ray analysis as delineated in Sect. 7.2.1 and Sect. 7.2.3. In a 1′ aperture
we detect 140 source counts in PN and 114 in MOS. The estimatedbeta model core radius is
rC = 30.9′′. The growth curves are displayed in Fig. 7.8. Both PN and MOS curves are in good
agreement and have well established plateau levels with Fplat = (19.83± 2.16)× 10−15 erg cm−2

s−1.
We estimate the cluster’s mass to be M500 = (1.0±0.2)×1014 M⊙ from its measured luminosity

L500 = (3.26±0.33)×1043 erg s−1 (0.5−2 keV). This corresponds to a 2.3 keV temperature. The
effect of the evolution uncertainty described in Sect. 7.3.1 isslightly smaller than for thez > 1
cases - the no-evolution scenario yields a∼ 20% higher M500 and∼ 13% higher temperature.
The physical parameters are summarized in Table 7.5.

In Fig. 7.5 we display the pseudo-color image of XMMU J0302.1-0000 and in Fig. 7.6. The
individual frames and photometry are the same as for XMMU J0302.2-0001 and described in
Sect. 7.2.2.
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Figure 7.5: Pseudo-color image of the clusters XMMU J0302.1-0000 (left, red channel: H band,
green: z, blue: R). Adaptively smoothed X-ray contours are overlaid in cyan. Solid/dashed
circles mark a 60′′/30′′ radius region centered on the X-ray detection.

The CMD can be found in Fig. 7.6. The cluster has a rich red sequence with a BCG coincident
with the X-ray centroid. Although the BCG seems to experience a merging activity, its color is
in agreement with the SSP model prediction for the cluster redshift (red dashed line in Fig. 7.6).

We have obtained spectroscopy also for the very bright X-rayAGN ∼ 75′′ from the cluster
center (see Fig. 7.7) and find that its redshift is concordantwith XMMU J0302.1-0000. At the
cluster redshift this is equivalent to∼ 0.5 Mpc, i.e. the AGN is associated with the cluster. This
source is also contained in the SDSS catalog (Schneider et al. 2007) (quasar SDSS J030206.76-
000121.3 at redshiftz= 0.641).

Similarly to XMMU J0302.2-0001, the cluster XMMU J0302.1-0000 is also part of the
BLOX survey catalog (see Sect. 7.3.4 and Dietrich et al. 2007), detected independently in the X-
ray data and through an optical matched filter cluster finder (object ID: BLOX J0302.0-0000.0).
The estimated X-ray extent ofrC = 27.8′′ ± 1.9′′ is fully consistent with our value. The 0.5− 2
keV flux estimated by the BLOX survey is FX = (29.4± 2.6)× 10−15 erg cm−2 s−1, i.e. signific-
antly higher than our value. We note however, that their estimate is based on the direct output
of the detection pipeline, whereas ours is from a dedicated growth curve analysis which includes
several improvements: 1) a visual screening and manual adjustment of masks for contaminating
sources (indeed there is a bright point source detected only20′′ from the cluster’s core); 2) the
redshift and temperature dependence of the energy conversion factor (which is needed to convert
the detected counts to flux) is implemented in an iterative fashion and 3) we use the proper re-
sponse file calculated locally for the clusters position. Finally, the largest part of the difference
comes from the fact that the Dietrich et al. (2007) flux is extrapolated to infinity (assuming a
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Figure 7.6: The z−H vs. H color-magnitude diagram of the XMMU J0302.1-0000 cluster’s field.
Red boxes mark secure spectroscopic cluster members. Galaxies with projected cluster centric
distance less than 30′′ are shown as red circles, with distances between 30′′ − 60′′ as green.
Galaxies with concordant redshift at> 60′′ distances have blue circles. The dashed black line
marks the 50% completeness limit. The apparent H band magnitude of a L∗ galaxy at cluster
redshift (z = 0.647) is shown with a vertical blue dotted line. We overplot the z− H color of a
solar metallicity SSP model with formation redshift zf = 5 and age∼ 6.3 Gyr (corresponding
to the cluster redshift) as a reference (red dashed line). The presence of a red sequence with
analogous colors is evident.

beta-model), while our estimate corresponds to a (finite) aperture and is model independent. For
a cluster with a large core radius (∼ 31′′), there is a comparatively larger fraction of the total flux
(extrapolated to infinity) outside r500 than for a cluster with smaller core radius (such as XMMU
J0302.2-0001 (rC = 14′′), where the agreement with the BLOX survey value is much better).

The BLOX survey significantly underestimates the cluster redshift (their value is 0.4). They
estimate a cluster richness ofλCL = 65.9, whereλCL is the equivalent number of L∗ galaxies with
the same total optical luminosity as the cluster galaxies (for the exact definition see Postman et al.
1996).

The cluster is also part of the Second XMM-Newtonserendipitous source catalog (Watson et al.
2009). The source parameters in this catalog are in good agreement with our values.

In the NED database we find within a 4′ query radius four galaxies with photometric redshifts
in agreement with the cluster redshift (i.e. in the range 0.6−0.7) from Waskett et al. (2004). This
includes the already mentioned SDSS J030206.76-000121.3.

In summary, XMMU J0302.1-0000 is confirmed as an intermediate mass system at interme-
diate redshift. While it is below the redshift threshold of the XDCP distant cluster sample, owing
to its proximity to XMMU J0302.2-0001 it will benefit from upcoming deeper multi-wavelength
follow-up data and will be thus an interesting object in its own right.
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Table 7.5: Basic X-ray parameters of XMMU J0302.1-0000. SeeTable 7.4 for explanations.
Parameter Units
α (J2000)a 03h 02m 05.3s

δ (J2000)a −00◦ 00′ 05.0′′

redshift 0.647± 0.003
E(z) 1.43
Ang. scale 6.92 kpc s−1

nb
H 7.05 1020 cm−2

L-M, L-T self-similar evol.
F500 [0.5− 2.0 keV] 19.20± 1.95 10−15 erg cm−2 s−1

L500 [0.5− 2.0 keV] 3.26± 0.33 1043 erg s−1

F500 [bolometric] 22.78± 4.33 10−15 erg cm−2 s−1

L500 [bolometric] 7.71± 0.78 1043 erg s−1

T500 2.3± 0.7 keV
M500 1.0± 0.2 1014 M⊙
r500 0.56 Mpc/arcsec
M200 1.4± 0.3 1014 M⊙
L-M, L-T no evol.
F500 [0.5− 2.0 keV] 18.88± 2.01 10−15 erg cm−2 s−1

L500 [0.5− 2.0 keV] 3.14± 0.33 1043 erg s−1

F500 [bolometric] 21.19± 4.56 10−15 erg cm−2 s−1

L500 [bolometric] 7.73± 0.82 1043 erg s−1

T500 2.6± 0.6 keV
M500 1.2± 0.3 1014 M⊙
r500 0.59 Mpc
M200 1.7± 0.4 1014 M⊙

a X-ray coordinates based on a maximum-likelihood fit of a PSF-folded beta model to the surface brightness distri-
bution;b Values from the LAB HI survey (Kalberla et al. 2005).
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Figure 7.7: Adaptively smoothed 0.5−2 keV X-ray image of the wider neighborhood of XMMU
J0302.2-0001 and XMMU J0302.1-0000. The red circles have 60′′ radii, while the dashed
circles 30′′. X-ray contours are overlaid in white. Point A marks the AGN at the redshift of
XMMU J0302.2-0001 (SDSS J030214.82+000125.3) and point B the very X-ray bright AGN
SDSS J030206.76-000121.3, that has a concordant redshift with the cluster XMMU J0302.1-
0000.

Figure 7.8: Growth curve analysis of XMMU J0302.1-0000. Thecurves show the encircled
cumulative flux as a function of radius (PN: blue curve, combined MOS: red). Dashed line
marks the flux measurement error bars which include the Poisson noise and an additional 5%
systematic error from the background estimation. The dashed horizontal line marks the plateau
level.
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7.5.2 High redshift cluster detections in the past decade

We have argued in Sect. 7.1, that in the recent years much important progress has been made in
the gradual construction of statistically large, high redshift cluster samples. These samples will
allow us to calibrate the scaling relations to redshift≈ 1 and beyond and constrain evolutionary
models for the ICM and the cluster galaxy populations.

Reichert et al. (submitted) compiled a list of known clusters published up to year 2010
(including), which have secure spectroscopic redshifts and an X-ray luminosity measurement.
We select from this catalog a high redshift subsample based on the XDCP project’s criterion,
i.e. clusters with redshiftsz > 0.8. While the aim of this catalog is to compile clusters from
larger samples, care was taken to include also individuallyreported high redshift objects. The
catalog utilises the latest analysis of each cluster if several are available and therefore whenever
it is possible we replace this reference with the year of firstanalysis (understood here as the
discovery year). We aim here just for a simple qualitative analysis and therefore these minor
effects do not influence our conclusions. The cumulative histogram of the compiled catalog of
z > 0.8 clusters is shown in Fig. 7.9. As we can see the progress madein the past decade (2001
- 2010) is truly impressive. The total number of clusters given our criteria is 58. Only three of
these clusters were known before the year 2001.

In the right panel of Fig. 7.9 we check whether the total number of clusters grows linearly
with time (green line). While the fit is acceptable, there is an indication that the last few years
the detection rate has been even larger. An exponential relation10 yields only a slightly inferior fit
(in the sense of the R2 statistic11). An exponential growth might be also preferred if we relax the
criteria and would include also clusters with only photometric redshift estimates and not having
X-ray luminosity measurements. Especially the Sunyaev-Zel’dovich surveys are currently (e.g.
since 2009) the main purveyors of cluster samples with high median redshifts (e.g.∼ 0.6 from
the South Pole Telescope survey, Vanderlinde et al. 2010). We also overplot a second order poly-
nomial in Fig. 7.9 (blue line) which well describes the observed detection counts (and confirms
the preference for accelerating detection rates). The prediction of this model is 69 clusters given
our selection criteria by the end of year 2011.

Upcoming large area X-ray surveys (with XMM-Newtonand eventuallyeRosita) along with
other cluster selection approaches (SZE, optical) and the new near-infrared spectrographs will
enable us to further increase our high-z cluster samples. Independently of the exact shape of the
growth of our cluster catalogs, the future of high redshift cluster studies certainly seems very
promising.

10An exponential growth is motivated as a potential instance of Moore’s law. A similar growth is observed not
only in improvement of computing hardware (and other digital electronic devices), but given a suitable figure-of-
merit also in several scientific subfields, e.g. the total number of particles in cosmological N-body simulations or
the number of DNA base pairs sequenced per year. Naturally, this growth in cluster detections can not be sustained
indefinitely, at the very least due to the finite number of clusters in the observable Universe.

11This fit is, however, mildly preferred by both the Bayesian and Akaike information criteria. It is also a clearly
better description of observed trends up to years 2008-2009.
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Figure 7.9:Left: Cumulative histogram of the known clusters with spectroscopic redshift> 0.8
and an X-ray luminosity measurement compiled by Reichert etal. (submitted).Right: A linear
(green line), exponential (red) and second order polynomial fits to the data in the left panel. See
the text for discussion.
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Chapter 8

Summary and outlook

The studies performed in this thesis are all part of large ongoing projects - the XMM-BCS survey
and the XMM-NewtonDistant Cluster Project (XDCP). In this final chapter, I provide summaries
and conclusions of the work presented here. Since the XMM-BCS survey constitutes the majority
of the thesis (Chapters 4 and 5), I dedicate it the two final sections and begin with providing
conclusions of the study carried out in the framework of the XDCP survey (Chapter 6).

8.1 Conclusions of the analysis of twoz> 1 systems

The main aim of the XDCP project is the detection and study of very distant clusters (z > 0.8),
with a focus on extending the calibration of X-ray scaling relations beyond the redshift of
unity and the investigation of high redshift cluster galaxypopulations (Böhringer et al. 2005;
Fassbender 2008). In the scope of this project, we have carried out a multi-wavelength analysis
of two distant, X-ray selected cluster candidates. The study consists of the X-ray analysis of
the sources, measurement of their spectroscopic redshiftsand characterization of their galactic
population based on optical/near-infrared imaging data.

The first system, XMMU J0302.2-0001 at redshiftz = 1.185, was confirmed as a genuine
cluster with an estimated X-ray mass of M500 = (1.6± 0.3)× 1014 M⊙. Its galaxy population was
found to be both impressive and puzzling. Impressive, because the cluster was confirmed to have
a∼ 25σ overdensity of red galaxies compared to the field - one of the richest galaxy populations
found atz > 1. Interestingly, optical spectroscopy of most of the analysed member galaxies
revealed an [Oii] emission line - a marker of ongoing star formation activity. This is at variance
with the typical picture of a cluster galaxy as an old, red, passively evolving object. As we
approach the high redshift, low mass regime, an increase of star-formation can be expected. In
this regime, the star formation is likely triggered not onlyby galaxy-galaxy interactions, but also
by large-scale fluctuations of the global tidal field of the systems caused by ongoing formation
processes (Martig and Bournaud 2008). The observed star formation is therefore probably the
stochastic residual activity in bulge dominated disc galaxies due to this kind of events. We
estimated that statistically the system has indeed still a long period of mass accretion and mergers
ahead of itself.
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The second system, XMMU J1532.2-0836 (z= 1.358), demonstrates the challenges we have
to deal with when we are entering the cluster-group transition regime at these high redshifts.
This very faint X-ray detection is spectroscopically confirmed to be coincident with a dynam-
ically bound system of galaxies. However, optical spectroscopy also reveals that one of the
member galaxies harbours an active galactic nucleus (AGN).Additionally, an in-depth analysis
of the available X-ray data showed that the initial characterization of this system as an extended
source (an attribute of cluster emission) is very likely spurious. We thus conclude that the X-ray
emission of this system, while being consistent with originating from the intracluster medium,
could be heavily contaminated (or even fully caused) by the central AGN. A snapshot observa-
tion with the Chandra X-ray telescope has been granted and will allow us to assess the true nature
of this system.

A third, intermediate redshift (z = 0.647) cluster was serendipitously detected in the field of
XMMU J0302.2-0001 and we provide its analysis as well.

8.2 Summary of the X-ray of the XMM-BCS survey

The main project of this thesis was to carry out initial studies in the framework of the XMM-BCS
survey. This survey consists of a 14 deg2 X-ray field (PI: H. Böhringer) observed by XMM-
Newtonand roughly the same area is also covered by theSpitzerSpace Telescope in the mid-
infrared (PI: A. Stanford). This test field lies in the heart of one of the two 50 deg2 fields imaged
in thegriz optical bands by the Blanco Cosmology Survey (BCS, PI: J. Mohr). The field is also
covered by the two major SZE experiments: the South Pole Telescope (PI: J. Carlstrom) and the
Atacama Cosmology Telescope (PI: L. Page).

The survey’s aim is not only to study the cluster population in this field, but also to investigate
the selection functions of the different multi-wavelength approaches and compare and cross-
calibrate the scaling relations between cluster observables and their total mass. In the scope of
this work we made a first step towards this goal by analyzing the initial 6 deg2 of the survey area
and providing an X-ray selected cluster catalog comprising46 systems (Chapter 4). These cluster
candidates have been confirmed as being coincident with overdensities of red galaxies based on
optical imaging provided by the Blanco Cosmology Survey. From four band optical photometry
we were able to estimate with good precision the photometricredshifts of the clusters. For a
low redshift subsample (z < 0.4), we have also obtained spectroscopic redshifts and founda
good agreement with the photometric values. Using this distance information we measured the
luminosities of the clusters and estimated their most important physical parameters from scaling
relations, e.g. mass, temperature and theyX parameter. The cluster sample is also characterized
by its logN − logS relation based on a simplified calculation of the survey sky coverage, but
already shows a good agreement with measurements from othersurveys. We also carried out
first comparisons with optical studies available from literature (Menanteau et al. 2009, 2010;
McInnes et al. 2009). In this preliminary study we find a significant discrepancy between the X-
ray and optical mass estimates (with optical masses being higher). The cause of this discrepancy
lays probably in the optical mass assignment, but we have no full access to the details of this
process at the moment. This question will, however, be investigated further in a future study.
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After the South Pole Telescope started its search for clusters via their Sunyav-Zel’dovich
Effect (SZE) signature, it was soon realized that the current generation of instruments is only
sensitive to the very massive end of the cluster population (M& 5×1014 M⊙). Since such massive
clusters are relatively rare, it motivated our effort to extend the X-ray survey to a larger area (and
thus increase the survey volume). The extension was made possible by the introduction of a novel
XMM- Newtonobservation mode - the mosaic mode (it is indeed very rare that a new operation
mode is added to a long-time operating mission in orbit). This mode brings great improvement
in the observing efficiency of large sky areas compared to standard pointing observations, which
allowed us to extend the X-ray field by 8 deg2 to a total area of 14 deg2. This was the first
scientific application of mosaic mode observations. We havedeveloped a data-reduction pipeline
that allowed us to carry out source detection analogously tostandard observations. As first
results, we provided the detection and analysis of two massive clusters, SPT-CL J2332-5358 (at
photometric redshiftz= 0.32) and SPT-CL J2342-5411 (atz= 1.08). Both clusters were among
the first clusters detected through their Sunyav-Zel’dovich effect signature by the South Pole
Telescope (Vanderlinde et al. 2010). The cluster SPT-CL J2332-5358 was also blindly selected
by optical cluster search in the BCS data (Menanteau et al. 2010). These clusters are thus the
first systems detected independently by all three major surveying approaches.

Although, the X-ray data has shallow exposures (∼ 3 ks) we were still able to find and char-
acterize the cluster SPT-CL J2342-5411 at redshift∼ 1 and provide a spectroscopic temperature
measurement for SPT-CL J2332-5358. We found a good agreement between the SZE and X-ray
masses, supporting the expectation, that the SZE provides arobust mass-proxy (here via the SZE
detection significance and eventually via the integrated ComptonY parameter).

8.3 Outlooks for the XMM-BCS survey

After the first steps made in this thesis, there are still manyscientific questions to be explored
using the XMM-BCS multi-wavelength data. Here we summarizethe main lines of upcoming
investigations, several of which have been already initiated:

• A preliminary X-ray source catalog from the survey’s extension is already available. In the
next step, we will screen this preliminary catalog using theoptical imaging data in order
to construct a catalog of galaxy clusters and groups in a similar fashion as in the initial
6 deg2 region. We will measure the redshifts of these systems and determine their physical
properties. The full 14 deg2 catalog is expected to have∼ 100 clusters.

• The realistic selection function of the survey is a prerequisite for cosmological and scaling
relation studies. We will provide its calculation based on Monte Carlo simulations using
the software developed by Mühlegger (2010).

• The full cluster sample will be sizable enough that it can provide interesting cosmological
constraints, although not as stringent as the current leading cosmological probes (cosmic
microwave background studies, supernovae, etc.). The sample can, however, be com-
bined with other, larger samples to gain extra leverage, e.g. with the REFLEX II sample
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(Böhringer et al., in prep.) for which it constitutes a natural extension towards higher
redshifts and lower mass systems.

• The cluster sample will be compared to the catalog of optically selected clusters from the
BCS field (Song et al., in prep.). The comparison can address two important questions:
1) it can give us a direct view on the selection function of both surveying approaches; 2)
by obtaining our own estimates of the optical masses from observables such as L200, LBCG

and N200
1 we can carry out a comparison with the X-ray mass estimates. Although the

intrinsic scatter of the optical mass estimators is generally large, it is important that an
unbiased link to the total cluster mass is established. Thiscan in the future be utilized by
large optical surveys such as Pan-STARRS and the Dark EnergySurvey.

• The availableSpitzermid-infrared data can be used in conjunction with the optical ima-
ging to improve the photometric redshifts, particularly for distant clusters withz > 0.8.
Based on these data-sets we will also get a comprehensive look at the galaxy population of
clusters and groups out to redshift∼ 1.

• We have initiated further X-ray-SZE studies based on a cooperation with the SPT collabo-
ration. The current SPT cluster samples of Williamson et al.(2011) and Vanderlinde et al.
(2010) include only sources with minimal detection significance of 4.5σ. The purity of
the SPT sample is expected to drop under∼ 50% below the 4.5σ threshold. However,
using our X-ray selected cluster catalog also lower significance SPT detections can be
safely studied. As a first example, the most massive cluster from our sample (cluster
XBCS 231653.1-545413) was found to have a direct SPT detection at the 4.2σ level (B.
Benson, private communication).

Another line of investigation concerns stacking analysis of the SZE data for the X-ray
selected clusters. Here, from the X-ray masses we have calculated the expectation of
the SPT detection significance for our sample. In a preliminary analysis, the top eleven
clusters ranked by this parameter yield a∼ 6σ detection significance in the stacked SZE
data (there are indications in at least one of the clusters for point source contamination, this
value should be thus considered as a lower limit, B. Benson, private communication). Nine
of these systems have SPT individual detection significances > 1.5σ, with three clusters
detected at> 3σ levels. All these preliminary results show that with a jointSZE and X-ray
analysis we are able to explore a completely new mass regime for SZE studies.

• Finally, as an example of ancillary science coming from the survey field, we add that we
have detected a total of 3065 X-ray point sources in the survey (1639 in the core region
and 1426 in the extension). Most of these point sources are AGN and using the available
multi-wavelength data we will be able to carry out a study with a focus on the obscured
AGN population.

1Total integrated optical luminosity, BCG luminosity and galaxy counts as a measure of cluster richness
(Reyes et al. 2008, see also Sect. 5.5.6).
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This thesis shows different aspects of multi-wavelength cluster surveys, with a focus on the
X-ray band. The future of this kind of surveys looks very promising. Large SZE experiments,
the South Pole Telescope, the Atacama Cosmology Telescope and thePlanckmission, are all in
operation and delivering their cluster detections. In the optical band, there are also several am-
bitious projects - both ongoing (Pan-STARRS) and future ones such as the Dark Energy Survey
and the survey with the Large Synoptic Survey Telescope. Thelargest cluster catalog will be,
however, provided by theeRositainstrument in X-rays. Up to hundred thousand systems are
expected to be found with a few hundreds of clusters above redshift z= 1. Each of this surveying
approaches comes with its own strengths and challenges, butultimately by combining them, we
will be able to utilize their synergies to get an unprecedented view of the cluster population and
their place in the hierarchy of the cosmic large-scale structure.
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Kneib, J. P., Le Fèvre, O., Mellier, Y., Nandra, K., Petitjean, P., Srianand, R., Stalin, C. S., and
Willott, C. J. (2010). The WIRCAM Deep Infrared Cluster Survey. I. Groups and clusters at
z=1.1. A&A, 523:A66+.

Binney, J. and Tabor, G. (1995). Evolving Cooling Flows.MNRAS, 276:663–+.

Birkinshaw, M. (1999). The Sunyaev-Zel’dovich effect. Phys. Rep., 310:97–195.

Bı̂rzan, L., Rafferty, D. A., McNamara, B. R., Wise, M. W., and Nulsen, P. E. J. (2004). A
Systematic Study of Radio-induced X-Ray Cavities in Clusters, Groups, and Galaxies.ApJ,
607:800–809.

Biviano, A. (2008). Galaxy systems in the optical and infrared. arXiv: 0811.3535.
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Clowe, D., Bradač, M., Gonzalez, A. H., Markevitch, M., Randall, S. W., Jones, C., and Zaritsky,
D. (2006). A Direct Empirical Proof of the Existence of Dark Matter.ApJ, 648:L109–L113.

Cole, S., Percival, W. J., Peacock, J. A., Norberg, P., Baugh, C. M., Frenk, C. S., Baldry, I.,
Bland-Hawthorn, J., Bridges, T., Cannon, R., Colless, M., Collins, C., Couch, W., Cross,
N. J. G., Dalton, G., Eke, V. R., De Propris, R., Driver, S. P.,Efstathiou, G., Ellis, R. S.,
Glazebrook, K., Jackson, C., Jenkins, A., Lahav, O., Lewis,I., Lumsden, S., Maddox, S.,
Madgwick, D., Peterson, B. A., Sutherland, W., and Taylor, K. (2005). The 2dF Galaxy
Redshift Survey: power-spectrum analysis of the final data set and cosmological implications.
MNRAS, 362:505–534.
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• Šuhada, R., Song, J., Böhringer, H., Benson, B. A., Mohr, J., Fassbender, R., Finoguenov,
A., Pierini, D., Pratt, G. W., Andersson, K., Armstrong, R.,and Desai, S., (2010),XMM-
Newton detection of two clusters of galaxies with strong SPTSunyaev-Zel’dovich effect
signatures, A&A, 514:L3+

• Schwope, A. D., Lamer, G., de Hoon, A., Kohnert, J., Böhringer, H., Dietrich, J. P., Fass-
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