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Zusammenfassung

Wir erleben eine einzigartige Epoche in der Geschichte dier&hung von Galaxienhaufen.
Wir haben nun Fenster zum Universum tiber das gesamte@iekgmnetische Spektrum, die uns
sich erganzende Ansatze fur die Erkennung und Studirt®adaxienhaufen bieten. Fast vierzig
Jahre nach der theoretischen Voraussage haben die ersfiandgRadioteleskope begonnen den
Himmel, auf der Suche nach massereichen Haufen zu untensudie durch den Sunyaev-
Zel'dovich Eftekt (SZE) mit ihrem heil3en Gas auf dem kosmischen MikroweHentergrund
als "Schatten” sichtbar werden. Im Rontgenlicht kann eliekeil3e Plasma auch direkt beo-
bachtet werden. Optische und Infrarot-Teleskope errmabgh uns, die Galaxienpopulation von
Haufen zu studieren und durch den Gravitationslinfflekeauch die beherrschende unsichtbare
Komponente - die dunkle Materie zu erforschen.

Das Aufkommen der Multi-Wellenlangen Himmelsdurchmustgen bringt auch die Not-
wendigkeit mit sich, einzelne Methoden zur Identifizierway Galaxienhaufen zu vergleichen
und untereinander zu kalibrieren. Dies ist auch das Haelpd®ser Arbeit, die im Rahmen des
XMM- Newton- Blanco Cosmology Survey (XMM-BCS) Projekts durchgefilvird. Dieses
Projekt ist eine koordinierte Multi-Wellenlangen-Himis@urchmusterung in einer 14 Quadrat-
grad Testregion. Im optischen Band ist sie abgedeckt duechBlanco Cosmology Survey,
im mittleren Infraroten durch Beobachtungen mit d8pitzerWeltraumteleskop und im Ront-
genlicht mit XMM-Newton Diese Region wurde auch von beiden SZE Durchmusterungsin-
strumenten gescannt: das South Pole Telescope (SPT) urdatasna Cosmology Telescope
(ACT).

Im ersten Teil der Arbeit beschreibe ich die Analyse der 6 dpaigrad Kernregion der
Rontgen-Himmelsdurchmusterung. Ein Haufenkatalog rditGéalaxienhaufen ist von den er-
fassten ausgedehnten Quellen konstruiert worden. DiesdeRlaind als signifikante Gala-
xienuiberdichten in den optischen Daten bestatigt und girotometrische Rotverschiebungen
gemessen. Ich gebe die physikalischen Parameter der Habfgleitet aus ihrer Rontgen-
Leuchtkraft an und fuhre einen ersten Vergleich mit opestHimmelsdurchmusterungen durch.
Der Haufen-Katalog wird fur den direkten Vergleich mit igpherimittleren infraroten Kata-
logen nitzlich sein, um die Anwahlfunktionen der Himmeisthmusterungen zu untersuchen,
fur Stacking-Analysen des SZE Signals und nach der Exg#mzon detektierten Haufen aus der
Ausweitung des Rontgenfeldes auch fur kosmologischdysea.

Diese Ausweitung auf 14 Quadratgrad ist die erste wissafitiche Nutzung der neuen
XMM- NewtonMosaik-Modus Beobachtungen. Ich habe eine Datenanalipsdii® fur diese
neue XMM-NewtonBetriebsart entwickelt und berichte hier Uber die Entdeckvon zwei



Xiv Zusammenfassung

Galaxienhaufen, SPT-CL J2332-5358 und SPT-CL J2342-5d41Rpntgenlicht. Diese Haufen
wurden auch unabhangig durch ihr SZE Signal mit dem SPT mrmpitischen Band in den BCS
Daten erfasst. Sie sind damit die ersten Haufen, die untecHbuwusterungsbedingungen von
allen drei grol3en Haufenidentifikazionsmethoden detegkiverden. Diese Arbeit zeigt auch
das Potenzial der Mosaik-Modus Beobachtungen grof3e Highmediche fektiv abdecken zu
konnen und massereiche Haufen bis zu Rotverschiebundeauch mit kurzen Beobachtung-
szeiten erfassen zu kdonnen.

Der letzte Teil der Arbeit ist ein Beispiel fur Multi-Weldangen-Analysen von Galaxien-
haufen mit hohen Rotverschiebungenxzl) im Rahmen des XMMNewtonDistant Cluster-
Projekts. Mit der Entdeckung und dem Studium dieser hoghrethobenen Galaxienhaufen
beginnen wir, zum ersten Mal zu sehen, wie sich die heute lettnpassive Population von
Galaxien in Haufen bildet und wie bei den hohen Rotversahigbn diese Galaxien immernoch
deutliche Anzeichen von Sternbildung zeigen.



Abstract

We are experiencing a unique epoch in the history of galaxstel studies. We have now open
windows across the whole electromagnetic spectrum whi@r as complementary approaches
for cluster detection and analyses. Almost forty years dtftetheoretical prediction, first large
radio telescopes started to scan the sky looking for mashigters as "shadows” in the cosmic
microwave background imprinted there by their hot gas adnia the Sunyaev-Zel'dovichkect
(SZE). In X-rays this hot plasma can be observed also dyre€ptical and infrared telescopes
give us a view on the galaxy population of clusters and thinayrqwvitational lensing also on its
dominant, invisible component - the dark matter.

The advent of multi-wavelength cluster surveys brings &snecessity to compare and
cross-calibrate each cluster detection approach. Thiseigrtain aim of this work carried out
in the framework of the XMMNewtonBlanco Cosmology Survey project (XMM-BCS). This
project is a coordinated multi-wavelength survey in a 14°dest region covered in the optical
band by the Blanco Cosmology Survey, in the mid-infraredh®/SpitzerSpace 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 AtaCarsimology Telescope (ACT).

In the first part of the thesis | describe the analysis of tliairn6 deg core of the X-ray
survey field. From the detected extended sources a clussogaomprising 46 objects is con-
structed. These cluster candidates are confirmed as sagtifialaxy overdensities in the optical
data, their photometric redshifts are measured and for sesaple confirmed with spectroscopic
measurements. | provide physical parameters of the cludaived from X-ray luminosity and
carry out a first comparison with optical studies. The clustgalog will be useful for direct
cross-comparison with optigatid-infrared catalogs, for the investigation of the surselection
functions, stacking analysis of the SZE signal and for cdegical analyses after combing with
clusters detected in the extension of the survey.

The extension of the survey to 14 ddg a first scientific utilization of the novel XMM-
Newtonmosaic mode observations. | have developed a data anaipsine for this opera-
tion mode and report on the discovery of two galaxy clust8RT-CL J2332-5358 and SPT-
CL J2342-5411, in X-rays. The clusters were also indepehddetected through their SZE
signal by the SPT and in the optical band in the BCS data. Treethas the first clusters detec-
ted under survey conditions by all major cluster search@gres. This work also demonstrates
the potential of the mosaic mode observationsfteatively cover large sky areas and detect
massive clusters out to redshiftsl even with shallow exposures.

The last part of the thesis provides an example of a multieleagth analysis of two high-
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redshift ¢ > 1) systems in the framework of the XMMewtonDistant Cluster Project. With
the detection and studies of these high redshift systemsrevéoa the first time able to see
the assembly phase of the galaxy population of the clustdrigh in nearby systems is totally
passive, but at these high redshifts still show signatufretao formation.



Chapter 1

Introduction

Multi-wavelength surveys give us a comprehensive look@ptbpulation of galaxy clusters and
groups in the Universe. They allow us to study cluster evatuin the full relevant redshift
range, from the nearby Universe out to redshiftzo& 1 and beyond. We can also access
the full mass range spanning from¥M, (the group regime) te- 10" M, (most massive
clusters). Observations infterent parts of the electromagnetic spectruferaus outlook on the
individual cluster components: the galaxy population fidiithrough optical to infrared bands,
the intracluster medium (ICM) in X-rays and via the Suny@eVdovich dfect (SZE) and also
the dark matter (indirectly through gravitational lenginghe multi-wavelength approach thus
brings about many synergies: e.g. X-ray and SZE studiesugiv'eway to safely detect clusters,
study their thermodynamical evolution and provide goodtigien estimates of the total mass,
while optical observations then can establish the redsbiftthe systems and investigate the
processes shaping their galaxy populations.

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

In order to access the full potential of such studies, we rieemhswer several important
guestions. Firstly, what are the selection functions os¢hgurveys, what kind of systems are
they sensitive to and why do they miss others? Since eaclke\wagzapproach probes clusters
and groups in a diierent way it is not surprising that they will be more sensitiv diferent parts
of the cluster population and havefférent systematics. Simulations can give us estimates of
their selection functions, but comparing cluster sampigsaeted from a common test field is
crucial to gain full understanding of these surveying md&haSecondly, the total cluster mass
is the most important physical parameter of the cluster,fiaumh observations it is accessible
only indirectly through scaling relations from an obseteabarameter. Construction of good
(unbiased and low scatter) mass scaling relations is drémiduture applications of cluster
surveys. A multi-wavelength cross-comparison can agahttee assumptions and selection
effects of each approach and thus help to pave the way for fldtge surveys.

Most of the present work has been done in the framework of tM&XBCS project. This
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project tries to answer these questions by combining dptiad-infrared and X-ray observations

in a single test field covered also by the SZE surveys condumtéhe South Pole Telescope and
Atacama Cosmology Telescope. This project is introducetktail in Chapters 4 and 5, where
we describe our first results.

Before that, however, we provide three introductory chaptieat give an overview of the
basic concepts relevant for studies presented in this Wiilapter 2 contains a concise introduc-
tion to clusters of galaxies, their main components and/aglieundergoing physical processes.
We also highlight the observational signatures of clusaasdiscuss their detection in the main
surveying approaches. The cosmological perspective altis¢ers is reviewed in Chapter 3. We
describe the evolution of clusters within the large-scédaecsure of the Universe and how this
can be related to the background cosmology. We also disawss$he survey selection function
enters this kind of studies.

The data analysed in the course of this work were obtaineld theée XMM-Newton X-ray
telescope. Therefore, we describe this instrument in @naptwhere we also provide an intro-
duction to the basic concepts of X-ray imaging. The chapteses with a detailed description
of the mosaic mode observations by XMM-Newton. The mateaakred here also comprises
technical descriptions of analysis recipes for this nevetgpdata developed during this thesis’
work.

The next three chapters collect research papers from the 8@ cluster survey and the
XMM- NewtonDistant Cluster Project (XDCP). In Chapters 5 we providd fiesults from the
6 ded core region of the XMM-BCS survey. We construct here a cgtalo46 X-ray selected
clusters and groups of galaxies. We provide for them photiooredshift estimates and physical
parameters determined from their X-ray luminosities. Thetpmetric redshifts are confirmed
for a subsample of clusters with spectroscopic measurera@uita first comparison with optical
mass estimates is carried out. We provide extensive testrof@ay analysis pipeline and give
an outlook on the ongoing studies based on this clusteragat@hapter 6 introduces the 8 deg
extension of the survey and provides the analysis of two vexgsive X-ray selected clusters, one
at low- and the second at high redshift. These systems waseralependently detected through
their SZE signature by the South Pole Telescope and arelitbudsgt systems to be found by all
major cluster search methods in survey conditions. We firmiggreement between the X-ray
and SZE estimated properties of these clusters.

In Chapter 7 we provide the analysis of two high redshift (1) systems detected in X-rays
by the XDCP survey. We confirm one of these to be a bona fideerlastedshifz = 1.185. We
provide its physical properties and investigate the gagogulation which shows signs of ongo-
ing star formation in many of its members. For the secondesyste find the X-ray detection to
be coincident with a dynamically bound galaxy systern-atl.358. Optical spectroscopy, how-
ever, reveals the presence of a central active galactieansiclvhich can be a dominant source
of the detected X-ray emission from this system. We disclustear identification challenges in
the high-redshift, low-mass cluster regime and provideaufimits on X-ray parameters for this
system.

We summarize the main results of the thesis in the closingp@h& 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 tiaairtatter distribution on its largest
spatial scalesy{ 10°* m) was seeded by quantum fluctuation on the sub-atomic E((ia&esbelow

~ 10°®m). The theory that bridges this incredible dynamical reangg:describes the distribution
and evolution of the matter in the Universe is the hot Big Bargglel 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 fiérieat exponential expansion phase
- the inflation. It was during this phase that the quantum eviatt its imprint in the distribution
of matter that we now observe on cosmic scales. The inflatyoegpansion smoothed out the
matter density field, leaving only minuscule inhomogemsitithose that can be seen as one part
in 10° density fluctuations in the cosmic microwave backgroundingi 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 badh a particularly low entropy in
the beginnin@, Nonetheless, the time evolution of gravitationally int#iag systems looks much
different from a system filled with gas (where gravitation is iggigle, Fig.[2.1). Remarkably,
gravity drives clumping and collapse of structures (thuslaking trends exactly opposite to the
gas system). On cosmic scale this leads to the formatioredatige scale structure (LSS) of the
Universe and thus also to the assembly of the most massiuadhabject - clusters of galaxiEs.

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

We took here the scale of 100 Mpc as a typical range where the large-scale distribuifanatter becomes
nearly homogeneous. The lower bound characterizes themeegi atom nuclei. In principle, the link could be
extended down to thBlanck scaled = /Gh/2nc® ~ 10725 m, whereG is the gravitational constartt,the Planck
constant and the speed of light.

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

3At the end of this chain of clumpirigollapse one finds black holes, as the highest entropy regiothe
Universe. Also notable is a curious fact, that the existarfagavitationally bound structures enables a negligible
part of baryonic matter to get organized into self-awangcstires, some of which take interestin the cosmic structure
formation.
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Figure 2.1: Comparison of entropy increase with time for tlifferent systems. In both cases
we start from a low entropy initial state. In the top row we éavgas in a closed box. It evolves
from a low entropy state of being concentrated in one cormeeaching thermal equilibrium
by spreading and filling the whole box. If gravity is introguat(bottom row), the evolution
looks quite the opposite. Here a low entropy initial statesists of uniformly spread gravitating
bodies. Entropy increases as clumping occurs. If the pestiare only weakly interacting,
collisionless a characteristic filamentary web is formeslisahe case of the large scale structure

of the Universe (see also FIg. 2.2). Image cr
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Figure 2.2: The large-scale structure of the Universe frloenMillennium Run simulation. The
central object at the node of several flaments is a massustas] of galaxies. Image credit:

Springel et al.[(2005).




Table 2.1: Galaxy cluster fact sheet.

Parameter Value

dark matter ~ 85%
intracluster medium ~ 15%

stars ~ 5%

virial mass 16° - 10" M,
temperature ~0.5-10keV (10 - 10°K)
virial radius 1- 2 Mpc

ICM density 16°-10tcm3
X-ray luminosity 133 - 10" erg's
metallicity 02-0527,
redshift range 0~2

The shape of the matter distribution is thus determined nbt by the initial density field and
the kinematics of the expansion of the Universe, but alsdhbycomposition of the matter field,
where ordinary baryonic matter is only a subdominant coreptn

All these factors (and their interactions) then cause thatdrge-scale distribution of matter
that we observe at the current epoch has a remarkable filargesttucture (Fig._2]12). We can
directly study the LSS in galaxy surveys and using weak tejgmography. Numerical N-body
simulations are nowadays able to reproduce the statigtroglerties of the distribution across a
large range of scales.

The densest regions of the filamentary web are its nodes.eTplases, where several fila-
ments intersect, are typically occupied by clusters ofxgata Since the gravitationally driven
structure formation is a bottom-up process, smaller DM. (galactic) halos collapse first. The
more massive the object is, the later its formation occuirscesthe Big Bang, the largest struc-
tures that could collapse and virialize up to now are clgstérgalaxies (up to masses of few
times 18° M) In the mass range below M, we find smaller systems - groups of galaxies -
populating lower density regions along the filaments. Theekt density regions of the LSS
contain almost no galaxies and are called voids.

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

The most stunning illustration of the three cluster coustits (the DM halo, ICM and the
galaxies) is th@ullet ClusterlE 0657-56/(Markevitch et al. 2002; Clowe et al. 2006). The sy
tem consists of a main component undergoing a merger withedlemrcompact component (the

4Superclusters, collections of several clusters and grarpsot yet virialized.
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Figure 2.3: The Bullet Cluster (1E 0657-56)zat 0.296. Overlayed on the optical image, we
display the X-ray emission observed by the Chandra sa&@tlipink and the weak lensing mass
reconstruction in blue. The collisionless DM and the galexgrdensities are coincident, while
the ICM was separated during the core passage. X-ray imagekeMitch et al. (2002), optical
image and weak lensing map: Clowe et al. (2006).

"bullet”). The merger happens almost exactly in the planskyf giving us an unprecedented
view into the inner workings of a cluster. Figure]2.3 showesaptical image of the cluster with
the two distinct galaxy concentrations belonging to the systems well separated after the core
passage (galaxies are essentially non-collisional dwaiotyister merger). The observed X-ray
emission is shown in pink. Unlike the galaxies and DM pagsclthe ICM is collisional and is
thus lagging behind the galaxies. The bullet-shaped ICMssion is trailing a shock front that
was driven into the plasma by the collision. Most remarkatstyn the small distortions of the
shapes of the background galaxies by the gravitationahtiateof the foreground cluster (i.e.
weak gravitational lensing) we can reconstruct the distiim of the otherwise invisible DM
content. The weak lensing reconstructed mass concemtsadi@ shown in blue. Since DM is
collisionless, its position coincides with the galaxy plgen. This system provides the best
empirical evidence for the existence of dark matter and aeional view of three components
of the cluster. The energy required to separate the comp®neakes cluster mergers one of the
most energetic events in the Universe since the Big Bangpoeer (energy per unit time) of
merger events is surpassed only by the most energetic gaaynairsts, but the total energy is,
in fact, unmatched).

Table[2.1 summarizes the basic properties of a galaxy clustethe following sections
we describe the three cluster components individually @&wiew the most important ongoing
processes.
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2.1 Dark matter content of galaxy clusters

The collisionless, weakly interacting dark matter constis roughly 85% of the cluster total
mass (18° — 10'° M,). Clusters were in fact the first objdﬂtm hint at the existence of an
invisible (but dominant) matter component in the Unive@eicky (1933) measured the radial
velocities of galaxies in the Coma cluster, and found thal tister mass to be almost a factor
of ten larger than expected from the summed mass of all ggdgxie. the visible matter). He
posited, that the cluster must contain huge amounts of sowshle matter (part of which was
later detected as the X-ray emitting intracluster mediuec{$2.2) but the majority is indeed
DM).

When a virialized object is formed, the DM settles in a quegilibrium state. The density
profile of the DM halos in simulations were found to be uniaend essentially independent of
the halo mass (we sagcale independemr self-similaf. The most commonly used description
of the density profile was provided by Navarro, Frenk and /hit997 (the so-called NFW
profile) based on dark matter N-body simulations:

pou(r) = —2— | (2.1)
(£)(2+7)
wherers is the characteristic scale length ands the central DM density. The NFW profile has
a characteristic central cusp described by the centragglgw(r)ocr 1, while at larger distances
(r > rg) the density drops gspm(r)ocr=3.

Recent advances in N-body simulations have, however, stioatrihree-parameter models,
in particular theEinasto profile provide a better description of the three dimensional itfens
profiles than the NFW profile_ (Merritt et al. 2005, 2006, anferences therein). The Einasto
profile was first introduced by Einasto ( 19&).

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

pom(r) = peexp{—dn|(r/r)"" - 1|} , (2.2)

wherepe is the density at radiug, which defines a sphere containing half of the total mass. The
indexn is theshape parameteaind it controls the curvature of the profile. Typical valuéthis
parameter are in the range4n < 7. Thed, term is only a function oh and can be obtained
from an approximation (Merritt et al. 2006):

d, ~ 3n-1/3+0.0079n, forn = 0.5. (2.3)

The Einasto profile has been verified to hold exceptionally asoss 7 orders of magnitude
in mass in various N-body simulations. The NFW model stithegns widely used, especially for
the analysis of observational data, which often does nohrtéee precision required to distinguish
between the two models.

SAlthough shortly before Zwicky, Oort (1932) found indirestidence for missing matter in the galactic plane
from the observed perpendicular acceleration of starsaBesEinastio (2009).

5The profile is essentially an independent derivation (arpammetrization) of the well-known Sérsic profile
(Sérsic 1963) used among others to fit surface brightnesigs of elliptical galaxies.
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2.2 The intracluster medium

Only roughly one third of the total baryon mass in a clustdocked within galaxies as part
of the stellar population and interstellar gas. The majaftbaryons are in the form of a hot,
diffuse gas in the intergalactic space within the potential wfelhe cluster. This plasma is the
so-calledintracluster mediunglCM) and contributes with 15% to the total mass of the cluste
The ICM is a vestige of the irfgciency of galaxy formation, which leaves most of the gas

not bound in galaxy sized halos. During cluster formatiom M undergoes adiabatic shock
heating by the infalling cold gas. Eventually, the ICM thalires and a quasi-equilibrium state
is established. In this state the virial theorem links th&vigational potential energy with the
mean kinetic energy of the ICM particles (or galaxies) as:

2(Exin) + (Epoy = 0. (2.4)

The typical ICM densities are 19— 10! particles per crii(from the outskirts to the densest
cool cores) and the gas is heated up t6-1@0° K. This implies that the ICM is an optically thin
plasma in collisionally ionized equilibrium.

The composition of the ICM is largely primordial, with Hydyen being by far the most
dominant element. The metallicity of the gas (i.e. abundarielements heavier than Helium) is
roughly Q2-0.5 Z,. These metals are injected into the ICM from the galaxiediatpopulation,
e.g. through stellar winds from the asymptotic giant brapopulation and most importantly
supernova explosions. Type la supernovae contribute phyrfée, Ni, Si, S, Ar and Ca but
produce only small amounts of O, Ne and Mg. Supernovae typeetite predominantly O, Ne
and Mg but also othet-elements like Si, S, Ar, Ca and additionally Fe and Ni. Onewse the
difference in yields to determine the supernova typik fiaactions, constrain explosion models
and learn about enrichment and transportation processi® ifCM (e.g. de Plaa et al. 2007;
Werner et al. 2006; Simionescu etlal. 2008, 2009b; Lovidaxi 2011).

These processes have a determining influence on the spati#bution of the metals. The
abundance pattern of the elements exhibit radial trends/$ato et al. 2009; Tokoi et al. 2008;
Matsushita et al. 2007; Sanders and Fabian 2002), spec#t@kdistribution in the ICM (e.g.
due to the active galactic nucleus of the central galaxyi@igscu et al. 2008, 2009b) and many
other dfects for which we refer the reader to the reviews of Bohniragel Werner (2010) and
Werner et al.|(2008).

2.2.1 X-ray properties of clusters

Plasma heated to temperatuges10’ K (equivalent to> 1 keV) radiates in the X-ray band.
Since the ICM is optically thin and in a highly ionized sta@éssentially every emitted photon
escapes the cluster volume.

The primary mechanism of thentinuum emissiois the thermal bremsstrahlung (i.e. free-
free emission). This electromagnetic radiation is produlog the acceleration of a charged
particles (in the case of ICM free electrons), when deflebigdnother charged particle (such
as an atom nucleus). Since in the ICM Hydrogen is the majostttaent, the deflectors are
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Figure 2.4: X-ray spectra of the ICM for solar abundance andiféerent plasma temperat-
ures (left: 10 K and right: 1§ K). Line colors mark the dierent contributions to the overall
spectrum (black): the largest contribution comes from thietiocuum emission of the thermal
bremsstrahlung (purple). Contribution from the recomboraradiation emission is shown in
green and 2-photon radiation in magenta. Line emission irepminent the lower is the tem-
perature of the cluster. We designate the major emissies lny the elements from which they
originate. Image credit: Bohringer and Werner (2010).

typically protons (recall that Hydrogen is fully ionized).he electron velocity distribution in
the ICM follows the Maxwellian distribution and a completeadysis of requires accounting not
only for binary Coulomb collisions, but as well for the callize (dielectric) properties of the
whole plasma. The full treatment can be found in e.g. Bek&66), here we only provide the
final relation for the emissivity.

The bremsstrahlung emissivi«t(/vﬁ at frequency is given by

€(v) ~ 6.8x10°8Z2nen g7 (r, T) e T Y2 ergslem3Hz !, (2.5)

whereT is the plasma temperatung, andn; are the number densities of electrons and ions, re-
spectively.z; is the ion charge and the temfi(v, T) corrects for quantum mechanic#lects and
distant collisions (the Gaunt factor). We denbt® be the Planck constant akdhe Boltzmann
constant.

The bremsstrahlung spectrum (Hig.]2.4) determines theag#blape of the cluster’s spectrum
with line emission superimposed on it (see below). The dveoamalization of the spectrum
(i.e. the flux per unit emitting volume) depends primarilytbe square of the electron density
(thenine ~ n2, term of Eq[2Z.6). The squared density dependence is a ¢hestic of emission
processes originating in two-body interactions. The @otgd) density of the ICM is thus the
most straightforward physical parameter that can be etguifeom a cluster X-ray spectrum.

"Emissivity is the luminosity per unit volume and frequenaterval.
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Temperature, on the other hand, determines the curvatuhe agjpectrum. The shape of the
spectrum is roughly flat for low frequencies (in the X-ray 8av < kT/h, but around photon
energiesy kT the spectrum has an exponential céit-The cut-df, determined by the #r T-1/2
term, depends on the temperature - the higher the tempew@tthie ICM the later (i.e. at higher
energies) the cutfboccurs. For limited band spectroscopy (typically 9 10 keV), this implies
that higher temperature systems will have "flatter” spedisian example compare the right and
left panels of Figl Z}4.

Fig.[2.4 also shows the emission line complexes observabheilCM. The most prominent
X-ray line feature in cluster spectra is the K-shell emisdine complex of hydrogen-like iron
Fexxvi at~ 6.7 keV (the K, line). Other important features visible in Fig. 2.4 areibttted to
Mg, Si, S, C, N and O. The strength of the lines determineshha@dance of the given elements.
From the energy of the line we can determine the redshift@tthster (this might be useful in
specific cases when optical spectroscopy is not availabtehb X-ray spectrum is good enough
to obtain the redshift from the Kline).

In addition to the free-free bremsstrahlung emission aedthund-bound de-excitation line
emission there are additional processes contributingeg@terall emission: the free-bound re-
combination continuum emission (with characteristic edugatable in Fig. 214) and the so-called
two photon emission which allows otherwise forbidden bebodnd transitions by emitting two
photons (thus splitting the transition energy into two pgiting rise to continuum emission).

Contemporary ICM radiation codes, most notably the MeKaldet@of Mewe et al.|(1985);
Kaastra|(1992); Liedahl et al. (1995) and APEC of Smith e(2001), are able to fully account
for these emission processes. These radiative codes alemepted in the widely used spec-
tral fitting packages such as: XSPBSPEX and via XSPEC’s libraries also in SHERP#and
1SISH. The detailed physics of the emission mechanisms is cowgrte 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 clussetsat they arextendedources of
X-ray emission (this holds also for Sunyaev-Zel'dovidfeet observations, Seé¢t. 2.2.6). This
fact is utilized in cluster surveys, which often necessitatsimple description of the surface
brightness (SB) distribution.

The most common description of the SB profile was derived braltare and Fusco-Femiano
(1976). It describes the cluster potential as that of a gelfitating sphere (th&ing mode)
King 1966) and allows the gas density.sto be related to the total DM density through a
simple power law apgyas o« p@M. 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/
®http://www.sron.nl/index.php?option=com.content&task=view&id=125&Itemid=279
Ohttp://cxc.harvard.edu/sherpa/

Uhttp://space.mit.edu/cxc/isis/
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1+ ()]
wherepgasis the core density of the profile, is the so-called core radius and sets the character-
istic extent scale of the source. TRg@arameter controls the steepness of the profile and lends
its name to this model - theeta model
Plugging this 3D density distribution into the bremsstuaig emissivity (Ed._2]5) and integ-
rating along the line-of-sight then gives the angular X-&&/profile:

So
T
L@
with Sy being the central SB arg is the angular core radius.

The typical value found for the beta parametes is 2/3 (Jones and Forman 1984) and this
fixed value is often used in surveys when the photon statisitoo small to constrain bothand
6. (e.g. Sect. 5.311).

Naturally, this description is necessarily simplified angl eften find clusters with rich mor-
phologies and substructures (an example is the BulletaslirsFig [2.8). These can be quantified
in several ways, the most common being the power ratio mgffBodte and Tsai 1996) and the
center shift method (Mohr et al. 1993). For recent exampidisair utilization see Jeltema et al.
(2005); Bohringer et all (2010) and Weilimann et al., in prep

Another important example of clusters not conforming to lteéa model are the so-called
cool core clustergsee Secf. 2.2.3). This class of clusters has very steep && pethe centers,
while the simple beta model predicts a flat core. In thesescaseoften resort to usingdouble
beta modelwhich has two components (each described by Eq. 2.7), odleling the SB of the
steep core and the other the outskirts.

As afinal note to this section, we discuss the cosmologicése brightness dimming. In an
arbitrary cosmology, we relate the observed ffuof an object to its luminositi (i.e. the volume
integral of the emissivity) in a way to reproduce the invesgeare law in the flat Euclidean
space:f = L/(4rd?Z ). The distance defined by this relation is the so-caliedinosity distance
dum. Analogously, theangular distance gy is defined so that the Euclidean relation between
the physical linear scalel @nd the apparent angular scélés again recovered in an arbitrary
cosmology, i.e. so that & 6d,,g It can be shown (e.g. Hogg 1999) that the redshift deperedenc
of the two distance measures is

pgair) = T (2.6)

S(9) = (2.7)

dum o« (1+2) (2.8)
Oang o« (L+271, (2.9)

and alsodiym = dang(1 + 2)%. Given that a solid angle elemen®diepends on the square g
we find that the total cosmological dimming of the bolomesticface brightness is given by:

[hoi(emitted)

Ihoi(Observed)= 1+ 2

(2.10)
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This equation is an expression of the so-calletiman’s law The /(1 + 2)* decrease makes it
very challenging to detect high redshift clusters in X-rapvgys. As we will see in Sedt. 2.2.6,
the Sunyaev-Zel'dovichfiect is not constrained by this limitation and is thus patéidy 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 clusteessthcalled cool core clusters, which
exhibit very dense, cool cores, that give rise to a charatigrhighly peaked SB distribution.

Since the X-ray emissivity depends on the square of the tgii=1.[2.5), the radiative losses
in these particularly dense regions are much higher thameotiter parts of the cluster. Energy
loss leads to more cooling and thus to more gas condensdtis runaway process causes the
cooling time of the gas to become smaller than the Hubbldfiared thus large quantities of gas
should fall out of the X-ray regime, undergo star-formatiand be observable in UV and optical
light exhibiting typical tracers of cool gas likedid CO and H emission. The predicted mass
deposition rates of cool gas were are of the ordémMg/year. This mechanism would allow the
brightest cluster galaxies (BCGs, see Sect. 2.3.1) to gmte present time.

These clusters were termedoling flowclusters and first models describing the gas cooling
were developed in the 1970s (Silk 1976; Fabian and Nulsei; I@thews and Bregman 1978).
Several pieces of evidence were found that gas cooling thdeeurs: BCGs in the centers of
presumed cooling flows often exhibit signs of star formagotivity, are often more luminous
than their non-cooling flow counterparts and in several £adgo associated HCO and H
emission was detected (McNamara and O’Connell 1989; Egaahi 2006a,b; Cavagnolo et al.
2008).

In most cases, however, the strength of these signaturdesmpass deposition rates of cool
gas one to two orders of magnitude smaller than those cébclifeom the simple cooling flow
models. The final resolution of this issue came only with #nenth of the XMMNewtonX-
ray satellite (Secf_4.1). With its two reflection gratingesppometers, it was able to look for
unambiguous tracers of cool gas in the soft X-rays. Howd®e&terson et al. (2001, 2003) found
no emission lines that would indicate the presence of gaecttan a factor 0.3 of the virial
temperature of the clusters. To distinguish between thecotding flow model and the more
modest scenario, we use the tecool core clustergMolendi and Pizzolaio 2001) to indicate
that in the given cluster cooling indeed occurs (and heneegptaked 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 inpotthe central parts of the
ICM that would provide enough heat to prevent almost all @& ¢fas from cooling out of the
X-ray band. Several mechanism were proposed, but energipdek from the central active
galactic nuclei (AGN) was soon recognized as the most drogi8ohringer and Morfill (1988)
and Binney and Tabor (1995).

The connection of AGNs with cool core clusters and theirdirateraction with the ICM

12The Hubble time is defined ag = 1/Ho, whereHy is the Hubble constant (i.e. Hubble parameter at redshift
z=0). The Hubble time is the age of Universe at current eptpck, 1375+ 0.11 Gyr (Jarosik et al. 2011).
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Figure 2.5: Left: Detailed Chandra X-ray pseudo-color image of the centehefRerseus
cluster. The observation reveals bright loops, ripplesl jt-like streaks, all caused by the
activity of the AGN in the core of NGC 1275 (the central galafythe core). The image is
~ 5 arcmin per side. Source: Fabian et al. (200@)iddle: Radio image of the galaxy M87
in the center of the Virgo cluster. The image reveals theil@etatructure of the radio-emitting
bubbles powered by the jets from the supermassive blackaidlee galaxy’s center. The jet
on the left is roughly 20 kpc long. The image was taken by they Varge Telescope (VLA,
Owen et all 2000).Right: The Chandra image of the galaxy cluster MS 0735421 shows
two vast cavities - eack 200 kpc in diameter. The cavities are dark in the X-ray beedhsy
contain very little hot gas. They are filled with a two-sidethngated, magnetized bubble of
extremely high-energy electrons that emit radio wavess Ththe most energetic known AGN
outbursti(McNamara et al. 2005). The image.& drcmin per side.

was confirmed by multiwavelength studies. Radio obsermatrevealed that cool core clusters
often harbor central radio sources associated with the BE@sBurns 1990). The central AGN
can undergo multiple phases of activity, where it drives gtrelativistic particles into the ICM.
The jets initiate sound waves propagating outwards, cae dreak shocks and create lobes filled
with relativistic particles. The lobes can detach and thebles buoyantly rise in the ICM. The
plethora of these processes is demonstrated in the thressprFig[Z2.5.

All these processes are able to deposit mechanical enemyhie ICM and thus fiset the
cooling dfect. The activity of the AGN is episodic such that the ICM - A@teraction is largely
self-regulating and well tuned (e.g. low AGN activity leadsmore cooling of the ICM, cool
gas sinks into the BCG and feeds the next activity cycle). diergy scale of these processes is
remarkable - each AGN outburst is estimated to inject betvi€®® and 16! erg into the ICM.
This amount of energy is flicient to suppress cooling flows assuming 40® year long AGN
duty cycles (time between two outbursts, Birzan €t al. 2&aferty et al. 2006). In addition to
energy deposition, rising bubbles entrain the enrichedagaisnd the BCG and provide a mean
of metal transportation and mixing.

These fascinating processes have been studied in detaalng oool core systems, e.g.: M87,
the nearest cool core, at the center of the Virgo cluster (&tay et al. 2001; Forman et/al.
2007; Simionescu et al. 2007, 2008, 2010; Werner et al.| 2@i@)Perseus cluster (Fabian et al.
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2003&,b, 2006; Sanders and Fahian 2007), Hydra A (McNamats2000; Nulsen et al. 2002,
2005; Simionescu et al. 2009a,b), the cluster MSOB421, which has up to now the largest
observed energy release {0°* ergs), analysed by McNamara et al. (2005) and a couple of othe
systems. A comprehensive review of the field can be found iNafgara and Nulsen (2007).

2.2.4 X-ray scaling relations

In the previous section we have discussed some of the ititeggdmicro-") physics present in
clusters (and particularly in their cores). While this maleach system to some degree com-
pletely unique, there is also a lot of regularity found in thester population. For example the
underlying DM halos are self-similar and easily scalabledieferent masses (Se€f. 2.1). This
gives hope that we can look at clusters also from a globalemextuctive point-of-view. Ulti-
mately, only a single cluster parameter - the total clustassn is the most fundamental link to
the background cosmology.

Hydrostatic mass estimates

As the gas settles in the DM potential well during the clustesembly phase (or after a major
merger), it takes only about 1 Gyr until it reaches a quasirbgtatic equilibrium state. Under
the assumptions of spherical symmetry the integratedneask within a radius can be derived
from the pressure equilibrium equation:

dpga hot
p?:lrir) - _Pgas(r)G IVIrZ(< 2 - ,ulr(np% (pgaS(r) TX(r)) ’ (2.11)

whereyu is the mean molecular weight of the ICWt & 0.6) andm, is the proton mass. We
can obtain the input gas density profg.{r) from X-ray surface brightness measurements
(Sect[2.2.2) and the temperature profilgr) from spatially resolved spectroscopy (typically
fitting the spectra in circular bins). The total gravitatimgssM;.(< r) mass within radius is

then
KT(r)r dlnpgas+dInT
Gumy, \ dinr  dinr )~

This approach of estimating the total cluster mass has hemte important caveats. The first
one is, that the mass estimate is only valid to the extent iomthe thermal pressure equilibrium
holds. If there is an additional pressure support in the IGMacounted by Ed. 2.12, then the
hydrostatic mass estimate will be biased low. The extrasu@an originate from subsonic bulk
motions of the gas and turbulences. Therefore the expewctitithat this bias will be larger for
disturbed clusters.

The extent of the systematidtfect in X-ray mass measurements has been studied in many
hydrodynamical N-body simulations, e.q. Lau et al. (200@®¥faretti and Valdarninil (2008);
Jeltema et al.| (2008); Nagai et al. (2007); Rasia et al. (ROD&wis et al. (2000) and Evrard
(1990). All these simulations found a presence of the bia®oghly < 10% level (the range of
biases is- 5 — 25%, depending on the details of the simulations, radiustefést and several
other criteria).

Mior(<r) = - (2.12)
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Beyond simulations, non-thermal pressure support can batied in real data by com-
paring gravitational lensing mass measurements (whichnalependent of the assumption of
hydrostatic equilibrium) with X-ray estimates. This is aftnging task because lensing studies
have their own systematics, e.g. projectidtfeets, since the lensing signal is sensitive to all
mass along the line of sight. A good understanding and cbotrihese systematics is crucial
for non-thermal pressure support studies. Currently,ragé¥eray - weak lensing samples have
been constructed and the found X-ray mass bias is roughlgreeanent with the predictions
from simulations (e.g. Zhang et/al. 2010; Richard et al. 20A@hdavi et al. 2008; Allen 1998,
and references therein).

The second caveat of the Eg. 2.12 has an observational tbaradgsing this equation to
estimate the total mass of the system requires to have fdedy X-ray data (e.g. in order to
be able to measure the temperature one nee880 counts per radial bin). This is not always
possible, especially in survey settings, when we have &igi@around~ 100 counts for the
whole cluster. In these cases we can use the so-catlihg relations relations between some
simpler, observable parameter (e.g. the integrated lusitinwithin an aperture) and the total
mass.

2.2.5 Self-similar scaling relations

The existence of simple scaling relations for clusters ig@ctiprediction of the virial theorem
(Eq.[2.4), if a few assumptions hold (most of them we haveadlydisted): A) spherical sym-
metry of clusters, B) ICM is in hydrostatic equilibrium, G)et gas mass fractiofy,s = Mgas/M
is constant, wher# is the total mass, D) X-ray emission comes only from the betraklung
contribution and E) the DM halos are self-similar. Kaise386) derived the following relations:

M-T relation The virial EQ[2.4 can under these assumptions be simplified t

?’k_T_GM/rZO, (2.13)
HMy

given that for a spherically symmetric clustdre r2 we have

T ¥ oc M2/3 (2.14)

L-T relation The integrated bolometric bremsstrahlung luminosity {agsion D) within the
aperture is equal to the volume integral of the emissivity given by[E&. This gives the
proportionality

L oc pgasT V23 o« TV2M (2.15)
where we utilized assumption C so thgts o< Mgag/r® o fgadM/r3 o const This yields

simply
LocT?. (2.16)
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M-L relation Finally, plugging EqL2.14 into E§._2.116 we have the mass -ihasity relation

L oc M3, (2.17)

M-Y x and L-Y yx relations Kravtsov et al.|(2006) suggested to use ¥yeparameter, an X-ray
analogue to the integrated Compton parameter (sde Ed.ri2S3kt[ 2.2)6), as a low scatter
mass proxy. Th&y parameter is defined simply as the product of gas mass anetatnp
ure,Yx = Mgasl . From the already derived relations we get:

Yy o M*3and (2.18)
Yy o L4, (2.19)

These relations, however, hold only for the virial valuesh® parameters at redshift zero. In
practice we determine the observables in an aperture wherelister density reaches a fixed
overdensitys with respect to the critical density of the Universe at thesteft of the cluster.
Typical choices o5 are 200 (which is close to the virial overdensity in an Eimstie Sitter
Universe) and 500 (often close to the outermost radius atlwhie have X-ray coverage of
the cluster with current instruments). This introduces @ditéonal scaling facter that can be
expressed through the evolution factor of the Hubble patanit€z) = H(z)/H(z = 0), where
H(2) is the Hubble parameter at the cluster’s redshiff he final self-similar scaling relations
for 6 = 200 are given by:

Mo o« E(2)71T3?2 (2.20)
Logo o« E(2)T? (2.21)
Looo o« E@7M33 (2.22)
Yx200 © E(Z)Z/SM%% (2.23)
Yx200 o« E@775L3%. (2.24)

A large dfort has been made to confirm the predicted dependencies @ndettishift evolution.
Currently, the scaling relations can be considered to beagtdblished for nearby systenzs{
0.3), e.g. Markevitch| (1998); Reiprich and Bohringer (2Q(Rjatt et al.|(2009); Arnaud et al.
(2007) and many others. In this range the redshift evoligemms consistent with the self-similar
scenario, although the slopes caffeti (e.g. the L-T relation is significantly steeper). In fact,
is the relations involving the luminosity that exhibit tregdest deviations from the self-similar
scaling relations. The deviations hint at non-negligidfe@ of non-gravitational processes, e.g.
the heating and cooling mechanism described in §ect] ZIb8feedback mechanisms then can
lead to modifications of the gas mass fraction especiallg@rcentral regions of the clusters and
thus to changes in luminosity (e.g. Bohringer et al., irppre

3potentially an additional factor relating th&CDM cosmological model to the Einstein-de Sitter cosmoloay
also be introduced (for an overview see Bohringer et aprép.).
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The evolution of the scaling relations at higher redsh#tstill not well established. One
of the obstacles is to obtain sizable samples of high redshisters ¢ > 0.8). In addition,
these samples have to be constructed from surveys with waitalled selection functions, since
unaccounted selectiorffects can mask evolutionanffects (Stanek et al. 2006; Pacaud et al.
2006, 2007; Vikhlinin et al. 2009a; Mantz et al. 2010a). Thesues are investigated in depth
by Reichert et al. (submitted), who extends these studigsraiz > 0.8.

2.2.6 The Sunyaev-Zel'dovich ffect

In the previous chapters we focused mostly on X-ray studiéseolCM. The thermal electron
population of the ICM, however, also interacts with the pimstof the cosmic microwave back-
ground (CMB) leading to the so-callédermal Sunyaev-Zel'doviclffect (SZE), first described
by'Sunyaev and Zel'dovich (1970, 1972). We give here a briefwiew 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 weelise Compton scattering. Al-
though the scatterings are usually still referred to asrse«€ompton processes, they might
better be described in this limit as Thomson scattering;esihe thermal electron population
is almost completely non-relatividiitand the CMB photons have low energy. For these low-
energy interactions the scattering optical depthis ne ot Ret ~ 1072, whereot is the Thom-
son scattering cross-sectian,the electron density angy; the dfective geometrical light path
length (e.g. roughly the cluster’'s diameter). On average@les scattering produces only a
small change of the mean photon energy/() ~ (kKT/mec?) ~ 102, wherem, is the electron
mass. The overall change in brightness of the CMB is on th&1&@el, i.e. roughly an order of
magnitude larger than the cosmological signal from the prdial anisotropies.

The change in the photon energy (frequency) is describetdddoCompton scattering equa-
tion:

, €
€ =17 - coss) (2.25)

Mec?

under the assumption that the electron is at rest beforentheaction é < mec?). The photon
energies before and after the interactioneaa@de’, respectively, ang is the angle by which the
photon is deflected in the encounter (the angle between ttespattering paths of the electron
and deflected photon).

Given that both the CMB and the Maxwellian velocity disttilon of the electrons are almost
isotropic, photons scattered away from our line of sight r@q@aced by photons from other
directions scattereshto our line of sight. This means that there is no observable ghamthe
number of detected photons independently from whetheetiseain intervening cluster or not!

14CM temperatures arg 10 keV, except for a few cases where shock heating occurshislis always only in
small, confined regions.
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How is then possible that we indeed see a change in the beghtof the CMB sky towards
clusters?

The reason for this is, that although the number of photogsmserved in these processes
their energy spectrum is modified. The CMB photons (a low terajure system) and the ICM
gas (hot system) are in interaction and thus energy flows fh@MCM to the CMB photons as
required by the second law of thermodynamics. This flow isiated on the particle level by
the fact, that the up-scattering of photows § € in Eq.[2.25) is slightly more likely than the
converséd We will provide here a brief simplified derivation which gs/asight into the basic
principles of this &ect.

Let us denot@ = v/c, wherev is the electron velocity andthe speed of light (for a 4 keV
plasmgs ~ 0.14) and further in the electron rest frame we denote the phiatpact angle to be
6 and the angle after scatteriig Eq.[2.25 then can be rewritten as

Vi=v(L+ ) (1=, (2.26)

wherey andy’ are the pre- and post-scattering photon frequencies an@meel: = cosé. Itis
convenient to express the resulting scattering in termiefdgarithmic frequency shift defined
as

s=log(v'/v). (2.27)

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

Pa)ds= | plduotusi (G ds. 229
where p(u) du is the probability of the photon having the impact angleefore the scattering
(just from the simple Thomson scattering geometry) afad, 1) du’ the probability of scattering
from this angle to angl®’. The ¢(u’, 1) distribution function was derived by Chandrasekhar
(1950) and we display only the finB(s, ) function for several values @fin Fig.[2.6 (left).

As can be seerR(s, ) is slightly asymmetric, with up-scatterings (posits)eeing slightly
more likely. The asymmetry and broadening increases witlreasing mean electron velocity
(i.e. increasing ICM temperature). Since the velocityrdistion of the electrons is Maxwellian
(we denote ipe(B)), the probability of a frequency shigtfor a single photon and single scattering

is given by the convolution:
1

Pa(s) = . Pe(B) dB P(s. B)- (2.29)

Electrons with velocities smaller th@h,i, can not cause a frequency stsftThe dfect of single
scattering on the CMB spectrum then is

(o)

(V) = f P.(9) lo(v) ds, (2.30)

—00

15photons interact with more "head-on” electrons than thaseesting in the same direction as the photon.
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Figure 2.6: Left: The inverse Compton scattering probability functie(s, 8) (Eq..2.28), foB =
0.01,0.02 0.05,0.10,0.20 and 0.50, wherg = v/c. The probability distribution is increasingly
asymmetric and broadened@ascreasesRight: The spectrum of the CMB (black body, black
line) and its distortion after a passage through the ICM dfirarealistically massive cluster with
a Compton parameter gf = 0.15. The red line shows the curve often displayed in liteetur
(e.g..Sunyaev and Zel'dovich 1980; Carlstrom et al. 2008j), vihich was obtained by a first
order approximation not applicable to this high valueg.ofhe blue curve shows the exact non-
relativistic solution fory = 0.15. See text for more discussion. Image courtesy of E. L. krig
http://www.astro.ucla.edu/~wright/SZ-spectrum.html.

wherely(v) is the incident CMB spectrum (black-body):

lo(v) = %VS GG 1)‘1. (2.31)

The purpose of this simplified treatment we provided heretedsghlight the basic mech-
anisms at work. We made several important simplifications-alowed only a single scat-
tering and assumed the Thomson scattering to hold for allegabf3. The proper description
of the non-relativistic scattering process in this caseraided by the Kompaneets equation
(Kompaneets 1956) and the full derivation of the impact efekectrons on the CMB spectrum
was first given by Sunyaev and Zel'dovich (1970, 1972). Infdllewing we will provide only
the final results and their implications for cluster obsé&ores.

Observational signatures of the SZE

The SZE causes an increase in the CMB intensity in the higiuéecy (Wien) part of the
spectrum and a decrement in the Rayleigh-Jeans tail. Thsitin occurs at a frequency of
vo ~ 218 GHz, equivalent to a wavelengthr 0.14 cm. Clusters thus can be seen as "shadows”
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in the background (in the Rayleigh-Jeans part of the sp@gtoaused 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[Eid. 2.6 (rightg original black body spec-
trum is shown in black. The red line shows the distorted spectfor an unrealistically massive
cluster withy = 0.15 (roughly 1000 times more massive than real clusters). &spointed out
by E. L. Wrigh@ this curve (to be found in e.g. Sunyaev and Zel'dovich 1988xIstrom et al.
2002), was obtained using the first order approximation my&av and Zel'dovich (1980) (their
Eq. A7) to the Sunyaev-Zel'dovicHiect, and is not applicable fgr= 0.15. The exact solution
is shown in blue (computed using Eqg. A8lof Sunyaev and Zeitt¥980) and is significantly
wider than the approximation. Note that this still does matude relativistic corrections. The
first order approximation is still appropriate for real ¢krs.

The decrement in the CMB is equal to

Al()==2y1(v), (2.32)

wherey is the so-calle€Compton parametedefined as

o1k
y= WLCS fTenedl, (2.33)

The integration runs along the line-of-sight. The decremé(v) is defined as the ffierence in
the CMB intensity between the distorted spectrum in thectiva of the cluster and the black
body spectrum of the unobstructed CMB.

Eq.[2.38 shows that the SZE is completely redshift indepletr@él'his is very diferent from
the X-ray observations, where the cosmological redshiftrding causes a fast decline of the
surface brightness (1 + 2)™* (Sect[2.2.2). In the case of SZE the redshift dimming is thac
compensated by the increase of the CMB intensifil + 2)* (at higher redshift we are probing
a younger Universe where the CMB temperature is higher)s iBhilustrated in Fig.2]7 on the
example of three clusters at redshifts betwe@1-00.8. The dimming of the X-rays is evident,
while the SZE decrement is comparable even for the mostdistgect. This gives SZE surveys
the ability to have a nearly redshift-independent selediimction and thus allow to detect many
distant clusters.

This advantage started to be utilized by large area suneayged out by large, single dish
telescopes: the South Pole Telescope (SPT, Staniszewakizfl09; Vanderlinde et al. 2010;
Williamson et al. 2011; Foley et al. 2011), the Atacama Cdsgyo Telescope (ACT, Marriage
et al. 2010; Hincks et al. 2010) and by tRé&anck space mission (Planck Collaboration et al.
2011&,b). The delivered samples have significantly highetiam redshifts compared to X-ray
selected cluster catalogs. We provide a brief overview efttivances in the field in Selct. 5.1.

An additional feature of the SZE signal is that the Comptorapeeter is proportional to
the integrated pressure along the line-of-sight (compardZE33 with the ideal gas pressure

®http://wuw.astro.ucla.edu/~wright/SZ-spectrum.html
"The integrated Compton parameter within a solid angle wdafsend on the aperture size and thus the angular
distance.
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Abell 1914 z=0.17 CLCO16+16 z=0.54 M31054-C321 z=0.82

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

p=nkT). The surface area integrated Compton parameter is thierefo

Y = fydAz fneTede Mgasle (2.34)

which shows thal' is proportional to the product of gas mass and temperatackisathus ex-
pected to be a good, robust total cluster mass indicatorlestrscatter, relatively insensitive to
the dynamical state of a cluster and a nearly self-similatugion with redshift. This was con-
firmed by several cosmological simulations (da Silva et @04 Motl et al. 2005; Nagai 2006)
and by now also by observational data (Planck Collaboragiat.|2011b] Melin et al. 2011,
Andersson et al. 2010; Afshordi etial. 2007) and see alsa[B&kt

More details on the SZEfkect and related issues (such as the kinematic SZE, non-gherm
SZE and relativistic corrections) can be found in the regieiBirkinshaw|(1999); Carlstrom et al.
(2002) and Rephaeli (1995).

2.3 The galaxy population of the clusters

Although the galaxy populations of clusters contributeyagl5% to the total mass (roughly one
third of the baryonic mass), they were the first markers thatvad clusters to be recognized
as distinct astrophysical objects. Indeed, the first ciusatalogs were compiled by looking for
galaxy overdensities by Abell (1958) and Zwicky and Kow&g8&).

Each cluster comprises hundreds to thousand galaxies lioyutheé gravitational potential of
the DM halo (Fig[2.B). The number of galaxies given a suéaglection criterion - the cluster
richness - was one of the first cluster classification schefitesproposed by Abell 1958).
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Figure 2.8: Left: Optical image of the cluster Abell 2218. The cluster is aregxional example
of a gravitational lens. Numerous background galaxies argipty lensed and some even dis-
torted into large arcs. The supergiant brightest clustkxgas coincident with the center of the
lensing potential. Credit: Hubble Space Telescope, NABght: Colormagnitude diagrams
of the very distant cluster XMMU J2235-2557. Although thaster is at redshift = 1.39, it
exhibits a well populated, very tight red sequence - a goadeece of the evolved state of the
clusters galaxy population. Only spectroscopic membedsgataxies with photoz values in the
range 096 < z < 1.82 are shown. The shape of all symbols are coded accordirgetonhor-
phological classification: circles for early-type galax{ellipticals and S0), spirals for late-type
galaxies and squares for faint objects with no reliablesif@stion. Filled symbols show spec-
troscopically confirmed members with (in blue) and withaatréd) [On] emission lines. The
dotted, dashed and longdashed lines show the expectetlvoéthe red sequence based on the
Kodama and Arimoto (1997) models forfidirent formation redshifts. The dark purple line in
the lower panel shows a fit to the red sequence galaxies wiibigray shaded region. Figure is
taken from Strazzullo et al. (2010).

The fact that these galaxies really belong to a distincesgstather than being only a fluc-
tuation in the background galaxgumber counts, can beledtad by looking at their morpho-
logical and photometric properties.

Galaxy evolution in cluster environments

It was realised early in the optical studies that the morpdichl census of the galaxies within
clusters is dierent compared to the field galaxies (Oemler 1974; DresSkE®)1 This so-called
morphology-density relation describes the decrease ofrdation of late-type galaxies (e.qg.

180f course, the definitive test is to obtain spectroscopytieseé galaxies and confirm them to be at the same
redshift.
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spirals) when moving from the field towards more dense regyi@e. cluster cores). At the
same time the fraction of early-type galaxies (ellipticatsl SO) is increasing. Thisftkrence
compared to field galaxies gives a hint that the environmasttt play an important role in the
evolution of the galaxies. In particular, the denser emnnent facilitates more frequent galaxy-
galaxy interactions as well as the interaction with the ICid mergers and colorfully named
processes like gas stripping, strangulation and galaxgssanent! Boselli and Gavazzi (2006)
provide a review of how these dire processgeda the evolution of unsuspecting galaxies.

Mergers and stripping of material from galaxies also leads¢ation of thentracluster light
(ICL) - the aggregate of stars dispersed in the intergaagi@ce inside the cluster. Observations
of the ICL are very hard due to its low surface brightness amuications in separating it
from extended stellar halos of the galaxies. Thereforefdted amount of ICL in clusters and
galaxy groups is not very well constrained. Estimates rdraya 5% to 25% of the total cluster
light (e.g. Da Rocha et al. 2008; Krick and Bernstein 200Tdifeier et al. 2004a,b), but could
be up to 50% in the immediate region of the brightest clusasxy (BCG, Zibetti 2008). The
properties of the BCGs and the ICL suggest a direct physidabletween them (e.g. their colors
and elongation axes are similar). With deeper observatindsmprovement in the methodology
we will be able to get better constraints on the ICL fractiod &vestigate its properties also in
intermediate systems.

Major morphological transformations also appear to beddto quenching of star formation.
The optical properties of early-type galaxies are deteechioy their old population of cool stars,
while late-type galaxies are still star forming and have rgdgoopulation of hot young stars
dominating their optical emission. The prevalence of pabgievolving (i.e. not showing signs
of on-going star formation) red elliptical galaxies is obsdle in the color-magnitude diagram
of the cluster as the so-calleed sequencésee Sect. 2.3.2).

2.3.1 Brightest cluster galaxies

One of the most striking example of environmentéieets on the evolution of galaxies is the
presence of the so-called brightest cluster galaxies (Bi@@)ost clusters. These galaxies are
extremely massive, luminous eIIipti@galaxies with very large spatial extents. They are usually
found very close to the center of the DM potential wells anasthoinciding with the peak of
the X-ray emission (except for extreme cases like the Bullester). BCGs often harbor an
AGN, which in some cases can undergo stages of outburstdaadnteract with the ICM (this
is connected to the problematics of cool cores, see SecB)2.2

The luminosity gap between the BCG and the second rankegygialao large that it has to
be explained by a special formation mechanism (e.g. Loh &raadi§E 2006). A possible forma-
tion scenario was proposed by Ostriker and Tremaine (19{H&) so-called galactic cannibalism
model. In this picture, at the cluster center where the gatlensity is the largest, the BCG
grows through successive merging and coalescence witeiggimour galaxies. The process is

¥n fact, more than 50% of the BCGs belong to a special sub-tymlipticals designated as the cD galaxies
(from "central dominant”). Galaxies of this type are foumdciluster cores exclusively (and typically in the more
massive, mature clusters). Only supergiant ellipticath wery extended stellar halos are included in this sub-type
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driven by dynamical friction and the often very extendedhafl the BCG is created from the
tidally stripped material from the merging galaxies.

Dubinski (1993) has however shown that cannibalism is nfitcsent for the full build up of
BCGs. Currently the most favoured scenario is known aslthenergermodel and is supported
by both simulations (Puchwein et al. 2010; Murante et al42@& Lucia and Blaizot 2007) and
observations (e.q. Whiley etlal. 2008; Bell et al. 2006). ymherger occurs between two bright,
passive galaxies and does not trigger star formation. Téreréhe color of the coalesced galaxy
does not change significantly, which explains the apparattefling of the RS at the bright end
observed in some clusters (e.g. Skelton et al. 2009). Thidelntan also give account for the
flat surface brightness and color profiles (compered to stahellipticals, see e.q. Tonry 1987;
von der Linden et al. 2007; Mackie 1992; Andreon et al. 1995;He et al. 2010) and relatively
uniform stellar population of the BCGs across all radii (Bgb et al. 2007).

2.3.2 The cluster red sequence

The color-magnitu@ diagram (CMD) is a powerful diagnostic tool for optical dessstudies.

It allows to roughly estimate the cluster redshift in caségmvits not available. In cases where
we have spectroscopic redshifts it serves as a great todlidy she galaxy population and its
star-formation history.

Baum (1959) noticed that the red cluster galaxies occupgeiaidocus in a color-magnitude
plane clustering in a tight sequence populated by red gedaxihe so-calleced sequencérS).
This sequence is quite universal, with the coldfaetience in first approximation stemming from
the cosmological redshift. If we assume a simple stellaupdpn model for the galaxies, we
can use the position of the RS to get an estimate of the cliesdshift (this is one of the possible
approaches to obtain photometric redshifts, see also[xd}t.

If the redshift of a cluster is known, one can estimate theadbe stellar population from
the normalization of the RS and from the scatter around tltetioa we can get information
on the star formation history. If the star formation occdrie a single, short time period, the
stellar populations of the RS galaxies will be similar anel sisatter will be small. The slope of
the RS (more luminous RS galaxies are redder) is attribut@dso-callednetallicity sequence
(Kodama and Arimoto 1997). Supernova explosions enriclmtin@stellar gas in the galaxy with
metals. The retention of this gas is moféeetive for the more massive galaxies. Metal rich
gas however produces stellar populations that are codles fedder) than stars in metal poor
environment.

As we approach higher redshifis£ 1 and beyond), we are on average observing the clusters
and their galactic population in earlier evolutionary stagThe expectation is that the red se-
guences will be less tight and not as well populated as indke of low redshift clusters. How-
ever many high redshift clusters (especially the more massies) do exhibit well developed
RS even at these high redshift. On the other hand, lower nyassnss might not yet have well

2The "color” is defined as the flerence of observed magnitudes through two filters: celan(1;) — m(12),
wherem(1) is the magnitude measured in a band centered on the watieléndrhe standard use is to require
A1 < A2, so that higher value of the color means a "redder” appeareaiative to the base magnitude.
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populated RS (as an example see $ect.[7.3.3).

Another redshift dependenffect is the so-calleButcher-Oemler gect(Butcher and Oemler
1978), manifesting itself as an increase of the blue galeagtibn with increasing redshift. The
effect is quite sensitive to background galaxy contaminatimh @otential selectionfiects ori-
ginating from the definition of the blue galaxies, but in maages it has been confirmed also by
spectroscopic studies. In fact, there is alspactroscopi®utcher-Oemler fect - the increase
of the fraction of cluster galaxies exhibiting spectroscdpatures typical for young stellar pop-
ulations (e.g. Dressler etlal. 1999; Poggianti et al. 199962

2.3.3 The galaxy luminosity function

Another important global characteristic of the clusteagglpopulation is th&uminosity function
defined as the number densityof galaxies with a given luminosity. The most widely used
parametrization of the luminosity function was given by &dfiter (1976):

#(L)dL = ¢0(§) exp(%) ?_—'; , (2.35)
where ¢q is the normalization of the number density, the characteristic luminosity and
the faint end slopea( = 1 — 1.5). The distribution predicts an exponential decrease ef th
number density of galaxies with luminositiesL*, while the behavior (steepness) of the faint
end is determined by the slope parameter. An example isagieglin Fig[ 2.8. The luminosity
function normalization is typically parametrized by time magnitude, defined as the observed
magnitude in the given band corresponding to a galaxy withr@rosityL*. The parameters of
the Schechter function depend on the galaxy selectiorrieriéad it holds only if galaxies of a
single type (e.qg. ellipticals) are included.

The observed universality of the Schechter function isequeitnarkable and hints at a deeper
underlying physical cause, i.e. the galaxy luminosity aejseon its stellar content and star
formation activity, which can be linked to the total masstwé galaxy and its merger and star
formation history. Thenassdistribution of the galaxies is connected to the mass digtion of
DM halos for which the Press-Schechter (Press and Schet®iel) distribution is still a good
approximation (and has the same functional form as Eql 213 total integrated luminosity of
the cluster galaxies is thus a relatively good cluster massyp(albeit inferior to X-ray and SZ
mass proxies, see Selct. 2]2.4). The Schechter functioensatiten used to extrapolate the total
luminosity in order to include the contributions of the fiaflout numerous) galaxies not observed
directly.

2.3.4 Optical cluster detection

As we mentioned, clusters were first identified in opticaladabince the pioneering work of
Abell (1958) and Zwicky and Kowal (1968) much progress hamnlmade in the field of optical
cluster searches. However, the basic principle - seardbimayerdensities in the number density
of galaxies - stayed the sarfib.

21Although, fortunately, the work has been automatized repus from Abell’s toils.
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Figure 2.9: The Schechter galaxy luminosity function forclkssters of galaxies. The top x-axis
shows theL* normalised luminosities, while the bottom axis the absoluband magnitudes.
Credit: Schneider (2006).

The most common detection algorithms are based ofrigneds-of-friendgFoF) algorithm
(and its variations) first proposed by Huchra and Geller £)9&eller and Huchra (1983). The
algorithm aims at linking neighbouring galaxies within ashn linking distance. If the dens-
ity of linked galaxies in an area exceeds the density in a fieggon at the required minimal
significance level, the galaxies are flagged as a clusteildated

An alternative approach is to usevaronoi tesselation algorithrto partition the sky area
around each galaxy. By constructidrihe area of the cells in dense regions (like clusters) is
smaller than in field regions. An example of this algorithrthis Voronoi Galaxy Cluster Finder
of Ramella et al. (2001).

While both algorithms can in principle be run only using thesrmation on the two dimen-
sional distribution of galaxies in the plane of sky, much ioy@ment can be made if we are
able to incorporate additional information into the seargthod angr use some of the special
features of the cluster galaxy population. These markacs) as those we described in previous
sections, can help us design suitable selection criteriehwhcrease the signal-to-noise contrast
of the cluster searches.

Since clusters are peaks in the three dimensional galaxybdisons, the simplest extension

22A Voronoi cell contains all the points of the plane (or voluime- 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 infation (if available) in the form of
spectroscopic or photometric redshifts. This approachimatemented in many spectroscopic
surveys, e.g. the Center for Astrophysics Redshift Sur@&x survey| Geller and Huchra 1983),
the Las Campanas Redshift Survey (Tucker &t al. 2000), thenIDigital Sky Survey (SDSS,
Berlind et al. 2006), the Two Degree Field Galaxy RedshiitvBy (2dFGRS, Eke et al. 2004),
the 2-Micron All Sky Redshift Survey (2MRS, Crook et al. 20@nd many more (see also ref-
erences in the listed works).

Another information that can be used is that the clustengedaconform to the Schechter lu-
minosity function (Eq._2.35). In this approach the spatral luminosity distribution at the given
sky position are jointly modeled and assumed to be a supiégosf a background compon-
ent and contribution from the cluster population. This @ah is the so-callethatched filter
approachintroduced by the Palomar Distant Clusters Survey Postrai @.996).

As we have seen in Se¢t. 2.8.2, the cluster red sequence iy aivgersal characteristic
of clusters. The Cluster Red Sequence (CRS) detection wheth&ladders and Yee (2000)
utilizes this fact by looking for cluster overdensities ial@xy catalogs which are successively
sliced in color allowing to find red sequences dtatient redshift. Conveniently, one obtains this
way also an estimate of the cluster’s redshift. While thitedigon algorithm is insensitive to
clusters without well developed RS (e.g. very young systenusparticularly high redshift, low
mass systems), mature, massive clusters have been fouatld@IRS at place already at high
redshiftsz> 1 (e.g. az~ 1.4 in Fig.[2.8).

The maxBCG cluster detection method (Bahcall et al. 200&)nisther method that relies
on the presence of a RS in the cluster, but also complememtghitinformation on galaxy
morphology particularly looking for a population of elligals led by a BCG.

A host of other methods exists and can be utilized fifiedent conditions (e.g. weak lens-
ing shear cluster detection, surface brightness fluctnatiethod for drift-scan surveys etc.).
Combining any (or several) described methods with otheitahMa 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 th&@n topics concerning cluster
physics and cosmology. Fortunately, there are several gooews covering all these aspects
(and several additional) in much more detail. We providestear annotated (but certainly non-
exhaustive) list of valuable papers that provide good thiations to many of the topics and that
might be particularly of interest for people who are new w®field.

Historically, the first major cluster review is by Sarazi®88). It focuses is on the ICM and
X-ray observations, but the cluster galaxy population $® alovered. The review is somewhat
outdated but quite comprehensive. A newer review by VoiD&thas a comparatively broad
scope with a lot of space devoted to the process of linkinghheretical cosmological predic-
tions to the actual cluster observables. The second foctiieaéview is the thermodynamics of
the ICM.

To the same topic (and particularly the non-thermal pree®ss dedicated the series of
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reviews led by Kaastra et al. (20()@)From this collection we name only the general overviews
by [Diaferio et al. |(2008) and Kaastra et al. (2008b) and aeanof non-thermal processes by
Rephaeli et al. (2008). The rest of the reviews explore thasgeseveral other topics on a deeper
level and are also very worthwhile.

The processes of metal enrichment of the ICM and their X-iagrbstics are covered by
Schindler and Diaferio (2008); Werner et al. (2008). Thegdck as well as a state-of-the-art re-
view of topics of X-ray spectroscopy are to be found in Babar and Werner (2010). Physics of
cluster mergers is exploredlin Sarazin (2002) and the caedéopics of shocks and cold fronts
are discussed (and richly illustrated) by Markevitch ankhlinin (2007). The current status of
the cool core problem is summarized in Peterson and Fab@6{2zand the associated question
of heating and the ICM - AGN interaction is reviewed by McNaeand Nulsen (2007).

A comprehensive derivation of the Sunyaev-Zel'dovitleet, its observations and cosmo-
logical studies are covered in the review papers by Birlkamsj1999), Rephaeli (1995) and
Carlstrom et al. (2002). While we did not devote much spadbeaaptical (and infrared) prop-
erties of the clusters a thorough review with many furthéenences can be found in Biviano
(2008). Cluster environment has a very large impact on tlwdugwen of its galaxies. These
processes are reviewed by Boselli and Gavazzi (2006).

Our current understanding of clusters does not rely only leseovations, but also on the
knowledge gained by simulations. In the recent years thexg avplethora of review papers
covering many aspects of this extensive field. We will namlg tew: Borgani et al.|(20084,b);
Dolag et al.|(2008a,b); Borgani and Kravtsov (2009); Norr{201.0).

Besides these review papers, a general, entry level inttaofuto clusters can be also found
in the textbook of Schneider (2006) and in the review coilbecbf [Plionis et al.|(2008). The
structure formation processes and the growth of clustetisdin cosmological environment are
described in several text books and review articles, le.@bles (1993), Dodelson (2003) and
Padmanabhan (1999). We provide a brief overview of thesedapthe 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 mossiveavirialized objects in the
present Universe. The most fundamental link between thstaipopulation and the background
cosmology arises through the dependence of the clustedahuaa and its time-evolution on the
cosmological parameters. This connection is describetidyheory of structure formation.

3.1 Structure formation in the Universe

The model that best describes the structure formation, &xs iseobservational data and simu-
lations, is the so-calledottom-up hierarchical modeln this picture, the quantum fluctuations
in the post-inflationary Universe seed the initial densigytprbations in the matter field. As
we learn from the CMB temperature fluctuations, the mattesit field at redshifz ~ 1100
contained inhomogeneities at the level of one part inh The density field can be described at
locationx by the relative density contrast

p(x. 1) —p(t)
p()

taken with respect to the spatially averaged matter dep$ijyat timet. Overdense regions
(6 > 0) grow by gravitationally attracting matter from their gebourhood. While an overdense
region continues to accrete more matter, its expansionagdugly slowing down with respect
to its environment. The evolution of the density field is &nas long as the density contrast is
small (6| < 1). Eventually, the density of a region can reach the ctileasity and then it starts
to recollapse in a time-symmetric fashion (i.e. the reqa&atime would be equal to the time
taken to reach critical density - assuming that the ovelitieosllapses to a point mass).

The above described scenario is the so-calduerical top hat collapse moderhe under-
lying idea of this approach is based on the Birkitbeorem within the framework of the theory
general of relativity, which states that a spherically syemic subregion can evolve independ-
ently from its background (analogously to the evolution @i@ed Universe). This simplified

5(x, 1) = : (3.1)
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approach neglects possible deviations from spherical stnymexternal tidal forces, etc., but
is a good description for the initial (linear) phases of therdensity growth. Once howevér
approaches unity the evolution of the collapsing regiorobees non-linear. While some insight
even into this regime can be obtained analytically with thesB-Schechter formalism (see next
section), ultimately the most realistic description olusture formation can be obtained only
from large cosmological simulations such as Miélenium Run(see Fig[ 2.2, Springel etal.
2005).

For real systems, rather than collapsing to a point masset@lapse gives rise to a fully
formed, virialized dark matter halo with some gas contemtthke bottom-up hierarchical struc-
ture formation model the first halos to collapse are the galaoces and with passing time larger
and larger halos are formed, eventually up to cluster s¢alése present Universe. The viri-
alization itself is mainly driven by theiolent relaxationprocesses (Lynden-Bell 1967) and to
a minor extent by two body interactions and dynamical foicti Note that these processes are
of course not part of the spherical collapse model but rathexxtension 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 daitter halo in the expanding
Universe, we can look at the ensemble properties of the whmpeilation. A simple analytical
description is provided by the Press-Schechter formalRrags and Schechter 1974), which in
its original form is based on the spherical top hat model & ballapse. The formalism is based
on the observations that even though virialized objectsarelinear structures, the non-linear
evolutionary processes should not significantly modifyriresscontained in collapsed objects.
In addition, the initial density field(x, to) is approximately Gaussian and thus a simplified linear
model is expected to provide a good description ofrttaess function (M, 2) - the spatial density
of halos with virial masdV at redshiftz.

In order to describe the growth of overdensities, let us tiefioto be the density contrast
in the units ofcritical density of the Universp, = 3HZ2/87G (as opposed to the mean matter
density used in EG._3.1). In order to obtain a reference vyatuthe idealized spherical collapse
model the point of virialization is taken to be the moment wkige homogeneous sphere would
recollapse to a point mass. The virial density contrast @oliiained by linear extrapolation
of the time-symmetric recollapse and its valuéjs~ 1.69 in an Einstein-de Sitter cosmoltﬂjgy
(Qu =1, Qpe = 0, which also impliep. = py)-

In the linear model, the growth of the density perturbatisrdescribed by the growth factor
D(2). The linearized overdensity of an object that virializeédemishiftz has grown by

8c(2) = 6¢.D(z=0)DD™, (3.2)

LAlthough at present epoch the energy density of the Univisrseminated by the dark energy contribution,
at earlier epochs, when the initial phases of cluster faonatccurred, the matter densi€y is close to unity.
Kitayama and Suto (1996) provide a formula to calcuéatdor arbitraryQy.
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where the linear growth factor (elg. Carroll et al. 1992)afinked as

_ 2 “(1+7)
D(2) = 25Q,H5H(2  REY (3.3)
andH(2) is the Hubble parameter at redshift z,
H(2) = Ho VQm(1+ 23 + Q4 . (3.4)

Given the assumed Gaussian distribution of overdensthieprobability of a given object with
massM having an overdensity larger thagpis

p(6. (2), M) = . foo expo2/20%)ds = —erfc( (3.5)
5¢(2)

V2o V2 0')
where erfc(x) is the so-called error function. The numbevidhlized halos of a given mass
depends on the mean matter density (the closer is the démity critical value the more regions
can cross-over and start to recollaps). The second moméme afiatter density distribution - the
variance - is, however, also important. Large variance iesgbroader wings of the distribution
and thus also more regions with density above the criticgaktiold. The variance of the density
distributiono(M, 2)? has to be specified at a certain mass st&lavhich is practically done by
smoothing the matter density field at this scale by an ap@tepfiltering functionW (window
function). The variance thus can be written as

(M, 2)? = % fo k2P (K, 2)]W(K)[?dk . (3.6)

The integration is for simplicity performed in the Fourigrase, where the convolution of the
matter power spectrum(k, ) (see Sect._313) with the window functidM(k) is a simple multi-
plication. The wavenumbexis given by the inverse length scale. In the Press-Schefdrtar
alism, the window function is a top-hat filter and the mass lamehr scales are related simply
throughR(M) = +/3M/(4rp). The variance is usually normalised by thgparameter, the vari-
ance of the density field smoothed with a top-hat filterkat 81pc radius (roughly the transition
scale to the non-linear regime).

The power spectrum at redshzftan be obtained by evolving the primordial spectrum, which
is usually assumed to be the scale free Harrison-Zel'dospettrumP(k) o« k", with n = 1R
The evolution of the power spectrum is handled by the meattseafo-calledransfer function
which for the case of pure cold dark matter was calculateddrd@&en et all (1986) (the so-called
BBKS formalism) with additional modifications imprinted bye baryons that can be accounted
for by an approach developed by Sugiyama (1995). The fulttnent of the power spectrum
evolution can be obtained with numerical codes suctaab 3 A simplified approximation valid
in the vicinity of og (i.e. applicable to the cluster scales), that allows to bgpghe exact BBKS
treatment, if approximate results ardfstient, is provided by Viana and Liddle (1996).

2An exponent close to 1 is a generic prediction of the inflatigrmodels.
Shttp://camb.info/
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The number density of objects with mass betwbtandM + dM can be obtained by fier-
entiatingp(dc (2) , M) from Eq.[3.5 and dividing by the volume (i.81/p,,). In a general fashion
this can be written as:

pu(@  do
Mo (M, 2) dM

where f (o) is the so-callednultiplicity functiord From Eq[ 3.5 we obtain specifically for the
Press-Schechter mass function

2
f(o) = \/géco-(M, 7)1 exp(Wécz)z) : (3.8)

The general form of Eq._3.7 provides a unified framework fgorezsing not only analytic or
semi-analytic approximations of the mass function e.g.dimscribed Press-Schechter function
or the ellipsoidal collapse model bf Sheth et al. (2001) laut also accommodate mass func-
tions obtained from cosmological N-body simulations (8enkins et &l. 2001; Reed etlal. 2003;
Warren et al. 2006; Reed etial. 2007; Tinker et al. 2008).

In Fig.[3.1, we compare the Press-Schechter, Jenkins &Qf)1) and Tinker et all (2008)
mass functions. The Press-Schechter mass function sytstaltyaoverestimates the number of
low mass objects while underestimating the abundance bfimgss halos. Tinker etlal. (2008)
for the first time introduces the redshift dependence of tb#ipticity function (i.e. f = f(o,2)
rather than jusf (o)) required to reach mass function calibration precisidnbalevel of< 5%.
The Jenkins and Press-Schechter functions are compaced &ig)[3.2 where they are displayed
next to the measured number density of halos from the Millersimulation for several redshifts
in the range ~ 0—10. As can be seen the Jenkins mass function is a good déscpthe halo
density mass-redshift distribution. The figure is also aagdemonstration of the hierarchical
structure formation paradigm, showing the increase of ramaensities of ever more massive
halos as we approach the current epoch-a0.

n(M, 2)dM = —f (o) dM | (3.7)

3.2 Survey number counts

The direct application of the number density function froqp[E7 is the cosmological modelling
of cluster surveys and deriving constraints on the cosmcdbgarameters. The number density
function can also be used to obtain forecasts for futureeystv The cosmological constraints
originate from the structure growth dependence on cosnadbgarameters (particularfyy, and
og) as described in the previous section with an additionaéddpnce on the survey’s volume.
The total number of clusters in the redshift intenak( dz) detectable by a survey with a solid

4Bond et al.|(1991) provide a derivation of the Press-Scleedbtmalism based on the so-called excursion-set
theory. In this picture the evolution of the matter field isdatled as a Brownian random walk with a presence of
an absorbing barrier. The height of the barrier is set by thiea overdensitys. = 1.69 required for the collapse of
the overdensity (the value is independent of the mass ofdh&psed object). This approach provides us with the
physical interpretation of the multiplicity function asetiistribution function of the first up-crossings of this tar
during the random walk.
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Figure 3.1: Comparison of halo mass functions. The red lhmmvs the analytic prediction
of thelPress and Schechter (1974) formalism, while the gaeeinblue lines are obtained from
simulations. The green line displays the mass function okide et al. [(2001) while the blue
lines show the relation of Tinker etial. (2008) for three tefts. All the curves are calculated for
a flat ACDM cosmology withQy, = 0.3 andQ, = 0.7.

angleAQ is

dzdQ

where &/?/dzdQ is the comoving volume element. The selection functag(M, 2) gives the
probability of detecting a cluster with mabk at redshiftz. The function is normalised to unity
and has a range of (D). In the simplest case, the selection function is closefitced mass limit
at all redshifts, i.e.Pse(M) = (M — Mp,in), where® is the Heaviside step functio® = 1 if

M > Mn,in and O otherwise. This particularly favourable case is iddegood first approximation
to the selection function of SZE surveys (see Sect. 2.2.6p diferential number counts then
simplify to

dN d?v dn(M z) B d?v dn(M 2)
F@=105550 [ TEPeeme=sagte [ TEd@e. @0

2
So-sazlo [ Tnderamad. 39)

Fig.[3.3 (left) displays the predicted cluster counts fer$#°T survey. The curves are obtained by
integrating EqL_3.70 in thin redshift shells with widih = 0.05 for three diferent cosmologies.
The only parameter varying between the curves is the danggmeuation of state parameter
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Figure 3.2: Multiplicity function (diferential number counts) of the dark matter halos measured
in the Millenium Run simulation (red points, Springel et2005%). Solid black lines show the
predictions from the mass function|of Jenkins etlal. (20€1g,dotted lines are the predictions
from the Press-Schechter formalism for the two redshi#) andz = 10.07.

The diference between the curves is largest for higher redshiftsl{, i.e. in this range it is the
easiest to distinguish between thé&elient cosmologies and the constraints on the cosmological
parameters are the tightest.

In the case of X-ray surveys, we often encounter flux limitachgles, where the selection
function is in the first approximation dependent only on therse flux and a flux thresholfi;i,.
Here the connection between observations and theory becommee complex. From the theor-
etical point of view we have a prediction of the distributemsa function of halo mass. However,
mass itself is not a direct observable. In this case we hanestwt to the use of a directly observ-
able mass proxy (such as luminosity) and use the appromdateng relations (see Sett. 2]2.4)
to bridge this gap. Uncertainties in the scaling relatiorapegeters and their evolution, however,
propagate through the calculation and impede the constgapower. There are several addi-
tional concerns that have to be taken into account (e.qg. itlkeeo$ the aperture, the parameters
of the halo dark matter density profile etc.). Also the sébectunction is usually a complicated
function of several other parameters beyond the source déligx Eource extent fisaxis angle)
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Figure 3.3: Left: Cluster number function (E¢._3110) for a mass limit integdain narrow
redshift bands$z = 0.05. The diterent curves show the sensitivity of the cluster abundance
on the equation of state of the dark enevgy(the remaining cosmological parameters are kept
fixed toQy = 0.7 andog = 0.9). The bottom panel demonstrates the prevailing contrigut
factor to this sensitivity from the relative ftierence of the curves with respect to thg = -1
case. For redshifte < 0.7 the determining factor is the volume term (the geometipeat),
while for higher redshifts the major contribution comesnirthe structure growth factor. The
curves dffer the most at redshit > 1 (i.e. here the information gain is the largest). Image
credit: J. Mohr.Right: Cosmological constraints on the dark energy density (hesgydated
asQy) and its equation of state parametgy. Constraints from cluster abundance are shown
in red along results from CMB studies (blue), supernovaddyg and baryonic oscillations

in green. As can be seen from the area of the confidence regibrster have comparable
constraining power as the other cosmological probes, vwehlebiting diferent dependencies
(and thus also degeneracies) on the cosmological paraanétdas makes the combination of all
these approaches particularly strong. Image taken [frorhlii et al. (2009a).

which can be taken into account only by extensive Monte Canwlations|(Pacaud etlal. 2006,
2007; Vikhlinin et al| 2009a; Sahlén et al. 2009; Muhleg2@10).

Despite these complications cluster number counts (ane\bkition of the cluster mass
function) remain a powerful test of cosmology (Schueckexr e2003; Vikhlinin et al! 2009b;
Mantz et all 2010b). This cosmological test is most serestimheQy andog parameters. The
constraining power of the cluster abundances based on meeasnts of the redshift evolution
of the mass functionZh(M, z)/dMdz, is demonstrated in Fig._3.3 (right) where clusters are used
along with supernovae, CMB and baryonic oscillation stsitlieconstrain the dark energy density
and its equation of state parametg. The information contributed by the clusters (in red) is
comparable to the other tests and their combination givesibist stringent constraints.
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Figure 3.4: The REFLEX and REFLEX Il power spectra from Sdkee et al. (2001) (red tri-
angles) and Balaguera-Antolinez et al. (2011) (blue es)klrespectively. For comparison, the
measured galaxy power spectrum from the 2dFGRS survey €ale @005) is also plotted
(open circles). The dashed lines representAREM galaxy power spectrum convolved with
2dFGRS window function. The solid line shows the cluster @ogpectrum imMCDM cosmo-
logy convolved with both the REFLEX Il window function ancdetbhiasing function (for details
see Balaguera-Antolinez et al. 2011).

3.3 Cluster power spectrum

The background cosmology does not only leave its imprintisenmedshift evolution of the cluster
number counts (u/dz) and the evolution of the cluster mass functioAnf@Mdz), but also in
the spatial distribution of the clusters. This can be characterisedheytivo-point correlation
functior] &(R, 2) or alternatively by the cluster power spectrum (Figl 3.#he cluster power
spectrunP(k, z) is the Fourier transform of thienear two-point correlation functiot, (R, 2)

P(k,2) = (l6(k, 2)*) = % fdr r? in(r, 2) S'T((:q)

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

. (3.11)

5The probability of finding two objects at separation R in essc® a random distribution:
¢ =<p(¥p(x+R) > /p* - 1.
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thus it was easier for the cluster-scale overdensities teeaxk the critical density limit). The
observed two-point correlation functigi(R, z) can be related to the correlation function of the
underlying matter distribution through thé&ective bias factobss averaged over all halos, so
thatér, 2) = ber(2)%&in (1, 2). The dfective bias can be expressed|as (Matarrese et al. 1997)

dn(M, 2)
dlogM

beﬁ(z):%z)fo f(M, 2b(M, 2) dlogM , (3.12)

where (M, 2) is the multiplicity function introduced in Sed¢t._8.2 abfM, 2) is the linear bias
relating dark matter halos of makkto the mass density fluctuation. This factor can be calildrate
by numerical calibrations, e.g. Tinker et al. (2010) anerefces therein.

In the cluster regime, the most interesting results fromtype of analysis were derived from
the REFLEX survey (ROSAT-ESO Flux-Limited X-ray clustemaey, | Bohringer et al. 2000,
2001; Guzzo et al. 2009) which comprises 447 X-ray selechesters. This statistically com-
plete sample is utilised with its large area to get a precisasurement of the two-point correla-
tion function (Collins et al. 2000) and the cluster powerctpen (Schuecker et al. 2001). Their
cosmological modelling then yielded constrains the cosgiobl parameters (Schuecker et al.
2003), especially the matter densf?y, and theog parameter. The first study of the power spec-
trum in the extension of this survey (the REFLEX Il surveym#l1 clusters, Bohringer et al.,
in prep.) is also already available (Fig. 3.4, Balaguerashnez et al. 2011).

It is noteworthy that the power spectritmo-point correlation function cosmological model-
ling comes at no extra cost for an X-ray survey (provided gdanough area has been covered)
and can be combined with cluster count measurements to gammeore leverage for the determ-
ination of cosmological parameters (Schuecker et al.'ZB@8re et al. 2010). These constraints
can be further improved by future X-ray surveys such as eR®Svhich will be able to measure
the power spectrum as a function of redshift and thus dygetibe the evolution of the growth
function.

3.4 Other cosmological tests with clusters

Beyond the cluster mass function and power spectrum (amdréashift evolutions), the cluster
population can be used in several additional ways to cansta@smological parameters. Here
we briefly overview the cosmological tests based on the amglistance Hubble diagram and
the so-called gas mass fraction test.

3.4.1 Angular distance Hubble diagram

Combining X-ray observations with SZE measurements cansed as a purely geometrical
cosmological test (i.e. dependent only on the kinematicthefexpansion of the Universe,
not on the growth of structure). This test utilises th&eatent electron density dependencies
of the X-ray surface brightness: (02, Eq.[2.5) and the SZEx(n., Eq.[2.33) in order to ob-
tain the angular distano#, (defined in Sect._2.2.2). It can be shown (Cavaliere let al7;197
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Figure 3.5: Left: Angular distance Hubble diagram from Bonamente et al. (R0f¥ed on 38
clusters in the redshift rangel0< z < 0.9 (black points). The dashed line show the angular
diameter curve using the best-fit Hubble constdpt= 76.9 km s Mpc™. Blue squares are
from the low-redshift sample of Mason et al. (2001); they ao¢ included in the fit. Right:
Cluster gas mass fractiorfyt) measurements for 42 clusters from Allen et al. (2008). Rer t
correct cosmological model thig.{z) is expected to be constant with redshift for massive, re-
laxed clusters.

Cavaliere and Fusco-Femiano 1978; Silk and White 1978)dkas related to the central val-
ues of the electron temperaturg0), X-ray surface brightness, (0) and the CMB temperature
decremeniAT(0) in the following way:

AT(0)

* S OT0R: (3.13)

A

whered, is the characteristic scale of the cluster along the Iineigiﬁ@ (usually the angular
core radius of the density profile). Since the line of siglales are not observable directly, we
must rely on the assumption of spherical symmetry and usenttesurements in the plane of
sky. Although individual clusters might exhibit variousegations along the line of sight, in a
statistical sample of clusters thffext of elongations is vanishing due to the random oriematio
of the cluster main axes.

We can then utilise the angular distance redshift depered@iec the angular distance Hubble
diagram) to constrain the cosmological parameters, pdatily the Hubble parameter (Fig. 8.5,
Bonamente et al. 2006). In addition, this test can be conchivith the d\N/dz test to increase
the constraining power (e.g. Khedekar and Majumdar 2010n&tceet al.l 2004), which is an
important prospect particularly given the already ongdemge area SZE surveys with SPT,
ACT andPlanck(see Secf. 2.2.6).

5The angular distance itself enters the relation througHitieeof sight element ld= dadZ, where ¢ 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 dedphtey are able to retain essentially
all their gas content. The ratio of the baryonic mass to tkel tuster massfyas = Mg/Mq IS
therefore expected to be close to its cosmological valpEQy. Measurements of the appar-
ent evolution of the cluster gas mass fraction can thus beé tesprobe the acceleration of the
Universel(Allen et al. 2008, 2004, and references ther@&ing.constraining power of this cosmo-
logical test originates from the apparent dependence ad¢termination offg,s on the angular
distancefqas oc di>, or alternatively expressed from its independence on iehi if the correct
cosmological model is assumed (see Eigl 3.5, right). Tharaadge of this approach is that it
requires only X-ray data (the gas mass is determined fronXtheey density and temperature
measurements, SeCt. 2)2.5) and the cluster sample doescestsitate knowledge of the selec-
tion function. The sample, however, has to be restrictecety massive, relaxed clusters where
the assumption of,.{7) ~ const holds the best according to numerical simulations (Eke/et al
1998; Crain et al. 2007). In the low-mass syst@raup regime non-gravitational processes play
a much important role and modify the gas mass fraction (ge&=odini et al. 2009).

Allen et al. (2008) derived constraints from Chandra obestons of 42 hot, dynamically
relaxed galaxy clusters obtainifyy, = 0.28+0.06 and dark energy densi®e = 0.86+0.21 (for
a non-flatACDM model). The significance level of the detection of darkrgy is comparable
to that of type la supernovae studies. These two tests andcasnic microwave background
measurements can all be combined to help break the degerselmtween the cosmological
parameter determinations. The gas mass test also beargeaplatential to provide stringent
constraint also on the equation of state parameter (anddthift evolution) in the future with
planned X-ray missions such as the International X-ray @lagery (1XO).
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Chapter 4

Analysis of the XMM-Newton survey data

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

In this chapter, we therefore provide a brief overview of XMl@wtonwith a focus on its
characteristics relevant in a survey context (as opposedgto observations aiming to collect
deep spectroscopic data). We will also discuss the new mosade observations, which were
implemented only recently to increase the observatioffi@iency of shallow surveys and whose
first scientific utilization is part of this thesis. In the firsection of this chapter, we delineate
more technical details concerning the analysis, sour@ctieh and spectroscopy of mosaic data.

4.1 Overview of the XMM-Newton mission

XMM- Newtofl was launched on 10th December 1999 from Kourou in Frenchr@uith an
Ariane-5 carrier. After an initial orbit correction it skttl on its final, highly elliptical geocentric
orbit with an apogee of 114 000 km (roughly one third of theatise to the Moon) and a perigee
of 7 000 km. The orbital time is 48 hours, but only part of theiboutside Earth’s radiation
belts can be used for observations (elevatigris0 000 km). This constraint leaves about 130 ks
of observation time per orbit, usually distributed betweefew independent observations (ob-
servations can last betweer-2.30 ks).

The satellite itself is one of the largest instruments boiEurope with 10 m length, a span
of 16 m and launch a weight of8tons. The size and weight of the instrument were determined
by its performance requirements (e.dteetive area, resolution etc. and naturally technological
limitations) which were in turn driven by the science quassito be address&dan illustration
of the telescope with its main parts is shown in FEig] 4.1.

1The "XMM” abbreviation stands for X-ray Multi-Mirror Missin, derived from its nested mirror design.
°More technical data can be found on theffidal 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-rdgstopes. The mirrors have a
Wolter type 1 design (Wolter 1952, see also Figl 4.2), each 88 nested parabolic and hy-
perbolic mirror shells. The total geometriffective area at 1.5 keV energy+s1 550 cn? for
each telescope, i.ex, 4650 cnt in total. This is the largestfiective area on a focusing X-ray
telescope ever and will be surpassed onlyeBysita(to be launched in 2012). The focal length
of the telescopes is 7493 mm.

There are five instruments in the focus of these mirrors €tl@€D cameras (the European
Photon Imaging Cameras - EPIC) and two Reflection Gratingtspaeters (RGS).

The most sensitive CCD of the three is the EPI¢ Bistector (Struder et al. 2001). It consists
of twelve backside-illuminated CCDs on a single wafer sagpeetinto four individual quadrants,
each having three CCD subunits with a format 2064 pixels (41" per pixel). The quantum
efficiency of the PN detector is very higDE(PN) > 90% over a broad energy range. In order
to fully harvest this great sensitivity, the PN detectoihis bnly detector in the focus of its X-ray
telescope.

X-ray radiation collected by the two remaining mirror moekils shared by one of the MOS
CCD cameras (receiving 44% of emission) and one of the RGS spectrometers. The two
identical MOS (Metal Oxide Semiconductars, Turner et aQP@ameras have seven 680600
pixel CCDs (11” per pixel, front-illuminated). MOS detectors have a slighbwer quantum
efficiency than PNQE(MOS) > 40— 85%.

An additional technical dierence between PN and MOS is that the PN chips lack frame store
buffers. Without a bffer, the PN pixels register incoming X-ray events also dutirggcolumn
readout phase (systematic shifting of charges along a aotomard the readout node), which
lasts a fractiolft of the integration phase. Since these events are registergty the gradual
charge shift, it gets assigned a wrong coordinate alongdhd-out axis (RAWY coordinate).
Especially for bright sources this leaves an imprint as aasatkeevent streak along the pixel
column. These events are called out-of-time events (Ood )eaa corrected for during the data
analysis process in a statistical way.

For details on the Reflection Grating Spectrometers we thereader to den Herder et al.
(2001) who provide a detailed description of the instrum@ime XMM-Newtors payload also
includes the Optical Monitor (OM) - an optigaltraviolet telescope with a 30 cm diameter aper-
ture, which allows for simultaneous observations with the¥( instruments.

4.2 Elements of X-ray analysis

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

There are several flerences between optical (also infrared and UV) telescopes<aray
imaging instruments. The basic principle is the same - ih lbases we have a system of mirrors

3We capitalize "PN” for better legibility.
4For full frame mode the out-of-time fraction is38%6 and 23% 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 dfective area of the individual instruments of XMMewton The plot is taken
from the XMM user handbook, Ness et al. (2010).

focusing radiation onto the detectors (nowadays CCD ayrays

However, due to high energies and comparatively low numbei@ay photons the CCDs
in X-ray regime can be operated insangle photon counting modei.e. for each detected X-
ray photon, its position, detection time but also energyesorded, e.g. allowing to obtain
direct low resolution non-dispersive spectroscopy. Higireergy resolution can be achieved by
introducing grating spectrometers into the light path safié case of RGS gratings on board of
XMM- Newton

The need to focus high energy photons leads to another |#gessthce 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 thame optical regime. Given the
photons’ high energies, they are highly penetrating and tkeflection can occur only at very
high incidence angl&X-ray telescopes thus typically utilizgazing incidencdi.e. incidence
at very high angles), to direct the optical path of the X-ragtons toward the focal point. The
value of the smallest possible incident angle depends ogralefactors - but most importantly
on the energy of the photons and the density of the mirror maté he higher the density, the
smaller is the possible incidence angle (i.e. higher ptssibgle between the beam and the
mirror plane). Therefore, X-ray mirrors are typically maafeheavy elements, e.g. in case of
XMM- Newtonthe mirror coating is made of gold.

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

5The angle between the beam and the normal to the reflecting pla
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Figure 4.2: The Wolter type 1 mirror design of the XMNkewtonsatellite. The light path of
a doubly reflected photon is displayed in the inset. XNWdwtonhas 58 nested parabolic and
hyperbolic mirror shells. Credit: ESBESTEC, Ness et al. (2010).

Several solutions were developed by Wolter (1952), incigdihe so-called Wolter type | design.
This system consists of two mirror surfaces, the first onalpalic and the second one hyperbolic
(Fig.[4.2). Only doubly reflected photons are properly fecli€irst reflection from the parabolic
and the second from the hyperbolic mirror). While also offassible designs exist, this solution
is the most common in X-ray telescopes. It was used in theXisty imaging instrument on
board of a satellife- the Einstein Observatory and is also on board of the misstanrently in
orbit - XMM-NewtonandChandra

However, the requirement of high incidence angles implidg small geometric area facing
the source and collecting incident photons. This condtiaialleviated by nesting several layers
of mirrors within each other (see again F{E]éﬂz.iach mirror is manufactured by a mirror rep-
lication technology using an aluminium mandrel and has todyvefully polished to a precision
of only a few atoms. The mirrors are finally mounted into a suppg structure called the spider
wheel, which holds them in place. A more detailed discussioiX-ray mirror theory can be
found inlFriedrich et all (2008) and Aschenbach (1.985).

The particular mirror system of the given X-ray telescopedgines its imaging properties
and influences several parameters important for the puspokeource detection - the point
spread function and thefective area and its vignetting.

6X-ray telescopes were used also before that on rocket empats.
"Mirror nesting has also the advantage that it blocks outqisthat 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 aetewith the components of the
telescope. These interactionSeat the intensity distribution of the source and thereftre t
observed distribution is the convolution of the sourcetsmsic intensity distribution on the sky
and the point spread function (PSF):

In(x.y) = f ImdédfF’SF(X—é,y—f)l({,f), @.1)

wherelp(X,y) is the intensity on the detector at positioqy). The shape of the PSF function is
measured on ground in a testing faciﬁt)T.he shape of the PSF is typically non-trivialffers for
each module and is a function of th-axis angle. A gallery of PSF shapes for all three cameras
is displayed in Figl_413 (top). As can be seen, the thréermint telescopes havefidirent PSF
shapes, with MOS1 and MOS2 having a slightly superior reésmido PN. The width of the PSF

is usually characterized by either its full width at half rmaum (FWHM) or half energy width
(HEW)E We summarize their on-axis values (from both in-orbit anougd measurements) in
Table[4.1.

Importantly, there is also a strong dependence of size aapesbf the PSF on theffeaxis
angle. As an example, we display the PN PSF’iat8ps in Figl_4J3. The increasing elongation
is due to df-axis aberration (astigmatism), but the PSF also exhibiteeiasing complexities in
its core, especially forfé-axis angles> 12'.

Good knowledge of the PSF is a necessity for reliable soustection. Groups and clusters
of galaxies are in theory easily selected in X-rays, siney timake up the majority extended
extragalactic sourcéd.Indeed, in both XMM-BCS and XDCP surveys, we take the detaaf
an extent as one of the main cluster selection criteria (fpeSect[5.3]1). However, a source
can be spatially resolved only if its extent is larger thaaRSF. The PSF is also needed to obtain
reliable X-ray photometry of the given soufteFor these purposes Equationl4.1 is simplified
to be one dimensional by taking only an azimuthally averg@®8 modeli As can be seen in
Fig.[4.4 (left), the azimuthally averaged PSF profile is vagscribed by a King profile of the
form:

(4.2)

8In-orbit calibration using observations of point sourcas hlso been performed (see below).

SFWHM is the diameter of the distribution where it falls to hall its peak probability. HEW is the diameter of
a circle containing half of the total energy under the disttion.

0Barring for the moment large, usually nearby, ellipticalagées with extended X-ray halos. Also those often
exhibit several smaller satellites and seem to form a smwattsition to so-called fossil groups, eventually up to
groups and clusters of galaxies.fidise emission (albeit much fainter) is observed also in nespival and irregular
galaxies from the intrastellar matter.

1This is done during the maximum-likelihood source fittingthg emldetect task of SAS. We provide more
details in Secf. 5.31.

12For the one dimensional intensity distribution of a poinis@ one usually takes a Diraefunction, for an
extended source a beta model (special case of a King pradesecl_2.2]2).
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Figure 4.3:Top: The on-axis point spread function (PSF) of MOS1, MOS2 andHi¢.shape
of the PSF is dferent for each camera, with MOS2 having a slightly triangstepe. The pixel
size is 11” for the MOS cameras and¥ for PN. The color scale is square root to visualise the
wings of the point spread function. The star-like patterorsated by the spider wheel which
supports the telescope mirrors. Credit: EESTEC, Ness et al. (2010Bottom: Example of
the variation of the size and shape of the PN camera’s PSFini&ges are shown inflbaxis
angle steps of 3 arcmin as provided by the XMwtoncalibration database. We inverted the
color scheme (i.e. black areas are the brightest) for beitealization of the PSF’s core. The
gradual broadening and asymetrization of the PSF posed&eprdor source detection at higher
off-axis angles, especially for low surface brightness objéke clusters of galaxies. Image
taken from Fassbender (2008).

with the normalizatio®\y, core radius. and indexx. In general however, even for this simplified
description, we have to take into account the dependenceesttparameters on thé&-axis
angle and energy. This can be done by empirical best-fitioakiavailable from the XMM-
NewtonCalibration Documentation arch hich were obtained from in-orbit observations of
point sources by S. Ghizzardi (for PN in document XMM-SOCLERN-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[”] | <125/6.6 4.36.0 4.44.5
HEW [”] 15.215.1 13.813.6 13.012.8

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

In—orbit data
— King profile
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Figure 4.4: Left: Radial surface brightness distribution for an on-axis P®# ¢rosses) for
MOSL1 in the 075 - 2.25 keV energy range, obtained from an in-orbit observatiba point
source. The best-fit King profile is overlayed in a solid bllek. Image from Ness et al. (2010).
Right: The XMM-Newtonvignetting function averaged over all three X-ray telegowith the
PN aim point used as the reference point. The dashed lineatedhe 100% and 50%tective
area levels (vignetting factdr(9) = 1 andV(#) = 0.5, respectively). The image is taken from
Fassbender (2008).

4.2.3 Hfective area

The dficiency of an X-ray instrument can be characterized bgffective areawhich is related

to its limiting sensitivity per unit time. Thefiective area depends on the geometric area exposed
to the source (i.e. for Wolter type 1 mirrors, the more nestaalors, the larger thefiective
area), but also on their reflectivity (function of energy atepends on the coating material of
the mirror), filter transmission and the quantuffictency of the detector. We have listed these
parameters for XMMNewtonin Sect[4.1 and the energy dependency of tfiectve area is
displayed in Fig[[4]1. Thefgective area (and thus in turn the sensitivity of the instrothes

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 assttandard reference band for the
flux and luminosity determinatidd. XMM- Newtonis the highest sensitivity instrument in this

14Scharf(2002) provides the optimal XMM detection bands fetding the highest signal-to-noise for detecting
galaxy clusters and groups, by taking into account the ex@aettral distribution for dierent temperatures and
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range - improving on ROSAT’s sensitivity by roughly ten f@ldd~ 4 times more sensitive than
Chandra.

The dfective exposure time (i.e. the total on-source time foldét the dfective area) is for
practical purposes mapped for each image pixel creatirggdhexposure mapAn example of
an exposure map for a standard observation is shown in_Egril for mosaic observations in
Fig.[4.6. As can be seen, the exposure (and thus the |ffegtige area) is not uniform across
the whole detector, but is highest around the aim point ofotbeervations and decreases with
off-axis angle. Photons arriving at highdf-axis angles have less mirrors for double-reflection
and at the same time there is more mutual obstruction duetdehse nesting of mirror shells.

The azimuthally averaged vignetting function is shown ig.E.4 (averaged over all three
detectors, PN aim point taken as the center). The vignettiaghes 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), whoMpde first principle derivation
of equations defining the exposure maps and ancillary refjesm Recently, Spiga (2011) also
provides an analytical formula for the treatment @faxis exposure area calculation, providing
thus a faster alternative to standardly used ray tracinglsitions.

4.2.4 CCD detectors

At the focus of the mirror system of an imaging X-ray telesetige XMM-Newton one finds

a cci chip array. An incident X-ray photon induces through theinal photoelectricféect
the production of an electron cloud at the detector celllédatietector pix@). The electric
charge is gathered in the cell’s potential well and evehsddifted to and read out by the read
out electronics. The quantity measured by the detectotrel@cs is the total charge of each
pixel - the so-called pulse height amplitude (PHA). The ghalepends on the photon energy,
but the conversion (i.e. the response function) is a coragdd function of both energy and
pixel position. The full conversion from PHA to energy re@s both theedistribution matrix
(contained in the RMF file) and trancillary region file(ARF). We will not provide more details
here, but refer the reader to the XMNewtonHandbook!(Ness et al. 2010) and Davis (2001).

4.2.5 X-ray imaging

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

C(h,p) = Tefff d2A(h, 2, p)S(2,p), (4.3)

redshifts. Following Fassbendér (2008) we utilize th#506- 2.4 keV band as an ancillary single detection setup
optimized forz > 1 clusters detection (see Séct, 5.3.1).

15Charge Coupled Device

8petector pixels are usually binned into larger units whesating an image - the so-called image pixel.
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whereC(h, p) is the number of detected counts at positpnr= (X,y), with the pulse height
amplitudeh. Ais the local &ective area (normalized to the on-axis exposure, we abddhee
redistribution matrix into this factor for simplicity) an@l(1, p) is the surface brightness distri-
bution of the source convolved with the PSF functR8HA, p) according to Ed._4]1. We have
denoted the on-axis exposure time in seconds@srl he integral extends over all Wavelen@ws
A contributing to a PHA value equal to

In practice, we extract images in a finite band (e.$.-02 keV) corresponding to somgh
PHA interval. In relatively narrow bands we can neglect thergy dependence of thé&ective
area and remove it from the integrand of EqJl 4.3 by assumingnatant value at a reference
wavelengthiy from theAA interval:

C(Ah, p) = TegA(h, 20, P) fM d1S(4,p). (4.4)

This approximation holds the best, if the chosen band is aswas possible. The whole energy
range, however, should not include an edge (seelFig. 4.1,netg the relatively flat féective
area in the ® — 2 keV band and the sudden drop just beyond 2 keV - this is the Aadlyk).
For broader bands one can combine several piece-wise cbonsps, potentially also weighted
by taking into account the source spectral distributionbfetter precision (again see Ness et al.
2010; Davis 2001).

The total €fective area can be broken down into several independewotr$act
A(E, 0) = Agcos) - R(E) - V(6) - T(E) - QE(E), (4.5)

where we dropped from the notation any dependence on thialdpattion beyond thefb-axis
angle. TheAg term is the full actual geometric area of the individual mirshells where on-axis
photons could stream in. For a photon at #ihaxis angled this area is diminished by the cés
factor. R(E) is the reflectivity of the mirror’s coatingy(6) the vignetting function (Fig._414,
left). We have denoted the transmission function of therfd&eT (E) (see Secf. 4.3.1 for a brief
discussion on filters). FinallfQE(E) is the energy dependent quantufiiciency of the detector.

With exposure maps defined in this way, we can convert det@ctents into count rates and
adding the information from the RMF and ARF matrices evelhtua fluxes in a given band.
For clusters of galaxies detected by the XMM-BCS survey welé@ment this procedure in an
iterative way in the framework of thgrowth curve analysigBohringer 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 sexs is rather simplified. We have
neglected several additionaffects that have to be taken into account, when analysing a real
observation, e.g.: the presence of X-ray and instrumemiatdrounds, soft-proton flaring, qui-
escent soft proton contamination, presence of chips in atmm (hot) states, pile-ujfects etc.
Handling of several of thesdfects is however described in sectigns 5.2.
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Figure 4.5: Comparison of mosaic mode observatidiciency (black) with standard pointing
mode as a function of pointing exposure time. The mosaic nwdaich more fficient, espe-
cially for shallow (£ 15 ks) observations. The red line marks the 4 ks per poinimij policy
imposed starting from AO-10 (in year 2010).

4.3 Mosaic mode observations

The original design of XMMNewtondid not include an operation mode intended for large area
observations (e.g. raster, dithering or tracking mode}jIlAfD-8 (in year 2008) such observa-
tions would require several independent pointings. Howeaering large sky-areas with low
exposure pointings lead to very low observirfjaency (see Fid. 415), mainly due to the long
setup times.

In order to improve theféiciency of large area (i.e. larger than field of view), shaltuvger-
vations (i.e. exposure times comparable to instrumentapganes), the XMMNewtonscience
operation team implemented a completely new observatmopdk - themosaic modelt is very
rare that a new feature like this one is added for a missiombit.dn the following, we explain
the main diferences of the mosaic mode with respect to the standardvalisers.

4.3.1 Overheads in standard observations

Before collecting science data,standardobservation starts by operational and instrumental
setups. The operational overhead consists of pointingdlesdope to the target coordinates
(standardly, the termslewis used) and the acquisition of a reference star needed dblis$t

"Wavelength relates to the energy of the photon B ashc/E, hereh is the Planck constant not the PHA value.
18AO - Announcement of Opportunity, XMNNewtors annual call for observation proposals.
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the attitud® of the telescope for the required nominal astrometricatipren. The duration of
the slew and its path depend on the relative positions aitddes of the current and previous
pointings. The telescope collects X-ray photons duringstee, but these are usually not useful
for the observer and are not included in the observatiomense data. The data from slews are
collected in the Slew Data Files and are accessible from &1XNewtonslew web porta@

Once the pointing towards the desired coordinates is seéctine instrumental setups are
carried out. These setups include the overheads for the EHFRBS and OM instruments, but
only the EPIC times are significant. The EPIC setup is mainky i measurement (respectively
upload for MOS) of the camera’s zero charge levels - the Heecaffset tables

The EPIC cameras are sensitive not only to X-ray photonsalsotto infrared, optical and
ultraviolet photons. Thisfeect is called optical loading. To reduce thieet, each of the three
X-ray telescopes is equipped with a filter wheel which hasdlaluminised blocking filters: the
"thin”, "7medium” and "thick” filters. The thicker the filterthe smaller is the optical loading,
but also the larger is the loss of sensitivity, especiallthim soft X-ray band. However, residual
contamination by visible lightféects the definition of the proper energy scale, e.g. an dlgtica
generated photo-electron would boost the energy scaldensbby ~ 3.6 eV.

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

For the MOS this ffect can be suppressed by taking into account the informatidhe zero
level around given event. This information is also transmitted to theugieh and can thus be
subtracted in the ground processing steps. The MOS cantera®perate with pre-calculated
offset tables which are uploaded during the instrumental @aeftphase (this takes typically
< 1 ks). For the PN, theftset map is computed specifically (with the filter wheel in ekbs
position) for each observation before its beginning. Tleepdure takes 4 ks (there is a slight
frame mode dependence).

After the dfset tables are established, the filter wheels are set to Sieeddilters for the
given observation and the observation itself begins. Foh esandard observation the whole
process repeats which clearly impedes the operatidhielemcy if the exposure times are close
to~ 4 ks.

We note that there are additional setup procedures and mbtke sssues during thefiset
table calculations (e.g. X-ray loading etc.), that we oedithere for simplicity, but can be found
in the XMM-NewtonUser Handbook and calibration documents referenced therei

1BUnder attitude we understand the full information on thewtation of the telescope - it includes the coordinates
of the aim point of the observation and the azimuthal (stedabll) 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 dficiency gain for shallow, large area observations carrig¢ithabhe mosaic mode is achieved
by significantly reducing the instrumental overheads bypsegsing the upload (for MOS) and
calculation (for PN) of the EPICftset tables for every pointing beyond the first observatiaa in
mosaic.

A mosaic mode observation thus starts as a standard poimtihghe operational setup and
establishment of theftset tables. Then the first observation is taken in a standahddn. After
this is done, the telescope slews to the next pointing in tbgaic. Data is collected also during
the slew and injected into the observation’s eventlist esitypically a mosaic is used to cover a
contiguous area these photons can be relevant for the @vs€&€he attitude reconstitution during
a slew is slightly degraded compared to a stable pointinghHmiistrometrical precision is still
on a~ 1” scale (i.e. still sfficient given the 4 binning of standard science images). Then the
second stable pointing of the mosaic commences. Hsettables calculated before the first
observation are used in the whole sequence. The whole gracespeated for each pointing in
the given mosaic.

The total duration of a mosaic mode observatypis thus:

t(l;/lbs = tsetup"‘ nx texp + (n - 1) X tstew> (46)

wheretseypis the instrumental overheanjs the number of pointingdey, the exposure time of
a single pointing antl e, the slew time between two consecutive pointings. Obsemfiagame

sequence in a standard way (i.e. by individual pointings)ldiyield a total timet3,

tS

obs =NnX tsetup+ nx texp + (n - 1) X ts|ew. (4.7)

If we define the observationafficiency as the ratio of the actual total exposure time spent in
the stable pointin@to the total time, i.en = N X teyxp/tops, WE Can see how standard pointings
(blue line in Fig[4.5) compare to a mosaic mode (black lire)different exposure times. For
the plot we used thefficial values oftseryp = 4 ks andtgew = 1.2 ks andn = 20 for illustration.
The dficiency gain is larger for shorter observations (i.e. whgpis close totse,p, €.9. for
texp = 3.5 ks (as is the case of the mosaic extension of our XMM-BCSesgrihe diciency of
the mosaic ig™ ~ 0.72 compared tg® ~ 0.41, if we would have used standard pointings.

The mosaic mode thus unlocked completely new areas in thesex@time - sky area phase
space and makes observations possible, that in the pastrbhiifvely low operational ef-
ficiencies. Large area surveys such as the XMM-BCS can imatedglibenefit from this new
opportunity. Other uses of the mode can include obserwatdriarge extended sources (e.g.
supernova remnants etc.) where planning pointings withlemaffsets can result in a highly
uniform coverage (in terms of exposure), e.qg. if thksets between two neighbouring pointings
is comparable to theffyaxis angle where the vignetting factor reaches 0.2@.5', see Fig.44).

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

21Technically, in a mosaic the slews can also constitute sei¢ime and would thus increase our figure of merit
even further.
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e The first field of the mosaic must not have bright optical (Udlices, in order to be able
to calculate reliable fiset tables.

e Since one fiset table is used for all observations, the pointings beybadirst one have
the PN zero charge level established with lower precisi@m tthey would have in an
individual pointing. The dierence is, however, for all practical purposes negligible.

e If a pointing within mosaic has a bright optical source tlfiset table from the first obser-
vation might be an underestimate of the true zero-chargs.|@voiding bright sources is
thus slightly more important when planning a mosaics.

e The dfset table computed for PN through the closed filter may résalslightly degraded
spectral resolution for sources producing a significantaploading. For sources without
optical loading (and for MOS data in general) the spectisbikgion is unéfected.

¢ As already mentioned, the attitude reconstruction duristpw is slightly worse than for
a stable pointing. This again makes practically no impactémtiguous areas. If the mo-
saic covers a non-contiguous area, photons collectedgltirenslew have to be discarded
anyway.

e The distance between two consecutive pointings can notrgerlghan 1. The minimal
distance is set mainly by the PSF of the telescope and is &maat.

e The lowest allowed exposure time is 2 ks, in order to set atiolel for minimal observing
efficiency. For exposure timds,, 2> 15 ks the €éiciency gain compared to a standard
mode is not very significant. As of AO-10 (2010), a policy sefta maximum of 4 ks
exposure per pointing was established.

o Maximal exposure time is set by the visibility of the targetdiwithin the given orbit - i.e.
if the field is visible during the whole orbit it can be obseihfer maximum~ 130 ks. If
larger depth is required one has to stack two or more mosaics.

e The observations have to be carried out in Full Frame modettamdilters can not be
changed during the mosaic.

e The RGS instruments can work in a continuous mode similarthé EPIC cameras, but
OM exposures can be taken (if desired) only during stabletpas.

e There are severalfiierences in the reduction and analysis of mosaic mode datparenh
to standard observations, which we will discuss in the negtisns.

4.4 Analysing mosaic mode observations

In this section we describe the analysis of mosaic mode eésens. The mosaic extension of
the XMM-BCS survey (Sect._6.2.1) was the first scientificizétion 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 thene thas space for i[Buhada et al.
(2010), especially given the fact that the details of thelyami® are not available in manuals.
We will specifically highlight the diferences compared to standard observations. This section is
fairly technical and assumes a good knowledge of the XM&WwtonScience Analysis Software
(SAS) and standard X-ray data reduction and analysis. e teé reader to the SAS User
Handbook for description of the individual tasks mentiofwther in the text. The description
of the data analysis pipeline for standard data is provide®kict[ 5.2 and Fassbender (2008).

For the analysis in this work we used SAS version 10.0.0. &Smmosaic observation com-
prises several individual pointings its analysis has highemory demands and therefore it is
advisable to set the SAS parame3as_MEMORY_MODEL to "high”.

Mosaic mode data are provided in a standard Orbit Data FD&4¥ - with one ODF set for
the whole mosaic and not for each pointing. The ODF files amepatible with standard tools
and can be calibrated and filtered in a standard way witkjtkkeain (for PN) andemchain (for
MOS) tasks in order to create eventlists.

Depending on the mosaic design and scientific objectivae thie two possibilities: a) one
can either split the mosaic into individual pointings or biptinue to treat the mosaic in one piece.
Approach a) is desirable if the mosaic pointings are nomapping and has the advantage that
after the split we have one standard eventlist for each estadinting (and per camera) which
can be processed with upstream pipeline tasks in a compkttaidard way. To treat the mosaic
as a whole makes sense only for contiguous mosaics. It hagltteatage for source detection,
because this way we can take advantage of the higher totataxpin the overlap areas of two
adjacent pointings and also utilize the counts detecteigltine slews. This procedure however
brings a few complications in the data processing. We walitdty discussing this approach and
then we will return to the question of splitting the mosaimimdividual parts.

4.4.1 Single piece mosaic handling

Since the mosaic ODF is SAS compliant we can use the stand@deSks to extract higher data
products from the eventlists e.g. extracting light curuesges and spectra usiagselect and
exposure maps withexpmap. We will go through all the main steps of a typical observatio
analysis, focusing on the fiierences compared to a standard analysis and provide woukiar
recipes.

After creation of the eventlists from the mosaics ODF, weffilbut periods contaminated
by soft-proton flaring - for example by a (multi-step) sigmgoging method (see Sedt. 5.2).
Extraction of light curves from eventlists and subsequewoidgtime-interval filtering are exactly
the same as for standard observations.

Images, spectra and exposure maps can also be created indardtavay for the whole
mosaic (naturally, everything is more time costly than fastandard single field). The main
challenges are encountered during the source detectipnigtie the SAS taskeboxdetect
andemldetect. The calculations done by these tasks are very memory imgeriEhe amount
of memory required depends on the Bizef the mosaic (more importantly than on the total

22\We mean here the area of the mosaic on the sky and more spicifieasize of its minimal bounding box,
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exposure time) and on the exact setup of the source det¢atks - e.g. local detection requires
less memory than map mode, single band detection less thiiplebands etc. (for explanation
of the diferent setups see Sdct. 513.1). Source detection in mogaiwdktherefore often lead
to a memory overflow and a crash. Depending on the specifictectire of the machine on
which we run these tasks, setting theagebuffersize paramet@ of botheboxdetect and
emldetect improves the performance, but still might not béfiient for most applications. As
an example, we have found thatagebuffersize=2000 works best on the machine used for
the XMM-BCS analys and allowed to run all the standard detection setups (ictuding the

5 bands times 3 detector setups requiring a simultaneougseaf 15 images, exposure and
background maps) on 1 deg sky segments. Larger areas with largeffeusize allowances
always caused a crash. Machines with more available RAM oaceps larger chunks, but the
maximal segment size can be established only by trial amdl.err

If a mosaic does not fit insidea 1 ded bounding box (see footnofe]22) we can split it to
several smaller segments and carry out the source detewtitimem. This approach was also
taken when analysing the XMM-BCS mosaics.

First we use an image or exposure map of the whole mosaic iprd@segmentation pattern
covering the whole mosaic and consisting of boxes with sidagimally I long. Especially
when interested in extended sources like clusters of gadaitiis conservative to allow fgr 1.5
arcmin overlaps between segments. This assures that e&cided source (with extent typically
around 1- 2 arcmin) will be fully covered at least on one of the segmeiitse segmentation
patterns for the three mosaics of the extension of the XMMBBQrvey are shown in Fig. 4.6.

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

eventset = path to the given mosaic eventlist copied to the segmentsttiry
withatthkset = yes

atthkset = path to the original attitude history time series (this fdepart 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, teore compact mosaic designs have smaller memory
requirements. As an example see Figl 4.6, where extensien@uch more memory intensive than A and B,
although it has the same number of pointings and roughlyaheegotal exposure time.

23This parameter is not listed in the SAS manual but is accepgdabtheboxdetect andemldetect.

24A 32 bit architecture with 3.7 GB RAM memory.
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Figure 4.6: PN exposure maps in th& 6 2 keV band for the three mosaic observations of the
XMM-BCS field (OBSID: A - 0604870301, B - 0604873401 and C - 8803901). The color
bar scales are linear, exposures are in seconds. The red bloae the segmentation patterns
(see Sect. 4.4.1). The full XMM-BCS field is displayed in Fdl.

imagesize = size of the box segmentin degrees.

This way we produce eventlists, which can be further praamb$s obtain images, exposure
and background maps as well as local- and map-mode souraethe source detection steps in
a standard way. After obtaining the firmlldetect source lists for each mosaic in the segment,
we can merge them into a single list for the whole mosaic ai®ame sources lying in the
overlap areas of two mosaics will have duplicate entriehérmerged source list (or three or
more entries in the overlaps of three or more segments). eTthaglicates can be removed (or
more conservatively flagged) using‘amatching radius. This radius was found to perform very
well, keeping two distinct but nearby sources while remguime duplicate entries.

There are two caveats to the described procedure:

1) Since the mosaic segments (and whole mosaics in generad)st of several pointings, for
any given point in the mosaic the information on the actual point of the telescope and its
position angle can not be kept in the eventlist header. Ttirnation is however needed to
properly calculate thefaxis angle and pointing orientation at any given point,clhin turn
are required to evaluate the shape and size of the PSF |ates fooint. The PSF would then be
used in the maximum likelihood source fitting stepdmldetect. Instead, a warning message
is raised and an on-axis PSF model is used instead of therppape On the other hand, using
a mosaic we are able to utilize the larger exposure time (ansl higher sensitivity) where the
pointings overlap. We can note however, that it is in prifegpossible to reconstruct the proper
PSF for each point (see next section) and the current liioiité given only becausemldetect
takes the pointing information from the image header (wlnak only a single keyword for the
whole mosaic and not for each individual pointing). A fullglisconsistent PSF treatment for
mosaic data would thus require a redesign ofditdetect task.

2) The second caveat considers spectroscopy from mosaieatlists. Currently (i.e. up to
SAS 10.0.0), thdackscale task, used to calculate the area scaling factors of therspéshot
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compatible with mosaic eventlists. There are two work-adsuto this problem. One can either
extract the stable pointing in which the spectroscopy tdrge as described in the next section.
Backscale can then be used safely with the stable pointing eventlistise spectroscopy target
falls into two or more pointing within the mosaic we can egtrgpectra from each split pointing
and fit them simultaneously. This approach should be gdgpgyedferred to merging spectra.
The second possibility is to use a detection mask to caleti&t area scaling ciecients directly
from the mosaic, bypassifigickscale completely.

4.4.2 Splitting mosaic into individual pointings

Splitting the mosaic into individual pointings can be adegeous, particularly if it consists of
disjunct pointings. This can be achieved by good-timeruatkfiltering of low-level eventlists
(i.e. immediately after obtaining the mosaic eventlishidhe ODF files).

In the first step, we have to obtain a list of start and stopiofehe stable pointings within
the mosaic sequence. This information is kept in the spattesititude history file distributed
with the observation data files (named *ATS.FITS, we will 885 file hereafter). There is only
a single ATS file for the whole orbit - i.e. if there were othéservations scheduled in the same
orbit they are also logged in this file (also the slews andtrssettling phases). There are four
possibletypesof operational phases from the attitude point-of-view. y'lhee identifiable by
the TYPEID columns of the ATS file with these four possible valu€s: closed-loop slewQ -
open-loop slews - settling phase, and finally - stable pointing.

Both P and S type of phases are usable and thus the individirgings of interest can
be identified as havin§YPEID==S or TYPEID==P and theVALTIME parameter (signifying the
start time of the given phase) between the start and end tirtteeanosaic itself (listed as the
OBSSTART andOBSSTOP keywords in the header of the first extension of the mosaintés@).

The number of entries (rows) filtered out this way will be dgoahe number of individual
pointings in our mosaic. From the filtered ATS file we will kefep 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 correspémtheRA_PNT keyword in
a standard observation eventlist header.

VIEWDECL - declination of the pointing. The parameter corresponde¢®EC_PNT keyword in
a standard observation eventlist header.

ASTPOS - the astrometrical positional angle in degrees. The pai@meght be required during
the attitude recalculation phase, depending on the redjoirgput (see below).

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

25Note that these are not the same astNEE-0BS andDATE-END keywords of the ATS file, which refer to the
start and end of the wholerbit.
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In order to extract a single pointing eventlist from the ora mosaic pointing we have to
calculate its good-time-interval. This is done in the faliog way: 1)GTI_START = VALTIME -

To, converted to seconds, whefg is the canonical XMMNewtontime zero poir@ 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
itto a GTI compliant fits file with thgtibuild task and usingvselect to extract the eventlist
from the input mosaic eventlist.

The resultant eventlist then contains only the counts gathduring the given pointing.
We can update its header information with the correspondirtges from the ATS table (e.qg.
DEC_PNT, RA PNT etc.). We can also update the keywORIECT to a value that uniquely identi-
fies the pointing within the mosaic sequence (optional, betul).

In the final step we have to recalculate the attitude of theaeted eventlist (since at this
stage the attitude still refers to the center of the mosdierahan the pointing itself). This is
done with theattcalc task with its keyworc@ set to:

eventset = path to the just extracted singb@intingeventlist
withatthkset = no

refpointlabel = user

nominalra = the value of the pointing®BA_PNT keyword
nominaldec = the value of the pointing’BEC_PNT keyword

This procedure has to be repeated for each pointing (eaehefiltATS entry) and yields
standard, fully compatible, single pointing eventlist.o8b can be further processed to obtain
images, exposure and background maps as well as local- gnadrode source lists in the source
detection steps. All the data products required for spectpy (spectra, redistribution matrices
and ancillary region files) can be extracted without proldexs well. Currently, the SAS task
emosaicproc is also available for splitting mosaics into individual poings. The task is in
development stage and does not allow the users to direatly oat extended source detection,
change the parameters of the detection algorithm (e.gctileeand extent likelihood thresholds,
custom input file names, etc.) or handle PN OoT events. Tleeseres, however, can in principle
be added by modifying the source codeenbsaicproc or by customizing the relevant upstream
detection pipeline modules.

261997-12-31T23:58:56.0
2’sSimilarly as we seen in the previous Séct. 4.4.1. Keyworddisted here should be left unset.



Chapter 5
The XMM-BCS galaxy cluster survey
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Abstract

The XMM-BCS project is a coordinated X-ray, optical and nmffared cluster survey in a field
also covered by Sunyaev-Zel'dovicliect surveys. The aim of the project is to study the cluster
population in a 14 dedfield. The uniform multi-wavelength coverage will also allas for the
first time to comprehensively compare the selection fumctibthe diferent cluster detection
approaches in a single test field and perform a cross-ctbhraf mass scaling relations.

In this work, we present a catalog of 46 X-ray selected ctsgtem the initial 6 de§survey
core. We describe the XMM-BCS source detection pipelinedaitve physical properties of the
clusters. We provide photometric redshift estimates @erfvom the Blanco Cosmology Survey
imaging data and spectroscopic redshift measurementddarr@dshift subset of clusters from a
NTT observing campaign. The photometric redshift estimate found to be in good agreement
with the spectroscopic values.

Our multi-wavelength approach gives us a comprehensidedbthe cluster and group pop-
ulation up to redshiftg ~ 1. From the present sample, we derive the clusteNlegog S using
an approximation to the survey selection function and firid good agreement with previous
studies.

We compare optical mass estimates from the Southern Coggn8larvey available for part
of our cluster sample with our X-ray mass estimates derivewh fthe X-ray luminosity. Weak
lensing masses available for a subset of the cluster samgla agreement with our estimates.
Optical masses based on cluster richness and total optitahosity 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 lasgele structure of the Universe
is hierarchical with smallest objects collapsing first. Mfiassing time more and more massive
structures are able to decouple from the Hubble flow and ¢inéenon-linear regime, collapse
and eventually virialize. The statistical properties o thatter density field (e.g. its power
spectrum) as well as the growth of the structures are styotgbendent on the background
cosmology and can be thus used to put constraints on cosicalogodels.

From this point of view, clusters occupy a very importantcplan the structure formation
scenario, by being the most recent (i.e. redslafi§ 2 - coincident with the onset of the dark
energy dominance) and thus also the most massive stru¢fllés- 10'° M,,) to virialize. The
cluster abundance is therefore exponentially sensititheéayrowth of the large scale-structure
and to the underlying cosmological parameters (Haiman @08l1; Majumdar and Mohr 2003;
Haiman et al. 2005).

The key parameter in cosmological tests of this type - tha tofass of clusters (identified
with dark matter halos) - is itself not a direct observablerténately, in first approximation,
clusters are virialized and their growth is gravitatiopaliven and therefore self-similar. This
allows us to link their mass to some suitable observabletifyamiginating from baryonic com-
ponents of the cluster - its galaxy population and the intwster medium (ICM). The ICM is
directly observable in X-rays or through the distortion loé tCosmic Microwave Background
(CMB) imprinted by the ICM thermal electron population vivérse Compton scattering (the
so-called Sunyaev-Zel'dovicHtect (SZE), Sunyaev and Zel'dovich 1972).

Since the ICM closely traces the DM potential, iters better (i.e. lower scatter) mass-
proxies than those available from optical observationshefdluster’s galaxy population (e.qg.
Reyes et al. 2008). In X-rays, the simplest and observdtioleast expensive mass-proxy is the
X-ray luminosityLy (Reiprich and Bohringer 2002; Pratt et/al. 2009; Mantz £2@l0a).

For the SZE experiments the most direct way to estimate tisterl mass is from the source
signal-to-noise ratio (e.g. Williamson et al. 2011; Vaniele et al.. 2010), but more import-
antly, through the integrated Compton paramétes Numerical simulations suggest théi;
should be an excellent proxy of cluster mass (da Silvale08l42Motl et all 2005; Nagai 2006).
First cross-comparisons of X-ray and weak lensing studiesganerally finding good agree-
ment between the mass estimates and no significant devfadionthe self-similar predictions
(Planck Collaboration et al. 2011a,b; Melin et al. 2011; Ars$on et al. 2010; Marrone etlal. 2009;
Bonamente et al. 2008).

If deeper X-ray observations are available, we can use thetggscopic temperaturky,
gas masdMy and their combinatiorYy = TxMq (the X-ray analogue to th¥s; parameter,
Kravtsov et all 2006; Vikhlinin et al. 2009a; Arnaud et/al.1P) as good mass proxies. Using
the Yy parameter Vikhlinin et al! (2009a) put a strong constramttee cosmological parameters
including the dark energy equation of state. From a metlagidcdl point of view, this is interest-
ing for two reasonsl) it shows that useful cosmological constrains can be obdaaiready from
relatively small samples of clusters of galaxies, demattisig the exceptional potential of this
type of cosmological tests; arit) already this modest sample is practically systematictéd)i
especially due to uncertainties in the mass estimation.
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There are many factors thafact the scaling relations and the intrinsic scatter of thistelr
populations around these relations: presence of cool ¢btadkevitch 1998; O’Hara et al. 2006;
Motl et alll2005; Pratt et al. 2009), substructures and thetet’s dynamical state (Bohringer et al.
2010; Jeltema et al. 2008), non-gravitational physics &N2006), etc. In addition, one has to
account for the Malmquist and Eddington bias when detemgitine scaling relations from a
sample of clusters by proper treatment of the selection aaskrfunctions (especially fdury,
Pacaud et al. 2007; Vikhlinin et 'al. 2009a; Mantz et al. 20l)0aAs our cluster samples cover
broader redshift ranges potential deviations from selfdsir evolution of the scaling relations
also become an important question.

In summary, in order to be able to well constrain cosmoldgiuadels with cluster samples
we need:1) large cluster samples covering redshifts beyond ur@jygood knowledge of the
cluster selection function’s dependence on relevant ¥bb&es and the distributions of these ob-
servables in the cluster populatid);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 régdo all three requirements,
having an almost redshift independent selection very doseselection function with a fixed
mass limit at all redshifts and a robust mass-proxy in Ygge parameter. Two ground-based
large-area cluster surveys are currently underway: onééysouth Pole Telescope (SPT) and
one by the Atacama Cosmology Telescope (ACT). Both havadyrdelivered their first SZE-
selected cluster samples (Williamson et al. 2011; Vandéeliet al. 2010; Marriage etlal. 2010;
Staniszewski et al. 2009) as well as observations of alr&adwn clusters (Plagge etal. 2010;
Hincks et all 2010). Also thBlanckspace mission has delivered its first cluster catalog (Rlanc
Collaboration et al. 2011a).

While, the SZE surveying approach is a very interesting rieanoel to do cluster cosmology,
in these early stages there is still a lot of work to be donentbeustand the systematics like e.g.
the influence of radigub-mm sources and primary CMB fluctuations on the selediienmass
calibration and sensitivity to cluster outskirts.

Multi-wavelength follow-up of SZE selected clusters isagsal, but selection function stud-
ies require also comparison of blind surveys. To this end mecanducting the XMM-BCS
cluster survey. The survey field covers a 14%daga in the overlap region of the SPT and ACT
surveys. The field has full coverage with the 4m CTIO telescaipCerro Tololo, Chile, in the
framework of the Blanco Cosmology Survey (BCS)gnz bands andpitzerobservations in
the mid-infrared. With this optical to mid-IR coverage we able to provide robust photometric
redshift estimates out to redshif&<0.8 (~ 1 includingSpitzerdata). The X-ray coverage consists
of XMM- Newtonobservations split into two distinct parts. The 6 tlegre of the X-ray survey
field was observed with 42 standard, individual pointingsgh{w 10 ks dfective exposure time).
In this work, we present an initial cluster catalog based@sé¢ observations.

After SPT commenced its operations, it was soon found theatrtass threshold of contem-
porary SZE surveys is higher than expected. In ordeffier @ larger overlap between the SZE
and X-ray selected cluster samples, we carried out an agteasthe X-ray survey by covering
an additional 8 deggin three large-area fields utilizing the new mosaic mode tffmbservations.
These observations allowed us to cover a significantly faagea in a very time{&cient way.
First results as well as details on the analysis of this tyfjpe\dM- Newtonobservations are de-
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scribed inSuhada et al. (2010). We demonstrate there the feasibillijrally detecting clusters
found with current generation SZE experiments in oal§ ks long XMM-Newtonobservations
(including tentative spectroscopic temperature measemnésh in the case of two SPT detected
clusters|(Vanderlinde et al. 2010). The final 14 dXgray cluster catalog is expected to roughly
double the number of clusters in the present sample andatiple will then be interesting also
for its cosmology-constraining power.

The X-ray cluster catalog is also going to be used for seladtinction comparison with op-
tical and mid-infrared cluster searches. A direct comparisith lower significance SPT detec-
tions is underway (note that the cluster catalog in Vandediet al. (2010) and Williamson et al.
(2011) include only> 4.50 detections). Stacking analysis of SZE detections withouayx
counterparts and vice versa will also be explored in upcgmiark.

In addition, radio observations with ATCA (The Australialdgcope Compact Array) are
planned and we have already initiated an optical follow-tipeveral clusters from the present
sample with the GROND instrument on the 2.2 meter telesaopea iSilla, Chile, with the aim
to study the galaxy population of the clusters.

The paper is organized as follows: in Séct] 5.2 5.3 weritbesthe analysis of the X-
ray observations and cluster detection pipeline. The aptlata, photometric redshift estima-
tion and spectroscopic campaign are detailed in $edt. b.&ett[ 5.6 we provide our cluster
sample, the physical parameters of the detected clustdrdetarmine the survey’s preliminary
statistical properties. We also cross-correlate our etusatalog with known sources and carry
out a detailed comparison with the optically selected sangblMenanteau et al. (2009) and
Menanteau et al. (2010) (M09 and M10 hereafter). Sect. S6éudses the X-ray error budget
and gives an outlook on the upcoming work in the context ofXMM-BCS survey. We give
our conclusions in Sedt. 5.5. In the appendices we providélany information for the indi-
vidual clusters, a preliminary comparison of our simplifsshsitivity function calculations with
realistic simulations and a cross-comparison with the XM&® cluster survey.

Throughout the article we generally refer to objects in ample as "clusters” regardless
of their mass. The term "group” will be used to refer to systemith masses< 10 M.
We will refer to individual objects by their identificatiorumber (ID). Proper object names are
listed in Tablé 5.I7. We adopt&CDM cosmology with 4, Qu, w, Ho) = (0.7,0.3,-1, 70 km
st Mpc™1). Estimated physical parameters are given in aperturegsmonding to factor 200
and 500 overdensities with respect to tntical 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 partiallgrlapping
pointings with dfsets of 22.8 arcmin covering a total area of about & dsge Fig[5.J1). The
observing time was allocated in the frame oD&WM-NewtonLarge Progranduring AO6. Four
additional observations were carried out in AO7 to replaekel$i with large losses due to soft-
proton flaring. The observation of field FO9 (Tablel5.1) wasied out in two parts. The total
observing time amounts te 580 ks, with an average total nominal time per pointing df5 ks
(including instrument setup time and high background pkx)io Tabld 5.1 displays the basic
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Figure 5.1: Mosaic X-ray image of the 14 degMM- Newtonsky survey. The false color image
was constructed from the surface brightness in tBe-®.5, 0.5 - 2.0 and 20 — 4.5 keV bands.
White region (F) marks the 6 dégore of the survey presented in this work. Regions A, B and
C constitute the extension of the survey by mosaic mode vasens. The missing fields have
significant losses due to soft proton flares. Green circle® tha positions of the present cluster
sample and have a radius equat 4.

information about the individual pointings. The THIN filtesas 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. 5l1. The coregion presented in this
work is inside the white boundaries (region F). Regions A,r8l & mark the three mosaic
extensions of the survey. The five missing fields in region ¥ehaeen completely lost due
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to flaring (FO3, FO5, F42) or had large time losses due to fiagind have very high residual
guiescent soft proton contamination (FO7 and F13).

The EPIC data was processed with the XMddwtonStandard Analysis System (SAS)
version 7.1.0. We reduced and calibrated the raw obsenadtuiata files with the SAS tasks
epchain for the EPIC PN detector amshchain for both MOS detectors. Events in bad pixels,
bad columns and close to the chip gaps are excluded fromefuatialysis.

The eventlists were screened for high background periodsechby soft proton flares. We
reject time intervals with background count rate above ihdiit 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 thaldigion of counts in the light curve
binned in 100 second intervals. After this first cleaningpstee apply the sameo3clipping
procedure in the .@ — 10 keV band on 10 second binned light curves to conservgtreghove
time intervals &ected by low energy flares. An example of a two-step cleargdd Gurve is
displayed in Figl . 5J2.

Time lost due to flaring in our observations amounts typyctl~ 20% of the full dfective
observing time. Six observations of the initial fields fror@&were too heavily fiected by the
flaring even after the two step cleaning. Three of these fledste been replaced by observations
in AO7 (FO1b, FO2b, F35b) and the partially lost field FO4 wiae acobserved.

Detection and analysis of faintflise sources like clusters of galaxies in shallow surveys
can be additionally ffected by low energy soft protons with a roughly constant fllikis so-
called quiescent soft proton background can not be detéeteeld on light curve screening due
to its small temporal variations, especially not in obsgores with short duration. In order to
characterize possible contamination from this part of thwe-X-ray background, we applied the
diagnostics developed by De Luca and Molendi (2004), baseith® ratio of X-ray flux in the
8 — 10 keV inside and outside the field of view of each detectoe diagnostic reveals that the
our data has the overall high quality required for our puesosThe vast majority of fields is
not contaminated by quiescent soft proton background & alhy of the detectors. Five fields
(FO4, FO6, F16, F25, F32) have a slight contamination witfligiole effect on data analysis and
derived results. Fields FO7, F13 have significant time |losesto flaring periods (particularly in
PN) and in addition are now found to have strong residualspaiet contamination. There is no
cluster found in these fields in the present sample. Fieldi&a2ected in a similar way as well
Here, however, the exposure time after flare removal is taagd we were able to identify two
clusters (ID 476 and 139) in this observation.

The double component background model (see $ect.5.3.d)fassource detection and
characterization can in principle account to first orderdoch an enhanced background by in-
creasing the unvignetted part of the background model. Tgreetting function of such particle
background has a fierent shape than the vignetting of the X-ray photons, bstkhiown only
tentatively. We expect the errors from such first order agpnation to be small compared to
other sources of uncertainty (including the shot noisdf)ts&Ve thus decide to include into
our analysis also fields with strong residual quiescentaroitation, but parameters derived for
sources in these fields should be handled with caution.

We treat out-of-time-events (OOTE) for the PN detector inegdard way. For each obser-
vation, we generate an OOTE eventlist with #pehain and remove time periods identified in
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Table 5.1: The individual XMMNewtonpointings. Quoted exposures aregtive exposures
with high background periods filtered out.

Field ID RA (J2000) Dec (J2000) Exposure times (ks)
OBSID Internal PN MOS1 MOS2
0505380101 FO1 23:21:38.4  -56:07:34.4  observation lostddiaring
0554561001 FO1b 23:22:00.1 -56:09:03.3 7.8 104 104
0505380201 F02 23:24:23.5 -56:07:13.2 observation lostddiaring
0554560201 FO2b 23:24:43.8 -56:09:03.0 10.2 13.2 13.2
0505380301 FO03 23:27:07.0 -56:07:16.3 observation lostddiaring
0505380401 FO04 23:29:50.6  -56:07:16.0 5.2 6.9 6.9
0554560901 FO04b 23:30:11.7 -56:09:01.2 3.1 127 12.7
0505380501 FO05 23:32:34.6  -56:07:12.8 observation lostddiaring
0505380601 FO6 23:35:39.3 -56:08:18.7 5.6 10.6 10.6
0505380701 FO7 23:20:49.3 -55:45:35.1 44 9.6 9.6
0505380801 FO08 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 FO9b 23:26:11.6  -55:46:30.2 7.3 9.8 9.8
0505381001 F10 23:28:55.3 -55:45:39.2 9.7 126 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 13.5 135
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 74 99 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 -55:23:385 7.4 89 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 82 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 94 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  -54:37:27.7 127 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 lostddiaring
0554560601 F35b 23:32:47.7 -54:38:.058 7.7 114 111
0505383601 F36 23:35:25.6  -54:37:57.3 86 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 8.7 115 115
0505384901 F39 23:25:58.1 -54:14:20.2 55 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 9.9 125 125
0505384201 F42 23:33:49.9 -54:13:13.3 observation lostddiaring
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Figure 5.2:Left: The black line shows the 10 second-binned PN light curveerOtBi— 10 keV
band for the field FO4. The beginning of the observation wéscted by flaring. The green
curve shows the light curve after the two-step cleaning &e&.[5.2), which safely removed
all contaminated time intervalRRight: Examples of the detection pipe products for field FO4
in the Q5 — 2 keV band of the PN detectog) counts imageh) double-component background
model,c) binary detection maslkd) reconstruction of all the detected sources. The greerecircl
(2 arcmin. radius) marks the cluster ID 018.

the two step cleaning process of the main PN eventlist. \iregran image is extracted from the
PN eventlist, we extract also an image with the same setectiteria from the OOTE eventlist,

scale this image with a factor of 0.063 (full frame readoutejoand subtract it from the main
PN image.

5.3 Source detection

As the main source detection algorithm we utilize the slydioox technique and a maximum
likelihood source fitting in their improved implementationthe SAS tasksboxdetect and
emldetect. A detailed description of the work flow and configuration af detection pipeline
developed for the XMMNewtonDistant Cluster Project (XDCP) can be found_ in Fassbender
(2008), here we only summarize the main steps.

Source detection is carried out in thre@elient schemes:
(i) the standard three band scheme: provides continuous, vestapping coverage in three en-
ergy bands: B - 0.5 keV, 05— 2.0 keV and 20 — 4.5 keV.
(ii) the optimized single band scheme: covers 1356 2.4 keV band and was chosen to max-
imize the signal-to-noise-ratio for clusters of galaxidthva large range of redshifts and tem-
peratures (see also Scharf 2002). This bandpass is expgectekimize the number of detected
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photons especially for high redshift systems(1)

(i) the five band spectral matched scheme: uses five partialijappéng bands (@ — 0.5,
0.35-24,05-20, 20-4.5 and 05 - 7.5 keV). This scheme is equivalent to a single band
detection in the full B — 7.5 keV range, where the energy intervals in the overlaps hmlesh
weighting. The shape of the weighting function roughly nisnihe expected continuum spec-
trum shape of a hot cluster (Fassbender 2008). This setupisemsonly to confirm detections
from the first two schemes and we do not use any results ddrivedit in the current work.

We have also carried out a detection using a wavelet deteatgorithm developed for the
COSMOS project by Finoguenov et al. (2007). Every clustesented in our current sample has
also been confirmed by this approach. In addition, we havetifiled four systems (Table 5.9)
with a wavelet detection but no SAS-based detection in atupsé@ll four systems are coincident
with significant galaxy overdensities. We find many intengpX-ray point-sources in these
systems (a potential source of misclassification in the S&8ations). Even after conservative
point source removal, residual contamination makes alk#tenated X-ray parameters highly
uncertain. These detections are not included in the staistescription of the sample (e.g. the
logN - log S relation) and are listed here only for completeness.

5.3.1 Source list generation

In order to obtain the raw source lists, we extract imagesiftbe cleaned eventlist for each
detector and each band required in the given detection selferm. in the three band scheme
three images for each detector, in total nine images pel) figle run the sliding box detection
algorithm eboxdetect in the so-calledocal mode) on these images. The background for each
potential source is estimated only locally in a detectidhafes x 5 pixels in 4 successive runs
with the number of pixels per cell doubled in each iteratiSources detected by this procedure
are then excised from the images, creating an image usaipedper background estimation.

We model the background of each detector and band individudih a double compon-
ent background modelThis background model is a linear combination of two tertgddased
on vignetted and unvignetted exposure maps, taking intouatcthe sky X-ray background
(vignetted component) and the particle and instrumentekdr@und (unvignetted in the first
approximation).

The final sliding box detection is then run utilizing the fittbackground model instead of
a locally estimated background. For all sources above tkectien threshold we carry out a
maximum likelihood fitting (with theemldetect task). A beta profile with a fixed beta value
of B = 2/3 convolved with the two dimensional point-spread funct{i$F) is fitted to each
source. The fit is carried out for all three detectors andhal hands in the given detection
schemesimultaneously The free parameters of the fit are the source position, n@atian of
the model (for each detector and band) and the core ragliusharacterizing the source extent.
If the extent of the source is not statistically significahg source is refitted as a point source
with extent fixed to zero.

The detectionlikelihood of a source is given by théet_ml parameter in theboxdetect
andemldetect tasks, defined as detl = —In P4, WhereP,anq is the probability of observed
counts arising from pure random Poissonian fluctuationgabkh step of the detection process,
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the minimum detection likelihood is set to 6, roughly eqleve to a=> 30 detection in terms of
signal-to-noise ratio.

The extentlikelihood ext_ml, defined analogously to characterize the probability of the
source being extended, is required tobe in the three-band scheme ard5 in the single
band scheme (corresponding approximately to minimum ésignificances ot 20- and~ 3o
respectively).

For a more detailed discussion and justification of the chakstection schemes and thresh-
olds we refer ta_Fassbender (2008), who also demonstragegettiormance of the described
source detection methods on over 450 archival XNiléwtonobservations in the framework of
the XDCP project. A description of the used SAS tasks can bedan the SAS 7.1.0 reference
manuaf]

In the current work, we aim for the best possible survey cetgpless including the high
redshift end of the cluster distribution and reliable seuctassification especially close to the
detection thresholds. This is also helped by combinifipcént detection schemes and setting
relatively low extent thresholds. The increasing sourcetamination close to the detection
threshold is treated with careful screening using the aptlata and ancillary X-ray information
(e.g. quality flags described in Appendix518.1).

The detected sources create a raw master list of extendeckeszauindidates Each of these
candidates is then screened visually with optical imageig ¢4 band BCS imaging) and accep-
ted to the presented cluster catalog only if a significantamesity of galaxies in the photometric
redshift space is found (Sett. b.4). The availaépizerimaging for the whole field will be used
in the future to confirmz >1 systems, where the depth of the BCS imaging is nélicsent
anymore.

The purely X-ray based selection function will be developedubsequent work based on
simulations, where completeness and contaminationftdrént detection schemes will be stud-
ied. Guided by extensive simulations of X-ray observati(Mghlegger 2010), we are going
to be able to get a high precision description of the survésctien function. This evaluation
is still in progress. A statistically well defined clustemsgale will be drawn from the current
catalog (plus its 8 deégextension) and used to study the evolution of the clustesiyduminosity
function and perform cosmological tests.

Treatment of MOS CCDs in anomalous state

A special note is required concerning the anomalous stite€Db#4 of the MOS1 and CCD#5
of the MOS2 detectors and theiffect on extended source detections. The occurrence of these
anomalous states is becoming more frequent. Half of oursfieéle the MOS2 CCD#5 in the
anomalous state and 20% have an anomalous MOS1 CCD#4 (some observationstacteal
by both). These anomalous ("hot”) states are charactebyeligh overall background count
rates with atypical hardness ratios. The madkdeed are the soft bands (see Kuntz and Snowden
2008a).

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

lxmm.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 tte-02.0 keV band. The
MOS2 CCD#5 is visibly in an anomalously high ("hot”) with anteanced background. Sources
detected in this field are marked by green circles. Sourct#smned circles were automatically
flagged as possibly spurious detections caused by the peeséthe hot chipMiddle: A com-
posite background model for the same detector and banadrbgffitting the double component
model independently to the CCD#5 and the rest of the chipg. thitee blue-marked chips are
the reference chips used to identify hot chips in the obsemnva Right: The ratio of the total
detection likelihood(log scale) from the MOS2 chip in th&8 8 0.5 and 05 — 2.0 keV bands
to the total detection likelihoods from all other detectamsl bands (log scale). Blue bars show
the confirmed clusters from our sample, the red bars the 8dthggurces from field F21 (from
the left panel). The vertical line marks where the soft bar@d32 detection constitutes 90% of
the total detection likelihoods in all detectors. The fladygeurces were confirmed as spurious
by the optical data. A single confirmed cluster (ID 275) appedove the threshold, but et
flagged as spurious since it would have been above the dmtditelihood even without the
MOS2 detection (i.e. not meeting all the required critegaatibed in Sect. 5.3.1).

from the suspected chip and the mean count rate of three chifgs in symmetrical positions
around the central chip (i.e. the mean count rate of CCD#2D#IC CCD#7 of MOS2 and
CCD#3, CCD#5, CCD#7 of MOS1 detector). These referencesch@re selected, because they
best match the area, shape and position of ffexted chips (see middle panel of Hig.l5.3). The
count rates calculated in the30- 2.0 keV band from the three reference chips are then averaged
to reduce shot noise and a chip is flagged hot, if its countisateore than 10% higher than
the mean count rate from the reference chips. This threshalosen to be very conservative
and was found to perform excellently, since chips in anoomkiates have typically count rates
50- 100% higher than the reference rate.

The exceptionally high background of the hot chips leadsa@oyrspurious extended source
detections, when left untreated (see [Fig] 5.3). We flag ssuas possibly spurious detections
caused by the presence of a hot chip if at the same time: 1)ithey a chip that was flagged hot,
2) are extended, 3) the detection likelihood from the givehMOS detector in the soft bands
(sum of the B - 0.5 and 05— 2.0 keV bands) accounts for more than 90% of the total detection
likelihood and 4) the source would be under our detectioasiold without the detection on
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the dfected chip. We still visually checked every flagged sourse ai the optical images and
confirmed the classification of these sources as spurious.

An example of this procedure can be seen in[Eid. 5.3. The ehten of field F21 has a hot
MOS2 CCD#5, clearly visible as an enhanced background érrdlv image in the left panel
and in the model background in the middle). The 8 extendettssuetected on this chip were
flagged as a possibly spurious based on the described &rit€he detection likelihood ratio
(the MOS 2 detection likelihood in the soft bands over thaltdetection likelihood) of these 8
sources are displayed on the left panel of Eigl 5.3 (red) agpeaoed to the sample of confirmed
clusters in our sample (blue).

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

In addition, we make an attempt to model the high backgroudndeohot chips by fitting in
first approximation the double component model to a hot chlg and another double compon-
ent model to the remaining chips. The two parts of the backgitanodel are then combined to
create a composite background map for the full detector @néddle panel of Fig. 5I3). All the
extended sources on hot chips flagged as spurious with tleiloksd detection likelihood test,
are not detected when the composite background maps aredtitonfirming the reliability of
our classification. Theffect of using a composite background instead of a standakdybmmd
on detections coming from the remaining, non-anomalougscis minor, since the two back-
ground models in these areasfer typically by less than 5%, and only the softest bands df eac
detection scheme ardfacted. For the source characterization in observatifiestad 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 psater obtained from observations
and allows us to determine the X-ray luminosity and estimate other key parameters as the
temperature and mass of the cluster from scaling relations.

A typical cluster of galaxies in relatively shallow obsetrgas like ours appears as a faint
diffuse source with typically of the order gf 100 source photons registered (total from all
three standard bands and detectors). Thus in order to gkalaleeneasurement of the flux and
trace the emission of the cluster as far out possible, we t@employ a robust method. In
this work we utilize thegrowth curve methodeveloped for the REFLEX and NORAS cluster
samples derived from tHROSATall sky survey by Bohringer et al. (2000). Here we summarize
the procedure.

For each source, we extract images, exposure maps and bankignaps in the.6-2.0 keV
band, excluding all point sources detected by the pipe®S1 and MOS2 products are then
directly co-added, since theftBrence in their response matrices is small. We run the growth
curve program on the PN and co-added MOS images indepepdentl
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Figure 5.4: Example of the growth curve analysis of sourc81B (photo-z0.39). The cluster’s
redshift and luminosity are close to the median values oétitee sample. The curves show the
encircled cumulative flux as a function of radius (PN: bluevey combined MOS: red). The
PN and MOS curves are in good agreement. Dashed lines maflkxheeasurement error bars
which include the Poisson noise and an additional 5% systereaor from the background
estimation. The estimated plateau flux ig.F= 5.24 x 10 erg s* cm (horizontal line),
reached atp,; ~ 90 arcsec. The vertical line signifies the estimatgg radius of the source,
rspo = 0.6 Mpc (~ 117 arcsec). In this case, the plateau radius is slightlylsnmthanrsy, and
the flux and luminosity forsg, had to be extrapolated from their plateau values. The reduir
extrapolation is only 2% in this case. See Selct. 513.3 for details.

In this analysis we use the X-ray center coordinates obtinoen the beta model fitting pro-
cedure in the source detection step. We also explored trs#jildy of recentering by minimizing
the dipole moment of the count distribution (see e.g. Biger et al. 2010). This procedure usu-
ally yielded centers very close to the best-fit coordinabesfor faint sources often completely
diverged. The best-fit coordinates were always found to beaal glescription of the detected
X-ray emission centroid.

Counts are extracted from the image in concentric ringsisgafrom the center and scaled
by the exposure time. In this way we obtain the total (sourd®ckground) count rate profile.
The expected background count rate is estimated from thegbaend map and subtracted for
each ring from the total count rate, obtaining the sourcentoate profile. Therowth curveis
the cumulative background subtracted source count raféepfsee Figl 5.4).

We term the full aperture inside which a stable growth cuise loe obtained, thextraction
radius ry (typically a 150— 200 arcsec aperture). It is adjusted for each source ingiyl
(increased for brightest, most extended sources or trinforesburces close to the edge of FOV
or to a partially blended systems) and includes the souse#f &is well as enough sky region to
check the reliability of the double component backgrouratsiction.
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If the background model describes the local backgroundrately, the growth curve levels
off to a flat plateau at the outer edge of the source. To estimatettl detected cluster emission,
we first calculate thesignificance radius ¢, defined as the radius outside which the source
signal increases less than the dncertainty in the count rate. The significance radius thnesg
the outermost radius where the potential increase of thetbrourve becomes less thaor 1
significant. This radius is found to be typically slightly aher than the radius where the source
signal-to-noise ratio decreases below unity.

To alleviate the ffect of shot noisergy is determined by smoothing the growth curve in 20
and 48 arcsec windows (5 and 12 pixels respectively). Fotit glasters the two estimates are
in agreement. In the remaining cases, the local backgrosudlly exhibits irregular features
not captured by the double component model and we selectdhe appropriatesg and plateau
after visual inspection.

In addition, a single multiplicative correction factor tieet background model can be set,
if the plateau exhibits a significant residual slope. Thiditohal factor corrects the overall
normalization of the double component model locally ingige The average background cor-
rection factors are-2% (i.e. a 2% decrease compared to the default double compbaek-
ground) for PN and 0% for MOS (with standard deviations 7% &%d respectively). More
than 34 of the present sample have correction factors smaller 1086 | Reiprich((2001) and
Reiprich and Bohringer (2002) used a similar correctiarcpdure utilizing a second order poly-
nomial to obtain stable plateaus. In our case, a simple coorefactor turned out to be fiicient
and not leading to background over-fitting.

After setting the background correction, the total soument rate is estimated as the count
rate of the plateau. The flat plateau of the growth curve deatgjg is then fitted with a line. If
the slope of the line is less tharB@6 per radial bin, the plateau fit is accepted and the plateau
count rateCT Ry is estimated as the mean of the fitted line. If the slope ibrsill negligible,
an additional attempt is made to find a stable plateau bytitetg removing the outermost and
innermost (still outsidesjg) bins. We note that iR 80% cases the first simple fit is fully accept-
able and no further iterations are necessary. For mordel@@escription of the iterative process
and quality flags of the plateau fit see Séct. 5.8.1 in the afipeiThe aperture corresponding
to the plateau count rateT R;4, theplateau radius g4, is defined simply as the radial distance
where the growth curve first reach€3 Rya.

We provide a performance test of our X-ray photometry metihothe example of the XMM-
LSS cluster catalog (Pacaud etlal. 2007) in Appehdix 5.8 mMain advantages of the growth
curve method thus ardi) Excellent sensitivity allowing us to trace cluster emissio the out-
ermost faint outskirts.(ii) It makes no assumptions about the source profile unlike rdstho
based on beta model fitting, which is fully degenerate in dggme with< 400- 500 counts
and is known to not be an appropriate description of clusteisgion for irregular and cool
core clusters(iii) The method allows to check and correct the background nindeithich is
done for the whole field of view, by adjusting several pararseto the conditions local to each
analyzed source(iv) The PN and combined MOS growth curves are treated complitedy
pendently. Their comparison provides us with an importamisistency check and allows us to
treat instrument specific features in the background seglgra
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5.3.3 Physical parameter estimation

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

In a given iteration, we measure the count rate inside theaécl,, aperture. From the es-
timate of the temperaturBsgo (from the previous iteration), we calculate the energy eosion
factor (ECF) for PN and MOS, assuming a MeKaL spectral mode\we et al! 1985; Kaasira
1992:| Liedahl et al. 1995) witfisqp, abundance of 0.3 times solar abundance and the hydro-
gen column density set to the Galactic value derived frontHthebservations of Kalberla et al.
(2005).

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

With the obtained ECFs the PN and MOS count rates are coavirtiux. From the flux
and known redshift of the source the k-corrected X-ray lwmsity Ly (< rsqg) is calculated.

The flux and luminosity estimates inside the plateau ragijy$rom the growth curve method
do not require any assumption about the spatial distribudfdhe source emission. However, in
some cases the actual value g is greater tham, (i.e. outside the region with directly meas-
urable emission), and therefore an extrapolation coords applied to the flux and luminosity.
We correct for the missing flux by extrapolating the sourcéssion with a beta model between
the plateau radius and current estimatesgf. Thes andr.y. of the beta model are estimated
from the actual estimate Gfsqg USing the scaling relations of Reiprich and Bohringer @200
Owing to the good sensitivity of the growth curve methodwaltay us to trace cluster emission
out to large radii, the required extrapolation is minor. Thean correction is- 2%/ ~ 3% for
PN/MOS (~ 27% at maximum).

The final source flux and luminosity in thes3- 2.0 keV band are then obtained by averaging
of the PN and MOS fluxes weighted with their inverse squareor&r Sources for which the
PN and MOS estimates do not agree or one of the estimatesssmi®.g. source outside of
the FOV of a given detector) are flagged (Tabl€ 5.7 in the agign An X-ray photometric
guality flag is also assigned to each source based on theyjoalihe plateau fit, portion of
pixels outside the detection mask, presence of anomalatsrés in the X-ray background and
visual screening.

The Lx(< rsgg) is then used to update the valuesTgho, Msoo, 500, @aNd Yx (< Isgg) in the
current iteration. We utilize the—T, L - M andL - Yy scaling relations from Pratt et/al. (2009).
These scaling relations are best suited for our purposesefaral reasons. They were derived
from XMM-Newtonobservations (removing possible calibration issues betwelations de-
rived from diferent instruments) of a representative cluster sample (ESS| Bohringer et al.
2007). The sample covers a great range of the cluster lumyrfaaction without a bias towards
a morphological structure type (like e.g. presence of aiogatore or merging activity). The
distribution of REXCESS clusters according to their morply is therefore closer to the distri-
bution of clusters expected to be detected in surveys donditAdditionally, theL — M relation
is based on thé — Yy andYy — 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 relationfibcients from BCES
orthogonal fits/(Akritas and Bershady 1996), which do nditffgyg as the independent variable,
since our only measured independent variable is inlfg€t rsog). At this stage it is impossible
to safely detect and remove emission from possible coolimgscbecause of the limited resolu-
tion of XMM-Newton Therefore we opt not to do so and use the relations thatdediue core
regions.

The redshift range covered by the REXCESS sample is rebatdreall (z < 0.2). In this
range no significant deviations from the self-similar etoln were found. Since our sample
extends outta ~ 1, where deviations are expected, we test how large is theeméke of a slower
than self-similar evolution on the estimated physical paters in Secf. 5.6.1. The exact form
of the evolution is still an open question (Arnaud 2005; Raoat al. 2007) with the first solid
detection made only recently by the Chandra cosmology grdgee Vikhlinin et all 2009a).
The exact shape of the evolution law is still not well conisied and thus can not be reliably
incorporated into the parameter determination. The REXEE&nple also does not sample the
temperature distribution below 2 keV, where a substantial part of our sample is lying.

We then use th&/lsg estimate to obtain a newgg radius fromrsgg = \3/3M500/47r50()oc(z),
wherepc(2) is the critical density of the Universe at redslzifin the next iteration this newsgg
aperture is used to recalculate the luminosity and the wh@leess is repeated until converging
to a final solution.

The described algorithm was also applied to the clusters@PJ2332-5358 and SPT-CL
J2342-5411 ifSuhada et all (2010) detected in the extension of the XMM-B@S8ey. These
sources have been independently analysed by Anderssan2040) using deeper data (from
XMM- Newtonfor the first cluster and fronChandrafor the second). Their results are in good
agreemthWith our values, demonstrating that our method yields robesults. We discuss
several possible sources of systematic errors of this groegn Sec{.5.611. Physical parameters
determined for the present cluster sample are displayedhtelb.6.

As a summary we provide here a compilation of scaling refatiased to estimate the para-
meters in Table 516. The bolometric luminosity based sgaktations forrsggas described above
are taken from Pratt et al. (2009):

h(z)_7/3|_ 1/2.08
M =2x10“M 1
x10 9(1.38>< 10 erg st ®-1)
B h(Z)‘lL 1/3.35
T=s kev(?.lsx 10%erg sl) (-2)
h(z)_g/SL 1/1.04

_ 4

Yx = 2x 10 M, kev(535>< T0erg st (5.3)

2For SPT-CL J2342-541 %10 = 1.08) the agreement is very good overall, for SPT-CL J23328%Zpot0 =
0.32) our spectroscopic temperature estimate is higher titeAndersson et al. (2010) value (but consistent within
the error bars). Mass and the Yarameter in this particular case were calculated fromeimperature scaling rela-
tions and are therefore overestimated. In the present woek(-ray luminosity is the only direct cluster observable.



5.4 Photometric redshift estimation 75

In order to estimate the mass in thgg aperture, we use the approximation provided by
Hu and Kravtsav (2003) to iteratively calculate the parasrsedf a NFW profile (Navarro et al.
1997) from theMsgg mass and assuming the Bullock et al. (2001) relation for tneentration
parameter calculation. The NFW profile was then used to palate the mass from thggg
to ryg0. The beta model extrapolation correction is calculatedh whe beta model parameters
obtained from scaling relations lof Reiprich (2001), see &isioguenov et al. (2007):

0.63 1/3

and g = 0.4( 1I-<reV) . (5.4)

rcore = 0.07 X r500(1 keV)

5.4 Photometric redshift estimation

In order to measure the photometric redshifts (photo-zg¢hefX-ray selected systems in our
sample, we applied the red-sequence redshift estimatioe Blanco Cosmology Survey imaging
data which covers two 50 dépgatches of the southern sky and includes the full area ofrésept
XMM- Newtonsurvey. The details of the method will be provided in Sond.gfsabmitted), here
we give its brief summary.

The raw data has been reduced and processed using the daigememt system developed
for the upcoming Dark Energy Survey (Ngeow et al. 2006). A tiime of preparation of this
paper, the status of the processing pipeline is not fully mlete. This &ects the accuracy of
photometric redshift presented here withir 3%. The overall uncertainty of the photo-zs is on
the~ 10% level.

The red-sequence redshift estimator utilizes all avagléiliers, ¢-, r-, i-, andz) to search for
redshift peaks in the density distribution of galaxies with radius of 0.8 Mpc centered on the
X-ray detection. The contribution of background galaxgesestimated from a surrounding’36
36 sky patch and statistically subtracted. For each X-raytetusandidate the whole redshift
range fromz = 0 toz = 1.05 is scanned through using simultaneously two colors treatket
the 4000 A break at the given redshift. This suppresses éalealensity peaks at transitional
redshifts where the 4000 A break moves between two adjaegise.g. the transition between
theg andr band aroundz ~ 0.35). Once a peak in redshift space is identified, we refine the
redshift estimate by fitting a Gaussian function to the rétdskensity distribution. We then
select cluster members in a stripe (0.05 width in color) adothe estimated red-sequence. The
final cluster redshift value is calculated as the inversercetror weighted mean redshift of
the selected member galaxies. This assures that the hgyiadfi the photo-z values for the
whole system is always better than for any individual galaxy example of the galaxy density
distribution in the redshift space for cluster ID 018 is shaw Fig.[5.5 (its redshift is close to
the median redshift of the cluster sample). In a few casestwoore solutions were found by
our algorithm. For these systems we visually check the nbthredshift distributions and select
the more likely solution given the positions of galaxieshwigspect to the X-ray emission.

The described photo-z estimation method allows us to medbkarcluster redshift with good
precision up t@ ~ 0.8 even for X-ray selected groups. While care was taken tombttiable
results also foz > 0.8 systems (see Fig. 5.6 for two examples), here the alreathinelol
Spitzermid-infrared observations will provide an important impement in subsequent work.
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Figure 5.5:Left: Pseudo-color image of source ID 018 from the Blanco Cosnyofagvey in
riz bands. X-ray contours are overlaid in white. Right: Galakgtemetric redshift histogram
for the same source. The bottom panel shows fhiedBstribution for this source. The estimated
redshift isz = 0.39.

The final photometric redshifts are presented in Table 5.6noke detailed analysis of optical
counterparts for our systems including luminosity andmats 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 elisshs compact objects, to derive precise
physical parameters and later for cosmological modelingortler to make a first step towards
these goals we have carried out spectroscopic observati@isubsample of our clusters in the
redshift range = 0 — 0.4.

The observations made use of the EFOSC2 instrument at tha 8léw Technology Tele-
scope (NTT) in La Silla, Chile. The observations were careeit in September 2010, with
typical exposure times of 840 seconds (two spectra perazlud20 seconds each). Our long slit
observations have been obtained using Grism #4. The sl#$\idth) were placed on the BCG
and an additional cluster member candidate.

A standard reduction process was applied to the data usiA§ ’Bsksl The observations

3iraf.noao.edu



5.5 Results 77

Figure 5.6: Pseudo-color images in ttie bands of the two X-ray detected (white contours)
systems with secure photo-z values abbwe0.9. Both clusters have a BCG coincident with the
center of the X-ray detection.

were bias subtracted, cleaned from cosmic rays, and flaefiel&or each galaxy we have ob-
tained two spectra which were sky subtracted and combinedtease the signal-to-noise ratio.
The wavelength calibration was carried out by comparisdh exposures of He and Ar lamps.

The final spectra were then correlated with a database ofty&taplates. The galaxy red-
shifts have been primarily anchored by the H and K lines ast400A break. Spectroscopic
redshifts have been secured in total for 12 BCG galaxies.olm §ystems a second member
galaxy in the slit had good signal-to-noise ratio in ordesafely estimate its redshift as well.
In all four cases the galaxies were found to have concoraatshifts with the BCG value. The
spectroscopic redshifts of the galaxies are summarizealiel5.2 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 determinedhferd6 clusters in the present sample.
The measured X-ray luminosity of the systems (Sect. 5.3 1@)the photometric and spectro-

scopic redshifts (Sedt. 5.4 and 5]4.1) are used as inputsdatuster scaling relations to estimate
further physical parameters. Ancillary X-ray information the individual clusters can be found

in Table[5.7.
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Table 5.2: Spectroscopic redshift for 12 clusters in thshd@tdrangez = 0 — 0.4. The redshifts
were obtained from long-slit spectroscopic observatidnh@ NTT telescope. The redshifts
of the BCG galaxies are in th#,.. column. Four clusters have a redshift for one additional
member galaxyzfpe(). Photometric redshiftg,o, are taken from Table 5.6. For five systems we
also provide the photometric redshifts from the SCS surig§9, M10).

1D ZsApec ZsBpec Zphoto r?osto
70 0.152 0.152 QA7+0.03 0.12
94 0.269 @9+ 0.04

127 0.207 0.209 @2+0.02

139 0.169 a8+ 0.01

150 0.176 0.173 Q@0+0.02 0.14

152 0.139 L7+ 0.02

227 0.346 B5+0.04

430 0.206 0.205 .a8+0.01

457 0.1 010+ 0.01

476 0.102 0+ 0.01 0.1

511 0.269 @6+ 0.02 0.2

547 0.241 @®2+0.02 0.18

We display the X-ray luminosity of our systems as a functibmealshift in Fig.[5.8. The
redshift, temperature and mass distributions are showngirisd. The median redshift of the
cluster sample ig = 0.47. Six of the systems have photometric redslzfts0.8. Three of these
have redshifts consistent with unity, although the photmaertainty in this regime is large. The
median temperature of the clusters-i2 keV and the median B4, mass 9x 10'3 M,, (based
on luminosity scaling relations). We are thus able to prditeedustefgroup transition regime
practically at all redshifts out to~ 1.

5.5.2 Survey sky-coverage

The simplest statistical characteristics of a cluster eyiare its area coverage as a function of
limiting flux (sky-coverage functigrand the cumulative surface density of the detected objects
above the given flux limit as a function of flux - the so-calledN — log S relationd

In order to properly determine the survey’s sky coverag@edgnowledge of the survey’s
selection function is necessary. For the simple case whesdlection function is the function
of only flux, the sky coverage is then the selection functibthe survey scaled by its geomet-
ric area. Especially for the case of extended sources thatgih is more complex, since the
selection function depends also on other parameters (e.gailwrce extent andfeaxis angle).
These &ects can only be accounted for by Monte Carlo simulationsth&tmoment, without
the simulations at hand, we can still provide a preliminampirically calibrated sky coverage
calculation and cluster log — log S relation. We will demonstrate, that these simple approsiche

“We use the standard notation of this relation, but keepngiti as the source flux rather th&n
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Figure 5.7:Top left: Redshift distribution of the presented cluster sample dasethe photo-
metric redshifts obtained with the red sequence fitting wetiop right: X-ray temperature
distribution estimated from the L-T scaling relation of &t al. (2009).Bottom: Distribution
of the cluster masses in thgy aperture calculated from the luminosities using thé/Lscaling
relation from Pratt et all (2009) (see Séct. 5.3.3).

show good agreement with the design aims for the survey demtlprevious measurements of
the cluster lodN — log S function.

While our source detection pipeline utilizes multiple aiten bands and likelihood thresholds
(Sect[5.B) we will for simplicity (and ability to compare rowesults with published work) char-
acterize detections made in the standafd-02 keV band with a 3 detection threshold and a
50~ extent significance.

In order to obtain the survey sensitivity function for exded sources, we first calculate the
point source sensitivity for each field. This is a simplektsisice it does not require treatment of
the source extent. We calculate the point source sengifiuiiction by analytically inverting the
detection likelihood calculation (described in Séct. B)&nd obtaining the minimal count-rate
necessary for a point source to be detected at the requitedtid® threshold given the local
background and exposure in the detection cell.
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Figure 5.8: Left: Detection likelihood (deml) as a function of total detected source counts (PN
detector only) for point sources (open circles) and thealetkeclusters (full circles). Clusters
are color coded by their extent (beta model core radius)h@&dsed line shows the best fit linear
relation in thedet ml - counts plane for point sources. The solid line shows theesatation

for extended sources (with slope fixed to the point-sourkeTytpically, an extended source has
to have 2.4 times more counts than a point source to be ddtattbe saméet_ml value. See
Sect[5.5.P for detailsRight: Luminosity in the 056 — 2 keV band (object rest-frame) for the
presented cluster sample as a function of redshift. Thedihmevs the luminosity of a cluster
with a measured flux & 10** erg s* cm2 (unabsorbed, observer rest-frame).

The procedure is repeated for each survey field and the sem@dtcombined for the whole
survey area. In the areas where two or more fields overlapomweare the sensitivity maps pixel-
by-pixel taking the highest reached sensitivity (i.e. lstdcal count-rate limit) at the given
position. This procedure is chosen because the presembgatas derived from the detection
pipeline that ran on each field individually. An alternatapproach is to combine the fields
before detection - reaching slightly deeper flux-limits e toverlapping ared&s This comes at
the cost of losing the information on the local PSF shape hgelde maximum-likelihood fitting
algorithm, since the same sky location in twéfeient observations is imaged affdrent df-axis
and position angles and thus withffégrent PSF. Both approaches give comparable results and
we opt here to characterize the main scheme (i.e. deteatiomdovidual fields).

The mediarpoint source sensitivity calculated in this way for the whole syrarea is F x
10715 erg st cm2 for a energy-conversion fackbof 1.5x 102 erg st cmr2. The corresponding
sky coverage as a function of flux is displayed in Eig] 5.9.

In the next step, we attempt to obtain a first order approxondb the sky coverage function
for the extendedsources by a simple scaling to the point source function.ign®8 (left) we

5This was done for the ancillary catalog using the waveletctain algorithm.
6Assuming a power law spectrum wikh= 1.7 andny = 1.25x 10?° cm2 (median value of the galactic column
density in the survey field) and using an on-axis PN respolese fi
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Figure 5.9: The survey sky coverage. Dashed line shows themkerage as a function of
limiting point source sensitivity in the.— 2.0 keV band. The empirically estimated extended
source sensitivity is shown with a solid line. The mediampsburce sensitivity of the survey
is 37 x 107*® erg s cm?, median sensitivity for the extended source®»®101° erg s* cm2
(vertical line).

show the dependence of the detection likelihood (i.eddteml parameter) on the total detected
source counts for point sources and the confirmed clustams &ur sample (full circles).
Photons from extended sources are distributed over a largarand thus require more counts
to reach a given detection likelihood compared to point sesir For those, a simple linear
relation in the log-log plane is a good description of therdsudet ml relation (dashed red line
in Fig.[5.8). Since the number of our clusters is small a sindihear relation for them is only
very weakly constrained. We therefore fix the slope to thaeflom the point source fit leaving
only the intercept as a free parameter (solid red line). Tisebof the extended-source best-fit
line translates to a factor of 2.4 between the total requsmdts of point and extended sources
at any giverdet_ml. Fixing the slope has also the advantage that ffsebis independent of the
selected detection threshold. The best fit line roughlyofed the locus of clusters with extent
(beta model core radius) close to the median value 20”’. The solid red line in Fid. 518 (left)
thus roughly gives the detected counts for a cluster witypécal extent detected with a given
likelihood. We then use thisfset factor to scale up the point source sky coverage fun¢sies
Fig.[5.9). The median flux limit for such sky-coverage i8 9 107 erg s* cm2 (using the
median ECF of our sample). In Fig. 5.8 we display the lumityestdshift plane for our survey.
The luminosity threshold for a flux limited samplg,(, = 1 x 101* erg s* cm2) is also shown,
demonstrating a rough agreement with our calculation. Mwein the present sample we also
include fainter sources than this threshold (the lowestteluflux is~ 6 x 107 erg s* cm2).
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This approach underestimates tlkeet of clusters with larger extent - and thus overestimates
the sky coverage at given filid-lowever, since the detection probability itself is a stréungction
of source extent, the only way to properly account for fis@ is through realistic simulations.
We present examples of preliminary sky coverage functiongxktended source detection
on several (non-XMM-BCYS) fields based on such Monte Carlaiitions (Muhlegger 2010)
in Fig.[5.1%, discussed in Seft. 518.3. These first resulidata our attempt to model to first
approximation the extended source sky-coverage by scilengoint source curve and also con-
firm that the scaling factor between them is roughlg.4 (this scaling factor is expected to hold
only for simulations with roughly same depth as ourd,0 ks).

5.5.3 ClusterlogN —logS

We now use this empirical sky-coverage in order to calculagesurvey’s lodN — log S, defined
in standard way as:
Nc

NG fy) = le 5 (1f)i<)deg‘2, (5.5)

whereNc is the total number of clusters a{f}) is the extended source sky-coverage cor-
responding to the flux of thieth cluster. We characterized the survey sky coverage amla f
hypothetical single band ®- 2 keV) detection scheme. Since such a detection scheme is not
part of our pipeline, we opt to draw a subsample from our elusatalog derived from the three
band scheme (which includes th& 86 2 keV). We consider for this calculation only clusters that
would have also been detected in this hypothetical singld ban by setting the same detection-
and extent likelihood thresholds used for the sky-covecadgulation in the previous section.

This requires us to recover the actudh 6 2 keV band detection likelihoods from the total
det_ml parameter, which includes contributions from all threeedgbn bands. As we described
in Sect[5.Bdet_ml can be interpreted aket_ml = — In Pang With Pang being the probability of
a false detection arising from pure Poissonian fluctuati®he actual definition of this parameter
is slightly more complex:

detml = —In(1-T(0.5v,L)), (5.6)

wherel is the incomplete gamma function and its arguments are thbauof degrees of free-
dom of theemldetect fit (for extended sources = 3+ the number of detection bands times
number of instruments) and L is the sum of all the individuiedlihoods (using the C statist-
ics of|Cash 1979). This definitionffectively converts the joint likelihoods to two degrees of
freedom allowing to compare detections fronftelient combination of bands and instruments.
However, for the conversion to a single band detectionitikeld, we need the original individual
likelihoods which we obtain by numerically inverting EEg63or each source.
We then calculate the joint detection likelihood from alieé instruments in the single.50-

2 keV, band (all three detection probabilities being indejent) and subsequently calculate the
new det_ml parameter normalized back to 2 degrees of freedom using.Bqg. Bhe number

"The fit with a free slope gives arffeet factor of~ 4, the fit being skewed towards the locus of very extended
clusters.
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Figure 5.10: The lo® — logS of the present sample in the50- 2.0 keV band. Fluxes are
calculated in thasoo aperture. Results from several surveys are also shown: RDEROSAT
Deep Cluster Survey, Rosati et ial. 1998), 400%ckgvey (Burenin et al. 2007; Vikhlinin et al.
2009a) and the XMM-LSS (Pacaud etlal. 2007). See mbdefails.

of clusters that have this new single badek ml1 parameter above the required threshold (i.e.
equivalent to~ 30) is 40.

Finally, we calculate the loy — log S according to Ed. 5|5 and the variance of the number
counts asr? = Y. 1/Q(f})%. The recovered curve (see Fig.5.10) is in good agreemeht wit
the logN — log S of other surveys: e.g. the RDCS survey (the ROSAT Deep Gl&ievey,
Rosati et all. 1998), 400 dégurvey (Burenin et al. 2007; Vikhlinin et al. 2009a) and thdM-
LSS surve@ (Pacaud et al. 2007). Since the area and depth of the XMM-uB&¥ are a good
match to our survey we discuss their comparison in moreldetgec[5.8.4.

We note, that we used the fluxes in thg, aperture for our calculation whereas the XMM-
LSS uses a fixed physical aperture dd Mpc (typically very close tosog), RDCS~ 80—90% of
the total flux (i.e. integrated out to infinity) and the 400 #isgrvey the full total flux. We have
chosernrsoo becausea) it requires less extrapolation based on a beta model whaoaepters are
typically highly uncertain and is itself not necessarilyod description of the surface brightness
profiles and) it is the most natural choice when comparing to theoreticadijgtions. However,
assuming a typical cluster witligo = 0.5 Mpc well described by a beta model withy (.ore) =
(2/3, 180 kpc) the flux extrapolated to infinity would be higher-by/3 moving our curve along
the x-axis to higher fluxes only very slightly - even closettie RDCS and 400 dégurvey’s

8 Note that the XMM-LSS curve is only digitized from the figureRacaud 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 redskiftgates with spectroscopic measure-
ments in the redshift range= 0 — 0.4. Left: Comparison of our photometric redshift estimates
(red, I error bars), with spectroscopic values (green). Brighteeg points mark clusters,
where we have two concordant galaxy redshifts, while dagkeen color indicates clusters for
which only the BCG has a spectroscopic redshift. The photocesdshifts obtained by the
SCS survey (M09, M10) are shown in blue. The x-axis displagsctuster ID number. The ob-
jects are sorted in increasing redshift order. The bottonepshows the residuals of the photo-z
values with respect to the spectroscopic measureni@ght: Cumulative histogram of the dif-
ference between the photometric and spectroscopic redsirihalized by the & uncertainty

of the photo-z values, i.eD = |Zynoto — Zsped/0phote The dashed line shows the expectation for
the Gaussian distribution. Both curve are in good agregmeétit a Kolmogorov-Smirnov test
confirming that the distribution of thB values is Gaussian at the 96% confidence level.

relations.

Uncertainties of the flux estimation (including the uncertta of the photo-zs) fiiect the
logN — log S only in a minor way. The main source of uncertainty (not inled in the error
bars) is our current lack of knowledge of the survey selectioction (and thus only tentat-
ive description of the sky-coverage). The good agreemettt previous work gives, however,
support to the present preliminary approach.

5.5.4 Comparison of spectroscopic and photometric redshg

For a subsample of 12 clustes< 0.4) we have obtained spectroscopic redshifts of their BCG
and in four cases also for an additional member galaxy (5e€fl). We compare the spectro-
scopic redshifts with our photo-z values in Hig. 5.11 (le@ur photometric values (red points)
agree well within the error bars with the spectroscopic métss of the BCG (green points,
brighter green points mark the clusters with two concordadshifts). Blue points mark the
photo-zs for five of the systems obtained by the SCS survey@(M10). These values exhibit

a systematic bias toward lower redshifts, with a mean radatifference of 19%. A similar
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trend is also visible in Fid. 5.12 (top left) where we compaue photo-z values with the SCS
measurements for all clusters common to both samples.

The right panel of Fid. 5.11, displays the comparison of tieotute diference of our photo-
metric and spectroscopic estimates in units of photo-z,8re= |Zpnoto — Zsped/ T photo: A COMpAr-
ison with a Gaussian expectation shows an agreement at #hecO6fidence level, confirming
both the good precision of our photo-z estimates and reatisscription of their errors.

The present spectroscopic sample covers only part of trehiftdange and does not allow
us to check the photometric redshift calibration at higleelshift. 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 coverand has been already studied
by the Southern Cosmology Survey (M09, M10, Mclnnes et 8092@vho identified in optical
data a number of clusters in this area. Due to a significamlagvevith our cluster catalog we
will address a more detailed comparison in Sect. 5.5.6.

In search of other known sources coincident with our clsstere make use of both the
NASA/IPAC Extragalactic Databd$and the SIMBAD Astronomical Databals®.

First we looked for associated known clusters. For thisyaeyearch radius of B0vas se-
lected, finding a single match - the cluster 400d J2325-5d48r(ative name: [BVH2007] 240)
identified in the 160 Square Degree ROSAT Survey (Vikhliiale 1998a; Mullis et gl. 2003)
at spectroscopic redshift = 0.102. This cluster is coincident with our cluster ID 476 with
photometric redshift of 0.1 being in full agreement with #peectroscopic value. The source is
also part of the 400 Square Degree ROSAT Survey. See AppBRIX for more details on this
source.

We also list galaxy matches, if they are within a 16 arcsesmaich radius from the X-ray
center in Tablé 518 (in the appendix) with matches comingnftbe 2 Micron All Sky Sur-
vey Extended objects catalog and the APM galaxy survey (Skieiet al. 2006; Maddox et al.
1990, respectively). Out of 13 matches, only two galaxieshaown spectroscopic redshifts,
both obtained in the frame of the 6dF Galaxy Survey (Jonek 2084). The first is 2MASX
J23254015-5444308 at= 0.101 coincident with the brightest galaxy in cluster ID 47eT
redshift value is concordant with the redshift from the /480 Square Degree ROSAT surveys.
The second match is the brightest cluster galaxy of the syHdel 50 at redshifz = 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-wavétedaga, but very little spectro-
scopic measurements. This makes the ongoing spectrogotipwe-up program very important,
as redshifts are essential for full utilization of the aable data sets.

Radio sources coincident with the X-ray detected clustandatas the SZE signal (filling the
decrement). We checked for intervening radio sources bgsetorrelating our cluster catalog
with the NED database with a 1 arcmin search radius. We finddib1sources detected at 843

9nedwww.ipac.caltech.edu
Osimbad.u-strasbg. fr/simbad/
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Table 5.3: Radio sources within 6@rom the X-ray centers of the detected clusters. The quoted
flux density S is at 843 Mhz (36 cm) for the SUMSS sources and8&t @Hz (6.2 cm) for the
PMN detected object. The radio counterparts were obtanoed the NASAIPAC Extragalactic
Database.

ID Object Name R.A. (deg) Dec(deg) S (mJy) separation (
018 SUMSS J232952-560723 352.4677 -56.1231.934.8 56
035 SUMSS J233345-553817 353.4416 -55.6382.7 1.8 6
044 SUMSS J231654-545406 349.2274 -54.9019.0 +81.0 14
109 SUMSS J232737-541622 351.9047 -54.2730.126.2 9
110 SUMSS J233003-541424 352.5146 -54.2402.313.1 6
189 SUMSS J233044-560123 352.6860 -56.0233.11%.8 36
210 SUMSS J233406-554708 353.5253 -55.7857.9 +0.7 3
288 SUMSS J233459-545535 353.7495 -54.9265.541.6 37
426 SUMSS J232138-541849 350.4092 -54.3137.732.9 14
534 SUMSS J232446-552432 351.1951 -55.4089.141.5 17
546 SUMSS J233113-543025 352.8076 -54.5071.623.3 26
150 PMN J2330-5436 352.5075 -54.6097 .®28.0 34

MHz by the Sydney University Molonglo Sky Survey (SUMS, Mawet al. 2003). The source
PMN J2330-5436~ 30 arcsec from cluster ID 150, was detected by the ParkesNRAO
(PMN) southern survey at 4.85 GHz (Gregory et al. 1994). $ief all identified radio sources
is given in Tablé 5.3.

5.5.6 Cross-correlation with the Southern Cosmology Surweclusters

The Southern Cosmology Survey (SCS) carried out an optioaters search using the Blanco
Cosmology Survey imaging data. Menanteau et al. (2009 afteravi09) provided a catalog of
optically selected clusters with photo<z0.8 in a 8 deg field partially overlapping with the 6
ded region presented in this work. Menanteau et al. (2010, Mié) followed up this work by
creating a cluster catalog using the full 2002007 BCS survey data (i.e- 70 ded, thus fully
covering also the whole XMM-BCS field), detecting 105 clust@ith M > 3 x 10** M, and
photo-x 0.8.

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

The SCS catalog provides the BCG coordinates for each systel® our catalog lists the
X-ray centroids. For cross-correlation of the two catalegstake a conservative 60natching

11 In present work we thus do not consider SCS clusters thatlig partially in the 6 degor in the 8 ded
extension.
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radius, which yields 19 clusters. We summarize the progedf matched clusters in Taljle 5.4
and provide a more detailed comparison of their paramatefsei next two sections.

Comparison of photometric redshifts

First, we turn to the comparison of the photometric redshidr the 19 matches. M09 and

M10 utilize the BPZ code (Benitez 2000) to estimate phaovkile our method is based on the
red-sequence method as described in $edt. 5.4. For the 868rslwe use the photo-z errors
published in_Mclnnes et al. (2009) where possible (the MO® M0 catalogs do not provide

error bars). For the remaining cases we assume a 15% errioh i8tthe mean precision of the

photo-zs where errors are available.

As can be seen in Fig. 512 (top left) there is no case of cafast disagreement. We find
a gap in the SCS photo-z distribution in th&®- 0.5 photo-z range that is not present in our
redshift distribution. The most important feature is, hoarethe systematicftset between the
photo-z estimates. The SCS photo-zs are on averag@% lower than our values. This trend
roughly holds in the whole redshift range, as can be seen fhmrphoto-z residuals plotted
against redshift in Fid. 5.12, bottom left). We found a sanibias when comparing the SCS
photo-zs to the spectroscopic subsample in $ect.15.5.4thEdive systems with spectroscopic
redshifts the photo-zs were on average underestimatedl®po.

In order to investigate potential sources of the discrepane check whether the photo-z
residuals depend on any of the available parameters, mstriamtly the richness parameter
Nooo, integrated optical Iuminosityggg and the BCG-X-ray centroidffset. However, we do not
find any statistically significant dependence.

X-ray - optical mass comparison

M09 and M10 provide rough mass estimates for their clustased on the optical proxidqg
and ngg using the scaling relations from Reyes €t al. (2008). Thieness estimatol,qg IS
defined as the number off &0 ridgeline cluster members brighter thadl0. The integrated
cluster luminosityLoh; is the summed band luminosity of the member galaxies included in the
N,oo calculation. Both parameters are calculated within antapemwhere thegalaxy density
equals 200y times themeandensity of galaxies in the Universe. Fortunately, Johnstai.
(2007) found that this aperture is an unbiased estimateeofatiius where thmatterdensity is
200 times thecritical density of the Universe, i.e. the optical masses and ouryXesiimates

come from roughly the same apertures and can thus be dimtipared.



Table 5.4: The 19 SCS clusters recovered in the XMM-BCS sur®&CS References: M09 - Menanteau etlal. (2009), M10
Menanteau et al. (2010). The optical maslyh(sggg) andM(Nqo) are taken from M09 and M10, the weak lensing mass measur
ments are provided hy Mclnnes et al. (2009). The X-ray massages obtained in the present work are taken from Table 5.
The ID of the X-ray counterpart and its distance from the BG&lasted in the last two columns. The masses are in units (

10" M.
SCSID Ref. photo-z M(Ep) M(Npoo) M M3  XMM-BCSID separation
SCSO0 J233430.2-543647.5 M09 0.35 36 61 - 142+ 3.0 357 266"
SCSO0 J232211.0-561847.4 M09  0.61 56 46 .7*&' 183x40 527 16”
SCSO0 J232540.2-544430.9 M09  0.10 21 86 .3'® 107+23 476 32"
SCSO0 J232230.9-541608.3 M09  0.12 16 100 5% 250+51 70 ae6”
SCSO0 J233000.4-543707.7 M09 0.14 12 43 - 129+ 26 150 177
SCSO0 J232419.6-552548.9 M09  0.18 12 25 <26 42111 o547 107
SCSO0 J233215.5-544211.6 M09  0.20 17 33 21 o97=x21 511 1007
SCSO J233037.1-554338.8 M09  0.20 10 27 2187 7917 34 23"
SCSO0 J232200.4-544459.7 M09  0.27 17 39 6% 176+36 136 39”
SCSO0 J233522.6-553237.0 M09  0.29 22 32 5/ 48x+12 528 174”7
SCSO0 J232956.0-560808.3 M09  0.32 20 39 .3%3 152x32 18 17"
SCSO0 J232839.5-551353.8 M09  0.32 10 17 9187 198+42 88 362”7
SCSO0 J232633.6-550111.5 M09  0.32 28 32 <48 165+34 126 31”
SCSO J233003.6-541426.7 M09  0.33 9 29 1287 146+31 110 o
SCSO0 J232619.8-552308.8 M09  0.52 12 21 1285 118+26 82 Q5”
SCSO J231651.0-545356.0 M10 0.36 27 39 - 316+6.5 44 247"
SCSO0 J232856.0-552428.0 M10  0.57 35 20 - 83+19 90 67"
SCSO0 J233420.0-542732.0 M10 0.56 36 27 - 172+ 3.7 158 416"
SCSO J233556.0-560602.0 M10  0.64 47 25 - 712+1.7 386 313"
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Figure 5.12Top left: Comparison of photometric redshifts for the 19 common elusbm our
sample and the SCS cluster survey from Menanteau et al.|20@PMenanteau et al. (2010).
Top right: Comparison of masses for the same cluster sample inghaperture determined
from the measured X-ray luminosity through scaling relagi¢x-axis) and the mean of the optic-
ally determined masses MZE;) and M(Nxgo) (Table5.4). The red line marks equality in both top
panels Bottom left: Photo-z diferenceA = photo-z(SCS})- photo-z(XMM-BCS) as a function
of our estimates of redshiftsBottom right: Mg differenceA = M,po(SCS)— M0o(XMM-
BCS) as a function of our estimates of redshifts. The optiadses are significantly higher than
the X-ray estimates especially at the low and high redshitise See text for discussion. Green
points in all plots mark clusters from M10, black points tad®m MO09.

In Fig.[5.12 (top right) we compare our X-ray masses with thgcal massedl (Nyq) calcu-
lated from theN,og parameter. The optical masses are estimated to be accutlaite afactor of
two (M09), where this factor should include also the undetyan extrapolating the Reyes et/ al.
(2008) scaling relations to higher redshifts (the scalielgtions were calibrated for redshifts
z < 0.3). We used the factor two uncertainty to calculate MN,q0) error bars in Figl_5.12.
We find that the optical masses are significantly higher tharXtray mass estimatég,q by a
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factor of~ 2.6 (median value).

Reichert et al. (submitted) investigates X-ray luminosiged scaling relations on a large
compilation of cluster samples from the literature. They famly very few systems deviating
from the mearL — M relation by more than a factor two (i.e. with actual mass twmore times
higher than the luminosity prediction). We thus do not expec masses to be underestimated by
similar factors even in individual cases. The observedibiasass goes in the opposite direction
as that found in the photo-zs (i.e. photo-zs were underastidnwhile masses overestimated).
The photo-zs, however influence the mass estimates anddtesreis not straightforward to
disentangle all the factors contributing to this discregyahe influence of the redshift uncer-
tainty is likely more important for nearby systems, wherteahslates to larger fierences in the
angular size of the aperture. The discrepancy oﬂ\meggg) masses is similar. We note here,
however that thé(L5h;) masses in M09 were obtained from the scaling relations géRet al.
(2008) prior to their erratum-correctiéf.

Bottom right panel of Fid. 5.12 displays the mass residuatsus our photometric redshifts,
but no clear trend is found. We check for dependence on additifactors (similarly to the
photo-z analysis in previous section), but again find nastielly significant relations. We
note, that the four clusters from M10 agree with our measarggbetter than all but one cluster
from MO9.

Mclnnes et all.|(2009) provides weak lensing mass measutefoethe clusters found in
MO09. This includes 13 clusters found in our sample (for twohafse systems only upper limits
could be set). We compare the weak lensing masses with oay Xstimates in Fig. 5.13. The
agreement is significantly better than fd{N,qq) masses, although the scatter and uncertainty in
the weak lensing mass estimates is large. From their fulptaivicinnes et all (2009) also noted
that theM(L5h;) seem to overestimate the total mass compared to their eealnl estimates.

An in-depth comparison of optical and X-ray masses will baradsed in an upcoming work,
where we will provide also our own measurementigj, and ngg (Song et al., in prep.). This
will allows us to properly investigate the presence of pboé&ibiases in the dierent 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 survelidve no X-ray counterparts we
provide X-ray flux upper limits in Table 5.5 and a mass limingsthe SCS photo-z value.

The flux limits were calculated using the same procedure asised for the survey sky
coverage calculation (Se€t. 55.2, i.e. calculating theimmal 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 photoime#dshift from either M09
or M10. We calculated the mass upper limits from the M scaling relation as detailed in
Sect[5.3.8. The obtained upper limits on the mass are cenadily lower than the MQ®110
estimates.

We also check for possible miss-classification (or confusiopresence of a central AGN)

125caling relations with the updated ¢heients are available abrxiv.org/abs/0802.2365.
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Figure 5.13: Comparison of X-ray massés,{o, x-axis) with the weak lensing measurements
(M(WL), y-axis) from.Mclnnes et al| (2009) for 13 clusters ir@ample. Although the scatter
and uncertainties are large, the agreement is considebaitigr than with the optical masses
M(Naqo) displayed in Figi 5.12.

by cross-correlating the positions of these 11 clustenrs autr X-raypointsource catalog with a
threshold of 18. In this aperture we find no matches (except clusters ID 528@&r547 which
have also valid X-ray cluster detections, see Table 5.4)sThe non-detection of these clusters
are very likely caused by their low flux rather than incorrdeassification.

5.6 Discussion

In this section we discuss the additionfieets that influence the precision of the physical para-
meters provided in our catalog. We also give an outlook orufemming work in the context of
the XMM-BCS survey.
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Table 5.5: The 11 SCS clusters from Menanteau et al. (20GQ)lignin the XMM-BCS core
survey are but have no X-ray cluster detection we provideddhd mass upper limits.

SCS ID photo-z " Ly M

im
00

(SCS) (10'%ergstcm?) (10%ergs?) (10135M@)
SCSO J232829.7-544255.4  0.68 0.79 1.6 55
SCSO J233106.9-555119.5 0.19 0.69 0.1 1.3
SCSO0 J233550.6-552820.4 0.22 0.68 0.1 1.6
SCS0 J232156.4-541428.8 0.33 0.88 0.3 2.8
SCS0 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 14 59
SCS0 J232215.9-555045.6  0.56 0.84 1.1 4.8
SCS0 J232247.6-541110.1  0.57 0.72 0.9 4.4
SCS0 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 prauntie formal statistical errors for the
estimated parameters (Table]5.6) that include the Poigsorsef the flux measurement, a 5%
systematic error from the background modeling and thensittiscatter of the scaling relations.
Although we used the bolometric luminosity to calculateler physical parameters, here we
assumed the intrinsic scatter found in th&-02 keV luminosity relations. This scatter is slightly
larger than the bolometric one and it gives a more realistmr @stimates since the band lumin-
osity is, in fact, our only direct observable, while the tesrgiure required for the bolometric
correction is not. We determine physical parameters witloviong precision (mean across the
whole redshift and flux range): flux and luminosity+dl6%, Tsoo and Msgo to ~ 30%, and ¥go

to ~ 60%.

In this section we discuss several additional sources desyaic errors and their impact
on the estimated fluxes and other parameters. All below tepoelative errors are obtained by
averaging over the whole cluster sample. Several of thederexl €fects are redshift dependent,
but we typically allow broad parameter ranges and thus ogemainty estimates are rather
conservative.

1) Good precision photometric redshifts are crucial for theedrination of each physical
parameter. Photo-z estimates in the present work have a emsanof~ 10% and show good
agreement with the available spectroscopic measuren@ets[(5.5.4). In order to estimate the
impact of the photo-z uncertainty on the measured physiameters we féset the redshifts
(Table[5.6) by their & errors to both sides and rerun the iterative physical pammestimation
procedures (see Sect. 5]3.3).

We find that, for the fluxf(< rsqg), all values are consistent within theiluncertainty and
for most clusters the relativeftierence is below the 2% level (Fig[5.14, left). Change in the
photo-z dfects the flux in a complex way - it is entering directly the giyeconversion factor
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Figure 5.14:Left: The dfect of the photometric redshift uncertainty on the deteediflux in
thersgg aperture.Right: The dfect of the photometric redshift uncertainty on the deteadin
luminosity in thersgy aperture. Green points mark the relativeelience of flux (luminosity)

for photo-z increased byd 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), atgb during the iterative process
through the scaling relations, which then feed back intoaperture size itself as well as the
temperature which agairtacts the ECF value. This complex dependence explains ttteisch
the flux residuals in Fig. 5.14, leading tdf@rent convergence points forfidirent input photo-zs.
Interestingly, a lower photo-z value leads thigherflux in thersqg aperture. The reason is that
the direct &ect of decreasing the photo-z would be to a lower temperamdemass and thus
also reduce theso value. However, the redshift dependence of the angulaarttistis stronger
and thus theangular size of thersgg aperture is actually larger for lower redshifts, which lead
to the increase in the(< rsqg) values (we confirm this explanation by checking the flux iedix
sky apertures).

For luminosities the photo-z errors translate into 20% uncertainty (Fid. 5.14, right). Here
the dependence is dominated by the cosmological redshifiniig and thus higher redshifts
yield also higher luminosities. If we now use the perturbedshift and luminosity values to
recalculate temperatures and masses, we find thaistg@alues vary on the 7% level, while
for Msgg the uncertainty is on the 5% level.

2) In the present work, we have utilized the bolometric lumityoscaling relations of Pratt et
al. (2009) based on the REXCESS cluster sample (Bohrirtgdrn2007). The direct application
of these scaling relations, however, requires extrapoiatboth to higher redshifts (the REX-
CESS cluster sample includes only local clusters witfy 2) and to the low-mass regime of
groups of galaxies.

The physical parameters provided in Tdbld 5.6 were obtdigessuming the redshift evolu-
tion of the cluster scaling relations to be self-similarislis a standard assumption supported by
predictions of a purely gravitationally driven cluster gth (e.g. Kaiser 1986). However, there
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is increasing evidence, that the evolution of the luminposdaling relations is slower than the
self-similar expectation (see Reichert et al. (submitsedt) references therein). We test the influ-
ence of this assumption by using the simplified approachqseg by Fassbender et al. (2011a)
by removing the self-similar evolution factor from the t&as (the "no evolution” scenario).
This approach is consistent with the more detailed analylsReichert et al. In this picture,
the predicted temperatures are on average higher by 10% assesiby 18% compared to the
self-similar scaling relations. At the high redshift ead~(0.8) this dfect is even more important
(~ 20% and 30% increase, respectively), whileZar 0.2 the dfect is less than 5%.

3) The Galactic hydrogen column densities reported by the LABUHvey (Kalberla et al.
2005) are systematically lower by 27% than the Dickey and Lockman (1990) values in the
whole survey area. Thefect on the derived luminosities is, however, only margiral 6%).

4) In order to quantify the féect of possible deviations of the cluster metallicity frone t
mean value of 0.3 solar, we bracket the possible metadiginn the very conservative range of
(0.1, 0.6) solar. The corresponding rangé-gf< rsqg) deviations from the fiducial value (for 0.3
solar metallicity) is €1.2%, 1.5%), i.e. lower metallicities lead to higher luminositiegdavice
versa.

5) We also test the quality of the flux extrapolation correctimscribed in Sect. 5.3.3. The
correction cofficients are calculated by integrating a beta model betwegh (so00), if Ipiat <
rsoo. We use Ed. 54 to estimate tAeandrc parameters. Alternatively, we can use the canonical
valueg = 2/3 andrc obtained from the maximum likelihood fit in the source datetistep.
The two extrapolation method give fluxes (and luminositdéfering on average for the whole
sample by 2%. For individual objects the relativ&elience of fluxes is clearly correlated with
the amount of extrapolation needed and is roughly of thedilge correction itself. This means
that the extrapolation is currently very weakly constrdinEortunately, for the vast majority of
clusters it plays only a minor role.

6) The combined MOS1 and MOS2 counts are converted to flux anchasiies using the
MOS?2 response matrix (see Séct. 5.3.3). We have chosen ti#2M&3ponse matrix over the
MOS1, because some sources lie on the missing MOS1 CCD#6ewbaneaningful response
matrix can be calculated. If the MOS1 response is used idstiea luminosities obtained purely
from the combined MOS detectors are on average lower by 2@u@ixg clusters detected on
the position of the missing MOS1 chip). The fingl(< rsog) calculated as the weighted average
of the individual PN and MOS luminosities iffacted by less than3%.

7) The response matrices used in our analysis are calculatedifed radius of 150 arcsec.
This range is roughly the average extraction radius of ousters (i.e. from which growth
curves are extracted and local background estimated). Walate response matrices for two
additional radii - 60 arcsec and 240 arcsec, to check howph#tad averaging of the spectral
response impacts the derived ECFs and thus flux and lumynasithis very conservative range
of extraction radii we found the averagezt to be of the order of .2%.

8) The uncertainties in the absolute normalization of theative area of the detectors de-
crease the flux measurement precision. Nevalainen et dl0jZ0und an agreement between
0.5 - 2 keV fluxes measured by PN and both MOS cameras to be bettertha- 7% and for
ACIS onChandraand the PN found the fluxes toftér only by 2%.

9) We also tried to run the physical parameter estimation phaee (Sect_5.3]3) from sev-
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eral initial values ofTsqo/rs00. The iteration procedure always converged to the sameigojut
confirming its independence from the starting values.

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

A proper understanding of a realistic error budget of a elusample is crucial for its model-
ling in the cosmological context. From our analysis we firat tihhost é&ects are typically on the
~ 2% level (under conservative assumptions) and the majdribating factors are the uncer-
tainty of the photo-z measurements and the required exatpos of the scaling relations (both
in the range of 5- 30% depending on the parameter and the redshift of the systemna few
clusters an additional significant source of uncertaintyoisnected with the flux extrapolation.
A full self-consistent treatment of the error propagatimelding their full covariance matrices)
and its impact on the cosmological modeling of the samplebgibddressed in subsequent work.

5.6.2 Project outlook

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

e The X-ray cluster catalog will be extended to cover the whdleled area. The prelimin-
ary source catalog is already available and we will followthiig work by estimating the
photometric redshifts and physical parameters for theé@igsn the same way as presented
in this work. The full cluster catalog is expected to com@rsl0O0 clusters and groups of
galaxies.

e We will calculate the selection function based on Monte €annulations developed by
Muhlegger (2010). This analysis will allow us to constracivell controlled subsample
from the full cluster catalog that will be suitable for codogical modelling.

e A more detailed analysis of optical properties of the clisspresented in this sample will
be provided in Song et al., in prep. We will provide here measients of theéN,q, and
Lob parameters and investigate their mass scaling relations.

¢ A detailed comparison of the X-ray, optical and mid-infdhcduster samples will allow us
to gain good understanding of the selection function of eaethod. We will study the
clusteygroup population in this field and establish its multi-warejth properties. The
Spitzerimaging data will also be used to improve the photometrish&tiestimates, espe-
cially for distant systems with redshift> 0.8.

e We have initiated further X-ray-SZE studies based on a c@tioe with the SPT collabo-
ration. The current SPT cluster samples of Williamson g2811) and Vanderlinde et al.
(2010) include only sources with minimal detection sigmifice of &-. There are only two
clusters in the 14 dégbove this threshold, SPT-CL J2332-5358 and SPT-CL J2342;5
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independently detected also in our survBulfada et al. 2010). Using our X-ray selected
cluster catalog we can also safely investigate lower sicamifte SPT detections. As a first
example, cluster ID 044, (XBCS 231653.1-545413) was foorfthive a direct SPT detec-
tion at the 420 level (B. Benson, private communication). Another apphoia@ stacking
analysis of the SZE data for the X-ray selected clusterseHepreliminary analysis of
the top eleven clusters ranked by their X-ray predicted S&&ation significance yields a
2 60 detection. We will explore both approaches in more depthpcoming work, but
already now it is clear, that with a joint SZE and X-ray anayse are able to explore a
completely new mass regime for the SZE surveys.

e The multi-wavelength coverage of the field provides opputies also for non-cluster
science. As an example, we have detected a total of 3065 Xeiay sources in the survey
(1639 in the core region and 1426 in the extension). Mostesgelpoint sources are AGN
and using the available multi-wavelength data we will beedblcarry out a study with a
focus on the obscured AGN population.

5.7 Conclusions

e We have provided the analysis of the 6 @iédVIM- Newtonfield in the framework of the
XMM-BCS survey. We have carried out X-ray source detectioth @onstructed a catalog
of 46 clusters and groups of galaxies.

e Based on four band optical imaging provided by the Blancon@dsgy Survey we have
confirmed that these X-ray detections are coincident wittrdensities of red galaxies.
Using the red sequence method we have measured the phatoredshifts of these sys-
tems.

e We have initiated a spectroscopic follow-up program byyéag out long slit spectroscopy
observations using the EFOSC2 instrument at the 3.6 m N'EEdepe at La Silla, Chile.
We have obtained spectroscopic redshifts for BCG galari&g iclusters and in four cases
also for one additional member galaxy. This sample coversetshift range & z < 0.4
(i.e. roughly up to the median redshift of the sample) andtitutes the first spectroscopic
information for the field. We find good agreement between dwt@metric estimates and
the spectroscopic values, but the spectroscopic samplhses extended in redshift, in
order to be able to provide a rigorous calibration of the p¥rs.

¢ Using the redshift information we measured the X-ray lursities for our cluster sample.
From luminosity scaling relations we estimate their mogtamtant physical parameters,
e.g. mass, temperature and theparameter. We discuss the influence of several factors
on the precision of the provided estimates. The uncertahtye photometric redshift
estimates and the extrapolation of the scaling relatiortegh redshift systems and into
the group regime are identified as the most important fadt@asdetermine the overall
errors in the physical parameters. We verify our X-ray patmestimation method by
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analysing the C1 sample of the XMM-LSS survey (Pacaud et@7P We find good
agreement between the parameters provided by both pipeline

e The present sample of clusters and groups of galaxies ctwergdshift range from =
0.1 to redshift ofz ~ 1 with a median ok = 0.47. The median temperature of the clusters
is ~ 2 keV, and the mediaMsgo mass 9 102 M, (based on luminosity scaling relations).
With our XMM-Newtonobservations we are thus able tteetively probe the clustgroup
transition regime practically at all redshifts upze: 1.

e We provide a preliminary, simplified calculation of the seywsky coverage which does
not require extensive Monte Carlo simulations. Using thiswalation we characterize our
cluster sample by its loy — log S relation. We find good agreement with the relations
established by the RDCS survey (Rosati et al. 1998), 4Giegey (Burenin et al. 2007;
Vikhlinin et al/|2009a) and the XMM-LSS project (Pacaud e28l07).

e We carried out first comparisons with optical studies atd@drom the Southern Cosmo-
logy Survey (SCS, Menanteau etlal. 2009, 2010). In thismpiahry investigation we find
the SCS photometric redshifts biased lowby20% with respect to our estimates (both
photometric and spectroscopic, where available). We findaebancy between the X-ray
and optical mass estimates, with optical masses beingfisgmily higher. We compare
our masses to weak lensing mass measurements availabld fiusters in our sample
from Mclnnes et al.| (2009). The weak lensing masses are foai@ in a much better
agreement with our X-ray estimates.



Table 5.6:Physical parameters of the clusters sample. Ndtetuster was detected in observations strongfgaed by flaring? cluster is
heavily dfected by blending with a nearby source (see $ect.]5.8.1psNot redshifts2 spectroscopic redshiff: a high redshift system for
which secure photometric redshift estimate is not posgibla the current photometric catalog (the provided paransedre tentative).

ID R.A. (J2000) Dec (J2000) z Iplat Fplat I's00 Fso0 Lsoo Ts00 Msqo Y500 M200
(deg) (deg) (photo.)  (arcminrzl) (10 ergstcm) (kpc) (10ergstem?) (108ergs?) (keV) (102 My) (108 Mg keV) (103 Mg)
011" 3518070 -56.0615 0.97+0.10 0.7/0.6 2.80+0.42 577+ 54 285+ 043 118+ 18 34+10 164+46 48+29 243+ 6.8
018 3524828 -56.1360 0.39+0.04 1.5/0.7 5.14+0.50 633+ 58 521+ 051 26+0.3 23+0.7 109+30 18+11 152+ 4.2
032 3521778 -555662 0.83+ 0.07 1.6/1.0 8.06+ 0.68 702+ 64 8.00+ 0.66 215+18 42+12 250+69 108+ 6.4 37.0+ 102
033 3520448 -55.8400 0.79+0.05 1.1/0.9 294+ 0.25 593+ 54 294+ 025 7.6+ 0.6 3.0+09 144+40 35+21 210+5.8
034 3526538 -55.7270 0.28+ 0.02 1.7/0.8 2.84+0.45 536+ 50 2.89+ 0.46 0.7+0.1 15+04 58+16 05+0.3 79+22
035 3534388 -55.6387 0.67+0.05 1.2/0.9 2.02+0.32 560+ 53 195+ 0.31 3.6+ 0.6 24+0.7 105+30 18+11 150+ 4.2
038 3535130 -55.8156 0.39+ 0.05 1.1/0.7 1.30+0.20 503+ 47 1.33+0.20 0.7+0.1 15+04 54+15 0.4+0.3 75+21
039 3498214 -55.3244 0.18+0.04 2.3/0.7 9.12+ 0.56 586+ 53 9.33+0.57 08+0.1 16+05 6.8+19 0.7+04 92+25
044 3492212 -54.9036 0.44+0.02 24/1.1 17.14+ 1.15 787+ 72 16.75+ 1.10 105+ 0.7 36+10 222+61 75+44 316+86
069 3509631 -54.8923 0.75+0.07 1.7/1.3 222+043 560+ 53 2.03+0.35 48+ 08 26+07 116+33 22+14 16.7 £ 4.7
070 3506286 -54.2691 0.152 3.2/0.6 8367+ 1.70 819+ 74 8585+ 1.75 51+0.1 3.0+08 181+49 46+27 250+ 6.8
081 3518470 -55.2624 0.85+0.12 0.4/0.4 1.01+0.17 497+ 47 1.05+0.18 35+0.6 23+0.7 91+26 14+£09 132+ 3.7
082 3515779 -55.3859 0.63+ 0.05 0.9/0.7 1.32+0.23 526+ 50 1.34+0.23 22+04 2.0+ 0.6 83+24 11+0.7 118+ 3.3
088 3521748 -552234 0.43+0.04 25/1.3 8,50+ 1.27 679+ 63 743+101 4.6+ 0.6 27+08 141+39 30+18 198+ 5.5
090 3522366 -55.4081 0.58+ 0.02 0.8/0.7 0.76+ 0.18 481+ 47 0.78+0.18 11+02 16+05 6.0+18 06+04 83+24
094 3530185 -55.2120 0.26% 1.3/0.6 483+ 053 583+ 54 5.02+ 055 11+01 1.7+05 74+21 0.8+ 0.5 101+ 28
109 3519058 -54.2705 1020 0.7/0.7 145+ 0.21 510+ 48 147+ 0.21 73+11 28+ 08 120+34 26+16 17.7+5.0
110 3525161 -54.2388 0.47+ 0.06 1.4/0.8 3.77+0.49 605+ 56 347+ 047 27+04 23+07 104+29 17+£10 146+ 4.1
126 3516393 -55.0206 0.42+ 0.02 1.9/1.0 548+ 041 643+ 59 5.38+0.40 32+02 24+07 118+32 21+13 165+ 4.5
127 3518492 -55.0648 0.2072 0.8/0.3 258+ 0.29 499+ 46 2.91+0.33 04+0.1 12+04 44+12 0.3+0.2 59+16
132 3520084 -54.9292 0.96+ 0.17 13/1.1 291+ 034 571+ 53 274+ 031 111+1.2 33+09 157+44 44+27 233+ 6.5
136 3505036 -54.7500 0.36+ 0.02 24/11 8.29+0.76 673+ 62 8.15+0.68 34+03 25+07 126+35 24+14 176+ 4.8
139f° 3513953 -54.7212 0.169 1.9/0.6 4.83+ 0.65 517+ 48 5.01+0.67 04+0.1 13+04 46+13 0.3+0.2 6.2+17
150 3525015 -54.6184 0176 2.9/0.8 1825+ 0.89 654+ 59 1848+ 0.91 16+01 20+0.6 94+26 13+£07 129+ 35
152 3524168 -54.7886 0.13% 0.9/0.3 250+ 041 448+ 42 2.97+ 049 0.2+0.1 1.0+0.3 29+0.8 0.1+0.1 39+11
156 3538815 -54.5865 0.67 + 0.06 0.8/0.6 335+ 024 614+ 56 343+024 6.0+ 0.4 28+08 139+38 32+19 199+5.5
158 3536032 -54.4586 0.55+ 0.03 1.4/0.9 357+ 054 617+ 58 358+ 054 4.0+ 0.6 25+07 121+34 23+14 172+ 4.8
210 3535240 -55.7859 0.83+0.09 0.7/0.7 0.55+0.11 451+ 43 0.56+0.11 19+04 19+05 6.6+19 0.8+ 0.5 95+27
227 3505425 -554199 0.346* 1.1/0.6 151+0.19 506+ 47 156+ 0.20 06+0.1 14+04 53+15 04+03 72+20
245 3510160 -55.0225 0.62+0.03 0.8/0.7 0.97+0.18 500+ 48 0.99+0.18 16+0.3 1.8+05 70+ 20 0.8+ 0.5 9.9+28
275 3536991 -55.2736 0.29+ 0.03 1.7/0.8 293+ 0.45 541+ 51 295+ 0.45 08+0.1 15+04 6.0+ 17 05+0.3 82+23
287 3542119 -55.2988 0.57+0.04 0.9/0.7 0.98+0.35 501+ 54 1.00+ 0.36 1.3+05 17+05 6.7+21 0.7+0.5 9.3+30
288 3537523 -549164 0.60+ 0.04 1.8/1.2 2.75+ 0.63 580+ 56 244+ 048 34+07 24+07 107+31 19+12 153+ 4.4
357 3536200 -54.6066 0.48+ 0.06 2.0/1.2 3.56+ 047 596+ 55 3.16+ 040 26+0.3 22+06 101+28 1.6+0.9 142+ 3.9
386 3539763 -56.0928 0.53+ 0.05 0.7/0.6 0.66+0.17 468+ 47 0.67+0.18 0.8+ 0.2 15+04 52+16 0.4+0.3 72+22
430 3513891 -557327 0.206* 1.3/0.6 159+ 0.33 455+ 44 1.69+ 0.36 02+0.1 1.0+£03 33+10 02+0.1 44+13
444 3540839 -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 88+25 1.3+0.8 126+ 3.6
457 3521177 -54.2472 0.12 1.6/0.5 1.98+ 0.52 387+ 39 2.29+0.60 01+0.1 0.7+0.2 1.8+05 <0.1 24+0.7
476/ 3514166 -54.7412 0.102 2.3/0.5 1027+ 1.18 508+ 47 1104+ 1.27 03+0.1 12+03 41+11 02+0.1 55+15
502 3499334 -54.6400 0.55+0.05 0.7/0.5 155+0.14 540+ 50 161+0.14 19+0.2 2.0+ 0.6 81+22 11+0.6 114+ 32
511 3530628 -54.7006 0.26% 1.5/0.6 441+ 0.71 574+ 54 453+ 0.73 10+£02 17+05 71+£20 0.7+04 9.7+ 27
527 3505456 -56.3127 0.79+ 0.06 1.0/0.8 2.26+0.37 568+ 54 2.27+0.37 6.0+ 1.0 27+08 126+3.6 27+17 183+5.2
528 3538357 -55.5442 0.35+ 0.02 0.8/0.5 0.63+0.21 441+ 46 0.68+ 0.22 0.3+0.1 11+0.3 35+11 02+0.1 48+ 15
538 3535258 -54.7310 0.20+ 0.02 1.6/0.7 1.99+0.81 469+ 52 2.07+0.85 02+0.1 11+03 36+12 02+0.1 48+ 16
543 3531806 -54.8297 0.57+0.03 1.7/1.0 415+1.13 629+ 61 4.07+0.90 49+11 27+08 132+38 28+ 17 187 +5.5
547 3510815 -55.4305 0.2412 1.1/0.5 1.05+0.33 443+ 46 1.12+0.35 02+0.1 1.0+£03 31+10 01+0.1 42+13
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5.8 Appendix

5.8.1 Quality flags and ancillary information

In this section we provide additional useful ancillary dédaour clusters in the form several
X-ray quality flags and diagnostic parameters compiled ild&.7. Here is the description of
the table’s columns:

e |ID: the cluster identification number.

e BCS field: the identification number of the BCS field, on which the clugdying. Some
clusters lie on two or more tiles, in those cases we providendme of the tile with the
largest overlap region.

e XMM OBSID: The dficial identification number of the XMMNewtonpointing contain-
ing the cluster. If the cluster lies in two (or three) adjdcebservations we provide the
OBSID of the pointing which provides the best constraintlendluster flux (typically the
one where the cluster is at the smalletaxis angle).

e flagyc: The hot chip flag is a four character string, with the charadbeing 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#47?
4. character: Does the cluster lie on the MOS1 CCD#47?
For the problematics of the hot chips see Ject. 5.3.1.

e SNRxaux: The flux estimation significance determinedRago/ ok, WhereFsq is the
source flux in thesgo aperture, andrg,,, is its error (including shot noise and 5% back-
ground modelling uncertainty, Sect. 5.3.2).

¢ flaginst: The instrument flag equals O if the physical parameters cfdliece were obtained
using the PN and both MOS cameras. If flag= 1 only PN could be used and if flag = 2
only the combination of the two MOS cameras was utilized.
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o ggt: The automatic plateau fit quality flag for the PN growth curvEbese flags have
the same meaning aslin Bohringer et al. (2000). In summargieacribed in Sedt. 5.3.2
we fit a line to the growth curve betweep,t and the outer extraction radius. The flag
describes the quality of this fit by calculating the ratiotwd predicted count rate from the
linear fit to the expectation, if the plateau was constanteqhl to the estimated plateau
flux. Qui = 1: the growth curve shows neither significant increase noregese outside
loiat- This value is assigned if the linear extrapolation doesdidér by more than 8%
per bin from the constant value.’t) = 2: marks a declining curve (decline0.8%bin).

A decline can occur if the background model (determined feofit to the whole field)
slightly overestimates the local background. In this casattempt to estimate the plateau
level from the 3 bins closest tg,4. If the final fit is acceptable (no significant residual
decline), the plateau is accepted and assigned this qﬂati;y(jgl’;t =3and @} = 4:in
case that the plateau is rising an attempt is made to itefptexclude the outermost bins
and in a second step also the innermost bins. This proce@ls im correcting an outer

rise of the growth curve due to a neighboring source and iéssary by skipping over a

few bins if the curve fluctuates in the radial range closgte tf this procedure converges,

after the exclusion of the outermost bins the plateau ispedeand flagged with gzt = 3.

If the procedure converges, but it required also the sectapdaf excluding the innermost

bins we assign Q;t = 4. If Q;’gt = 5, the plateau is rising and the increase could not be

corrected for by the above described procedure. If ther@algetwo or less radial bins

outside the plateau radius can not be established and vvgiflﬁgt =09.

Cht < 4 mark generally good quality plateaus (naturally, the lothe flag the better).

Pt = D is a serious warning andd = 9 is not recommended to be used at all. In fact,
for the parameters in Table 5.6 we do not use plateaus wishfldmg with the exception
for the systems ID 476 and 139 where an alternative solusiamt available due to their

significant blending (Appendix5.8.2).

o Qpa°: The same as £, but applied to the MOSIMOS2 growth curve.

. gc“;: Visual flag set considering the overall quality of the PN gitoaurve solution (tak-
ing into account the presence of chip gaps, anomalous baakdr potential contamina-
tion etc.). Value equal to 1 is the best (no problems), 3 these/¢to be considered as a
warning).

e Qya>: The same as £, but applied to the MOSAMOS2 growth curve.

e Qqor: Overall global X-ray flag, assigned visually taking into sateration all the above
flags. Sources with this flag equal to 1 (best) and 2 (only mddnwngs) have high quality
X-ray photometry measurements. Flag equal to 3 should bdlédwith care but we
included them in all analyses presented in this paper.

We have identified 4 additional sources, which have confiropttal counterparts, but the
available data allows us to derive only very rough X-ray pseters. These can be considered to
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have Qor = 4 and havenotbeen included in our analyses. We provide their tentativempaters
in the Tabld 5.9.



Table 5.7: Cluster ID and proper name cross-reference.tabke also list the BCS field name for each cluster and additions

ancillary X-ray quality flags (see text for details).

ID Name BCS field XMMOBSID flagc SNRaux  flagnst QU Q> Quca  Qgea Qror
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 102 0 3 1 1 1 1
032 XBCS 232842.7-553358 BCS2327-5529 0505381001 FFFF 119 0 1 1 1 1 1
033 XBCS 232810.7-555024 BCS2327-5602 0505381001 FFFF 119 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 149 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 133 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 111 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

20T
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5.8.2 Notes on individual sources

Some of the identified clusters required individual treatt@ad in this section we provide notes
for these cases:

e ID 011: this high redshift cluster lies on a heavily flared field FOBno quiescent
period. Therefore, the field was not used for the sensitiutction calculation and the
logN - logS. The double component background model accounts in ptenighe first
approximation for the enhanced background and therefor@reide the basic X-ray
parameters for this cluster. The diagnostic flags (TablgiBdicate that the growth curve
solution is quite reliable, but due to the flaring all physisarameters should be treated
with caution.

¢ ID 038: This source consists of two completely overlapping systeme with photometric
redshiftz = 0.39 + 0.05 and the second with= 0.74 + 0.07. Since there is no direct way
to disentangle the contribution of the two sources, we vefiuane that all the flux comes
from the more nearby system. In this case, the estimatedqathysmrameters are upper
limits.

¢ ID 070: is a nearby cluster with large extent and measured flux.e$t ¢in a hot MOS1
CCD#4 and due to its extent it is impossible to obtain a bamkgd area on this chip
uncontaminated by the source emission. Therefore we camsedhe procedure described
in Sect[5.3.11, where we fit a double component model to thehiptindependently from
the rest of the field. Instead we discard the data from this chimpletely.

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

e ID 139 and 476 We detect two nearby, high significance extended sourcégsmegion
(~ 1.3 arcmin apart). The systems are confirmed as independennaisdshift space by
our spectroscopic measurements (ID 476 at0.102 and ID 139 az = 0.169). In order
to measure the flux of each cluster we excise the other soloe.to their proximity,
however, full deblending is not possible and therefore [flottes are likely overestimated.
The analysis of the sources is further complicated by thegmee of a very bright X-ray
point source at 2 arcmin distance from the clusters and very high quiesag#hpsoton
contamination.

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

e ID 275: also lies on a hot MOS2 CCD#5. Its detection likelihood isptetely dominated
by the MOS2 detection, however the source is not flagged asosigibased on the criteria
described in Sect. 5.3.1, because it would be above thetietebreshold even without
the MOS2 data. In this case, the background modeling of thetip was possible and
this background was used in the subsequent growth curvgsasal



104

5. The XMM-BCS galaxy cluster survey

Table 5.8: Galaxies identified in the NED database to be witls’ from the X-ray center. We
list spectroscopic redshifts where available - in both sdke identified galaxies are the BCG
galaxies of their cluster counterparts. Redshift refeeefidones et al! (2004).

ID Object Name R.A. (deg) DEC (deg) redshift separation
034 APMUKS(BJ) B232750.10-560012.1 352.6544  -55.7274 971
039 2MASX J23191712-5519284 349.8214  -55.3245 570
041 2MASX J23190212-5523195 349.7588  -55.3888 31
070 2MASX J23223092-5416086 350.6289  -54.2691 .80
094 APMUKS(BJ) B232918.62-552918.2 353.0196  -55.2122 572
127 2MASX J23272468-5503589 351.8528 -55.0664 6”9
150 2MASX J23300047-5437069 352.5019 -54.6187 (G177 15"
152 2MASX J23294006-5447220 352.4168  -54.7895 173
227 APMUKS(BJ) B231920.30-554137.6  350.5444  -55.4194 A" 4
268 APMUKS(BJ) B232326.14-554657.3 351.5618 -55.5074 014
476 2MASX J23254015-5444308 351.4173 -54.7419 (101 3.1~
511 APMUKS(BJ) B232929.68-545847.0 353.0645 -54.7035 .810
547 2MASX J23241957-5525494 351.0816  -55.4303 6”0




Table 5.9:Physical parameters for the low quality detections.

ID

R.A. (32000)

Dec (J2000) z Mplat Fplat I's00 Fsoo Lsoo Tso00 Msoo Y500 M200
(deg) (deg) (photo.)  (arcminrzl) (10 ergstcm™) (kpc) (10 ergstem?) (108ergs?h) (keV) (10 My) (108 Mg keV) (102 Mg)
534 3511993 -55.4128 0.31+0.02 1.4/0.7 218+ 111 523+ 64 222+113 0.7+04 15+ 05 56+20 05+04 76+28
536 3542994 -553514 0.69+ 0.07 0.8/0.7 0.83+0.23 487+ 49 0.85+0.24 1.8+05 19+06 71+21 0.8+ 0.5 100+ 3.0
540 3501461 -54.4628 0.24+0.02 1.3/0.6 1.66+ 0.46 474+ 48 175+ 0.48 0.3+0.1 12+0.3 38+12 02+01 52+16
541 3505048 -54.3296 0.59+ 0.06 0.9/0.7 1.06+0.30 506+ 51 1.08+ 0.30 15+04 1.8+05 7.0+21 0.8+05 9.9+ 30
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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 ai@uequirement for the cosmological
modeling of the cluster sample, scaling relation studies Bue to the complex nature of ex-
tended source detection, this question can be properlyeaseéd only by detailed Monte Carlo
simulations. In the present work we utilized a simplifyimqgpaoach that allowed us to get a first
estimate of the sensitivity functions and the recoveredNeglogS relation (Sect[ 5.512 and

5.5.3).

The software for the Monte Carlo simulations (Milhlegget@Qis in an advanced develop-
ment stage which allows us to carry out a preliminary testusfsamplified approach.

The simulation pipeline uses the survey fields themselvésgects mock beta model clusters
into the observations at random positions across the fieldewv. The field is then processed
with the detection pipeline. The process is repeated ondagjrcluster fluxes and core radii
and the cluster detection probability is derived as a fuomctif these parameters. The use of real
observations instead of model backgrounds allows us teelanealistic selection function. The
simulation software is described in detail in MuhleggerX@).

Simulations are currently available for a subset of the XMigwtonDistant Cluster Project
(XDCP, Bohringer et al. 2005%; Fassbender 2008) fields. Fimse fields we selected 3 obser-
vations (XMM OBSIDs 0104860201, 0111970101, 01125511 04ickvhave similar depth to
our survey fields (e.g. cleaned exposure time® ks and enough area utected by the central
source to safely assess the background). We processeditidseavith our detection pipeline
and calculated the point source sensitivity function aredsttaled extended sensitivity function
as described in Se¢t. 5.5.2. The comparison with the seititiinction derived from the sim-
ulations are displayed in Fig. 5]15. The simple calculaftoiack curves) already matches the
realistic calculation (red curves) very well, capturingaathe transition parts of the curve. The
curves from simulations include theéfect of incompleteness of the output catalogs. The red
curves in Fig[5.15 are calculated for a 50% completenesd (e¥0.5). The completeness of
our cluster catalog can be assessed only by simulationss battainly higher than 50%. This
means that the preliminary analytic sky coverage functieerestimates the sky coverage. The
use of the true sky-coverage function would lead to an irsgedthe weighting factor in EQ. 5.5
and would move the points in Fig._5]10 in the relevant flux eslightly higher. The sensitiv-
ity function for a 90% completeness scenario is plotted gegrand as expected yield a much
smaller area for the given flux.

Additional subtle &ects slightly influence this comparison, e.g. leading ftedent normal-
izations of the two curves in the saturated high-end pByfAll the fields have a bright source
in the center of the field-of-view, which has to be excisede €kcision is treated slightly dif-
ferently in the simulations and in the simple calculatiozading to slightly dierent totalgeo-
metricarea.2) The simulated curves were calculated for the single barettieh scheme in the
0.35- 2.4 keV while our analytic solution for a®— 2 keV band. The fluxes were converted to
the Q5- 2 keV band, but detection in thesdfdrent energy ranges could cause slightijetent
completeness and contamination fractions.

We conclude, that our first-order approach yields a goodrgegm of the sensitivity function
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Figure 5.15: Sky-coverage for extended sources in the BHECCS fields from Monte Carlo
simulations at the 50% (red curve) and 90% (red curve) commpéss level. Black solid curve
shows the sky-coverage calculated by scaling the pointeauwrve (dashed) with arfteet factor
of 2.4 (see Sect. 5.5.2). The simple scaling is shown to beod §jst order description of the
extended source sensitivity function. See Appendix’b.8cB%ect[5.5]2 for details.

for a 50% completeness level. To estimate the completerieas gample will be possible only
from Monte Carlo simulations. The sensitivity functionsrfr Sec[ 5.5]2 provides Sicient
precision for present applications and the preliminaryNeglog S is already in good agreement
with previous findings. The described simulation pipelin#é e applied to the whole XMM-
BCS survey in subsequent work and the realistic selectiontion 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 dePierre et al. 2007; Pacaud etlal. 2006,
2007) dfers an excellent match to our survey not only with respeché&adrea, but also to
the typical depth (having only slightly higher average esqme times). Since the XMM-LSS
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project has already carried out Monte Carlo simulationsaldbrate their detection and source-
characterization pipeline, we make here #ortto compare results derived from our XMM-BCS
pipeline with their published results.

Cluster detection comparison

A full comparison of the source detection pipelines woulahbby of limited use and is currently
impossible since only a small part of the XMM-LSS extendedrses have also been spectro-
scopically confirmed up to now (the so-called C1 sample oaBde&t al. (ZOC@). Therefore,
we restrict ourselves to the reanalysis of the C1 sample.

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

In Fig.[5.16 we compare their detection and extent likeldowith their respective XMM-
LSS variants §B_Detect_Likelihood andSB_Extent_Likelihood). Both sets of paramet-
ers exhibit a strong correlation, showing good consistdretyveen both detection approaches
(XMM-LSS uses a single band wavelet detection scheme). Taies between the parameters
is caused by small ffierences in the data reduction process, background esimreatid source
detection algorithms.

The C1 sample is defined 8B _Detect_Likelihood> 32,SB_Extent_Likelihood> 33.
We fit a linear relation in the two log-log planes and use thmgs to convert the XMM-LSS
thresholds to our parameters obtaininigt ml> 16.4 (equivalent to~ 5.40- detection in our
scheme) andxt_ml> 8.3 (i.e. ~ 3.70 extent significance).

X-ray photometry comparison

In Fig.[5.17 we compare the fluxes in th&0 2 keV band and ® Mpc aperture measured by the
XMM-LSS and by us using the growth curve method (Sect. 5.8B2)ng interested only in the
flux estimation we have fixed the redshift and temperaturkdw spectroscopic values provided
by XMM-LSS. Both methods give fluxes that are in good agredraed no significant bias is
found.

We have checked the dependence of flux residuals defined Si¢gg"¥ 55— fMM-BCS)
fXMM-BCS on several parameters: the flux itself, cluster redshiftasis angle, fraction of missing
pixels (due to chip gaps etc.), background correction facémd amount of extrapolation. We
did not find any systematidiects in either PN or MOS fluxes.

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

13Catalog available atheasarc.gsfc.nasa.gov/W3Browse/all/xmmlssoid.html

MM OBSIDs: 0037980301, 0037980701, 0037981001, 003708110037981201, 0037981501,
0037981601, 0037981801, 0037982501, 0037982601, 01@9942M109520301, 0109520601, 0111110301,
0111110401,0112680101,0112680201, 0112680301, 012P480112680501, 0147110101, 0147110201.
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than the range where the cluster emission is detected lgireBackground estimation in both
approaches is also markedlfferent.

The fluxes do not agree within the error bars for the brightkestter 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 ¥5-J022609.9-045805. In this
case we found excessive contamination from point sourdé®iX-ray photometry aperture. We
carefully checked and manually adjusted the automatictsoinrce removal, which led to a net
decrease of measured flux.

Interestingly, if we decide to rely only on a temperaturedsat from theL — T the flux estim-
ation precision is practically unchanged (the averagi@mtince is only 3%). The temperatures
are also in good agreement, although the error bars are [Bhgemean temperature residuals are
< 1% with a standard deviation ef 23%, comparable to measurement errors. This shows that
theL—T scaling relation and its evolution adopted in this work fiBratt et al.[(2009) is suitable
for cluster samples drawn from surveys of this type. We ddindtany systematic dependence
of the temperature residuals on redshift, flux or flux redslua

The cluster mass is not a direct observable in either of tleeswveys. XMM-LSS gives
rough estimates based on their spectroscopic measurentebeta model fit using the relation
from|Ettori (2000). Our estimates, using the M relation of Pratt et al| (2009), give on average
almost 40% higher masses. The mass residuals stronglyfautingitemperature residuals where
a unitincrement of temperature residual increases thed¢matyre more than a unit decrement of
temperature residual would decrease it. This leads to annetase of mass with respect to the
XMM-LSS value.

Finally, we also check the consistency of the beta modelditaben the two pipelines. Since
the core radius..e and thed exponent of the beta model are strongly degenerate, efipdora
the case of low counts profiles, our fitting procedure keggfised to the canonical value of 2
The XMM-LSS pipeline carries out fits with both tihg, andg as free parameters. Despite this
difference, we find good agreement between the estimated car@Figd5.18).
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Figure 5.16: Comparison of detection (left panel) and exigalihoods (right panel) between
our pipeline (x-axis) and the XMM-LSS pipeline Pacaud efykxis 20017). The derived likeli-
hoods are well correlated and the red line shows the bestditars.
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Figure 5.17: Comparison of measured X-ray fluxes of the C$amiple of the XMM-LSS survey

in the @5 — 2 keV band and a.B Mpc aperturel(Pacaud et al. 2007, y-axis) and the fluxes
measured by our pipeline (x-axis). The red line marks etu&iee 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 samm@eatimated by our pipeline
(x-axis) and by the XMM-LSS estimates. Red line marks edqualihe core radii are typically
highly uncertain given the relatively low photon statisti®espite this the agreement between
the two estimates is good. Note that the XMM-LSS values aegfivith the beta value as a free
parameter, while we fix its value t¢g2
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Abstract

We report on the discovery of two galaxy clusters, SPT-CL3223358 and SPT-CL J2342-5411,
in X-rays. These clusters were also independently deteabtedigh their Sunyaev-Zel'dovich
effect by the South Pole Telescope, and in the optical band bpduthern Cosmology Sur-
vey. They are thus the first clusters detected under survayitions by all major cluster search
approaches. The X-ray detection is made within the framén@fXMM-BCS cluster survey
utilizing a novel XMM-Newtonmosaic mode of observations. The present study makes the
first scientific use of this operation mode. We estimate theyspectroscopic temperature
of SPT-CL J2332-5358 (at redshift= 0.32) to be T= 9.3'33 keV, implying a high mass,
Msgo = 8.8+ 3.8x 10" M,,. For SPT-CL J2342-5411, at= 1.08, the available X-ray data do not
allow us to directly estimate the temperature with good canfce. However, using our measured
luminosity and scaling relations we estimate thatdl5+1.3 keV and Mg = 1.9+0.8x10'* M.
We find a good agreement between the X-ray masses and thasatest from the Sunyaev-
Zel'dovich dfect.

6.1 Introduction
Almost 40 years after the theoretical prediction of the SwawZel'dovich &ect (hereafter SZE,

Sunyaev and Zel'dovich 1972), i.e. the distortion of thensmsmicrowave background spec-
trum by the hot gas in clusters of galaxies, we have entereslvaena where the first clusters
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have been discovered by large-area SZE surveys (Staniszsved. 2009). Two ambitious SZE
cluster surveys are currently underway: by the South Pdks@epe (SPT) and by the Atacama
Cosmology Telescope (ACT). Recently, the SPT releasedadogadf 21 SZE-selected galaxy
clusters identified in the first 200 ded of sky surveyed by the SPT (Vanderlinde et al. 2010,
hereafter V10). Both SPT and ACT have additionally carrigtiabservations of known clusters
(Plagge et al. 2010; Hincks et'al. 2010).

The SZE provides new prospects for precision cluster casgydior two main reasongl)
the SZE decrement characterized by the Comptonizatiompea Y is currently considered
as a robust, low-scatter proxy for cluster mass (e.g. da®ithal. 2004; Motl et al. 2005) and
(2) the SZE is not subject to the cosmological surface briglstd@aming éfect, resulting in a
selection function closely corresponding to a selectiah wifixed mass limit at all redshifts.

However, to be able to fully harvest the potential of the upitay comprehensive multi-
wavelength surveys, we need to hd¥ga good understanding of the cluster selection function,
(2) cluster redshift measurements gBjla well-calibrated link between cluster observables and
total cluster masses.

In order to address these issues and to best understandstlits ref the diferent survey
techniques, we are conducting a coordinated multi-waggtesurvey in a test region (which
will be covered by both SZE surveys) in the optical by the B@&osmology Survey (BCS, 100
ded), in the mid-infrared witlSpitzer(14 ded) and in X-rays withXMM-Newton

Here we present the X-ray detections of two clusters, SPT32232-5358 and SPT-CL
J2342-5411. These clusters were independently detect&Py(V10) and confirmed to be
coincident with overdensities of red galaxies (High et &1@). In addition, SPT-CL J2332-
5358 has been recently detected in the optical (SCSO J23322327, Menanteau etlal. 2010).
This source is also coincident with the X-ray source 1RXS3223.3-535840 in the ROSAT
Bright Source Catalog (Voges et al. 1999). The pre¥dii-Newtonobservations enable us to
confirm both objects as X-ray luminous clusters of galaxies.

Throughout the article we adopt &CDM cosmology with 2, Qu, Hg) = (0.7,0.3,70
km st Mpc™).

6.2 XMM-Newton data reduction

The sources SPT-CL J2332-5358 and SPT-CL J2342-5411 warewdired as high-significance
extended sources XMM-Newtonobservations carried out in the framework of the XMM-BCS
cluster survey$uhada et al., in prep.).

The X-ray survey currently extends over 14 8€gig.[6.1). The core of thXMM-Newton
field consists of a deeper region covering 6 ‘degth 42 partially overlapping- 12 ks long
individual pointings and three large scate 2.7 deg each)mosaic mode observationBach of
the three mosaics consists of 19 stable pointings (3.5 kasexps) and the slews between them,
with a total time~ 90 ks per mosaic.
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SPT-CL J2332-5358

2 arcmin

2 arcmin \

Figure 6.1:Left: mosaic modeXMM-Newtonimage of the whole 14 dégurvey field. The
false color image was constructed from surface brightrreagés in the @ — 0.5, 0.5 - 2.0 and

2.0 - 45 keV bands. Regions A, B, and C mark the three mosaic mode\atigms, region F
the deeper core of the survey consisting of 42 individuahogs. The green circles mark the
positions of SPT-CL J2332-5358 and SPT-CL J2342-5411 witldlaus equal tor, (Sect[6.2.R)

in both imagesRight: 0.5 - 2.0 keV images of SPT-CL J2332-5358 (top) and SPT-CL J2342-
5411 (bottom) with overlaid SZE signal-to-noise contouesrf the SPT survey (V10).

6.2.1 XMM-Newton mosaic mode observations

The mosaic mode observatias a new observation mode ¥&MM-Newtonand this is the first
instance of its scientific use. Mosaic mode observationgwesigned to significantly increase
the dficiency of observations covering areas larger than the fieldeav of the telescope. Be-
fore the implementation of this mode such observationscconly be achieved by consecutive
independent single pointings. Each of these individuahipogs then required its own instru-
mental overhead, which particularly for the EPIC PN camarale a significant part of the total
observing time, especially if the required exposure tinoesHe pointings themselves are short.
The mosaic mode observation starts as a standard obserwvatio operational overhead
(telescope pointing and guide star acquisition) followgdhstrumental overhead, when a charge
zero level (i.e.offset tablg is calculated for the PN camera, which typically amount3 04 ks
(MOS cameras are operated with fixetset tables and their setup is negligible). After the setups
are finished, the observation itself starts. In our mosaiash stable pointing has an exposure of
3.5 ks, followed by a slew to the next fieléfset by~ 23. Science data are also collected during
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the slew and dferent from the standard operating mode the observationtismtesrupted by a
new instrumental setup sequence, but the safisettable is used during the whole mosaic.

Without the mosaic mode, surveys of this kind would pradijcbe unfeasible, with ob-
serving dficiency (i.e. the ratio of integration time to total time) anal only 50%, compared
to = 80% dficiency achieved with the present setup. More informatiothenmosaic mode
observations can be found in tXé&M-NewtonUser HandbooH.

6.2.2 X-ray data analysis

Both SPT-CL J2342-5411 and SPT-CL J2332-5358 were detactld mosaic observations car-
ried out in December 2009 (mosaic A, OBSID: 0604870301 anskied3, OBSID: 0604873401
respectively). We defer a more detailed description of thieesy data reduction to a forthcoming
publication of the X-ray cluster catalog. Here we summatimemain steps and highlight the
differences of treating mosaic eventlists with respect to stahabservations.

The EPIC data were processed with the curtéhtM-NewtonStandard Analysis System
(SAS) version 9.0.0. We calibrated the raw observationtd tlees in a standard way. Events
in bad pixels, bad columns and close to the chip gaps were@adlfrom further analysis. The
eventlists were screened for high-background periodsechig soft proton flares following the
two-step cleaning method of Pratt and Arnaud (2003), btinged 3 limitin both energy bands.

The clean exposure times are 7X26 ks for PN, and 85/88.7 ks for the MOS cameras for
the entire mosaic M respectively. The beginning of the mosaic sequence B ifPtiieamera
was strongly ffected by soft proton flaring, therefore theeetive exposure at the SPT-CL J2332-
5358 location is only 0.1 ks in PN, while it isBBks in each MOS camera. The source in addition
lies partially on the missing MOS1 CCD#6, yielding a totahdmned MOS é#ective exposure
of only ~ 4 ks. Local exposure times for SPT-CL J2342-5411 wete8 ks in PN,~ 2.1 ks in
MOS1 and~ 2.3 ks in MOS2.

As the main source-detection algorithm we utilized thesfidox technique and a maximum
likelihood source fitting in their current, improved implentation in the SAS tasks$oxdetect
andemldetect.

Mosaic data of this extent is too extensive to fit into the mgnstorage during the detec-
tion process. Therefore we segmented the mosaic into $@vemrdapping parts, which could be
handled by the SAS tasks. Segmenting the mosaic into skyksifor source detection is prefer-
able to splitting it into individual stable pointings, besa we also wished to include counts
gathered during the slews between the pointings and utiizegreater depth in the regions
where two neighboring pointings overlap.

The mosaic segments have a typical size df deg and overlap by> 2’ along all borders.
This way the input images, exposure, and background magd teuaccommodated by the
ebox- andemldetect tasks ran with increased memoryflar (imagebtfersize=2000 flag).

In order to get a reliable measurement of the flux and tracentission of the clusters as far
out as possible, we implemented a refined version oftbeith curve metho{@Bohringer et al.
2000). The cumulative source flux as a function of radius @i 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 weernined iteratively by fitting a
line to the flat part of the background-subtracted growtlveuiWe define thelateau radius
(roiat) as the aperture where the growth curve reaches the total flux

For SPT-CL J2332-5358 we detected source emission oykte-r196’, with total source
flux of Fpia(0.5—2.0 keV) = 9.38+0.50x 10" erg s* cm2, corresponding to a total luminosity
Lpat(0.5—2.0keV)= 2.67 + 0.14 x 10*erg s*. Errors of the flux and luminosity include the
Poisson errors and a 5% systematic error in the backgrouimiag®n.

The X-ray morphology of this cluster agrees well with the Si@hal on the largest scales
(Fig.[6.1) and its peak is close to the position of the brighttuster galaxy (BCG, Fi§. 8.4). We
detect a significant X-ray extension up+dl.5’” SE from the BCG. A detailed characterization of
the galaxy distribution and the correlation between X-rag aptical morphology will be given
in a forthcoming paper.

For SPT-CL J2342-5411 we founglkf = 62, Fpa(0.5 - 2.0 keV) = 574+ 0.58x 10 erg
s! cm™ and a total luminosity a(0.5—-2.0 keV) = 2.84 + 0.3 x 10" erg s* (Fig.[6.2, right).

X-ray spectroscopy

The available survey dal?aalthough modest in exposure, allow us to get a first temperatu
estimate for SPT-CL J2332-5358.

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

A background spectrum was extracted from an annulus comncevith the source and span-
ning the radial distance from 20@o 400’. The inner radius was selected based on the growth-
curve analysis as the radius where cluster emission is rgetosbservable (Fig. 8.2, left). The
outer radius is constrained by the field of view. We excisédetkcted point sources from each
extracted spectrum after a visual check.

We fitted the spectrum with a single temperature MeKaL mdaeéhg the column density to
the galactic valuey = 1.62 x 10?°° cm2 (Dickey and Lockman 1990), metal abundanc&te
0.3 Z, and redshift t@ = 0.32 (photometric, High et al. (2010), consistent with Meeaint et al.
(2010)). To avoid biases stemming from analyzing low-cogpectra, we used a minimally
binned spectrumx 1 ctgbin) and C-statistics.

The fitted temperature is ¥ 9.3"33 keV (1o errors) for the joint fit from all three cameras
(Fig.[6.3, left). In order to check for possible systematitshe background subtraction, we
also fitted the spectrum using background spectra extrdicieda completely independent cir-
cular region (on dterent chips than the source but roughly at the saffiaxas angle). The test
background gives a consistent result: D.4*33 keV.

2Due to current limitations of thbackscale task, used to calculate the area scaling factors of the rspeog
omitted the slew part of the survey for spectroscopical pseg and filtered from the mosaic eventlist only events
detected during the relevastiable pointingoeriod (the slew part would contribute only a few tens of dsum this
case).
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Table 6.1: Basic X-ray parameters of SPT-CL J2332-5358 & @. J2342-5411. Flux and
luminosity errors include the Poisson errors and a 5% syaierarror in the background es-
timation. Errors of parameters obtained from scaling retest include the measurement errors
of the luminosity and temperature, respectively, and tkenisic scatter of the scaling relations.
We assume self-similar evolution for all the scaling r@as and no evolution of their intrinsic
scatters (see Sett. 6.2.2).

parameter SPT-CL J2332-5358 SPT-CL J2342-5411 units

@ (320009 23307 26.7° 23407458

5 (320003 _53 58 204" _54° 10 592"

photometric redshift 32° 1.08

Fs00[0.5—-2.0keV] 952+0.51 058+ 0.06 1013 erg cnm? st
Lsoo[0.5-2.0keV] 271+0.15 286+ 0.29 10" erg s?
Ts00 9.3+ 2.6° 45+ 1.3 keV

Fs00 1.3+0.2d 0.6 +0.1¢ Mpc

Moo 8.8 + 3.8 1.9+0.8¢ 10" M,

Y x 500 116+ 9.7° 1.1+0.79 10" M, keV
200 20+ O3d 09+ O.ld MpC

Moo 124 + 5.4¢ 27+12d 10 M,

a X-ray coordinates based on a maximum-likelihood fit of a F&8ed beta model to the surface brightness distri-
bution;? High et al. (2010)¢ Spectroscopic temperature (S€ci. 8.2.2), error bars gedrassuming isothermality;

4 M-T relation from Arnaud et all (2005), using relations Tor> 3.5 keV, self-similar evolution, radii calculated
analytically from the mass estimatésMsgo—Yx relation (Arnaud et al. 2007)f LT relation from/Pratt et al.
(2009), self-similar evolution, relation for the3- 2 keV luminosity, BCES orthogonal fi€ L-Yx relation from
Pratt et al.|(2009), self-similar evolution, relation fbetd5-2 keV luminosity, BCES orthogonal fit. ¥, the X-ray
analogue to the Comptonization parameter Y, is the produitteogas mass and temperature (e.g. Kravtsovlet al.
2006).

Based on our temperature measurement we estimated sewpmatant physical parameters
(Table[6.1), including mass ing and koo apertures from the MT scaling relation, assuming
self-similar evolution. For parameters obtained fromiscatelations we included the measure-
ment errors of the luminosity and temperature and the sitriacatter of the scaling relations.
We used a beta model to extrapolate the observed flux and dgityrout to gy, (because the
estimateddy value is higher than the measurgg). This extrapolation is negligible{(1.5%).

The available photon statistics for SPT-CL J2342-5411 ishmlower and allows us to
carry out a tentative analysis only. Following the previgusescribed procedure, we extrac-
ted the source spectrum from a“4fegion and the background spectrum from a concentric an-
nulus with 100 inner and 200 outer radius. Fixing the column density to the galactic galu
ny = 1.86 x 10°° cm?, metal abundance 0 = 0.3 Z, and redshift taz = 1.08 (photometric,
High et al. 2010), we found that the spectrum is consistett wisingle temperature MeKalL
model (Fig[6.B, right). The temperature is only weakly ¢oaised, T= 6.7*32 keV, and there-
fore we opted for the use of luminosity-based scaling refeti(L—T and L-Y ) to estimate the
physical parameters of the system (Tdhlé 6.1). The evolufdhe scaling relations and their
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intrinsic scatter is currently not firmly established outzte 1. We assumed self-similar evol-
ution of the scaling relations and no evolution of theirimgic scatters. The error from these
assumptions for SPT-CL J2342-5411 is expected to be snthber the quoted measurement
errors.

6.3 Discussion and conclusions

We have presented first results from the XMM-BCS cluster eyrproviding X-ray detections
of two SZE-selected systems, SPT-CL J2332-5358 and SPT284235411. The X-ray analysis
is based on mosaic modéVIM-Newtonobservations - the first time observations of this kind
have been carried out.

The system SPT-CL J2332-5358 ranks among the hottest knlostecs (T= 9.3 keV) and
is exceptionally massive (po > 1 x 10'® M). Our mass estimate is in excellent agreement
with the ROSATbased result of Menanteau et al. (2010). The SZE-inferradsmeported by
V10 is Msgo = 5.20+ 0.86+ 0.83x 10* M., where the error bars represent the statistical and
systematic uncertainties, both at 68% confidence. Theythatethis mass is biased low by a
bright dusty point source identified in the 220 GHz SPT datardliminary analysis indicates
that this point source decreases the SZE mass estimate bioadé~1.5. This would imply a
corrected SZE mass estimate ofdyl= 7.8+ 1.3+ 1.3 x 10'* M,,, which agrees well with our
X-ray estimate.

This is an initial study of the system SPT-CL J2332-5358. ebtspects of the system are
investigated in forthcoming paperg) using a deeper XMM observation Andersson et al. (in
prep.) perform a detailed comparison of the X-ray and SZpenties of this cluste) a char-
acterization of the galaxy population and morphology walldzidressed in Song et al. (in prep.).

The source SPT-CL J2342-5411 belongs to the one of the mstsindiknown clusters(=
1.08) with X-ray and SZE detections. The discovery of such tadissystem in both SZE and
X-ray surveys demonstrates the great potential of the tvgeofational approaches for cosmo-
logical and cluster evolution studies. The estimated maisthis system, My, = 1.9 + 0.8 x
10' M,, is consistent with the SZE mass;pd= 2.66+ 0.50+ 0.37x 10" M, (V10).

SPT-CL J2332-5358 and SPT-CL J2342-5411 are the first galasyers discovered inde-
pendently in X-ray, SZE and optical surveys. These clustgesnplify the promise of multi-
wavelength cluster surveys and give a glimpse of the passiahergies of current and future
large-scale survey experiments, including SPfanck eRositaand the Dark Energy Survey.
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6.4 Appendix

The appendix provides additional information concernimg X-ray analysis of SPT-CL J2332-
5358 and SPT-CL J2342-5411.

(——pn
F| —— MOs1+MOs2

f(<r) [10™ erg s cm Y]
f(<r) [10™ erg s cm™]

100 150 200

L
0 50 100 150 200
r [arcsec] r [arcsec]

Figure 6.2:Left: The growth curve of SPT-CL J2332-5358: red curve shows ttegrated flux
as a function of outer integration radius for the MOS2 canrethe Q5 — 2.0 keV band. Source
flux is detected out to 196(r,a:, dashed line). The total measured flux in this aperture and ba
IS Folat = 9.4+0.5x 102 erg st cm (horizontal dot-dashed level). We omitted the use of the PN
and MOS1 camera for the growth curve analysis (see GecP)6Right: The growth curve of
SPT-CL J2342-5411: red curve shows the integrated flux asaifun of outer integration radius
for the joint MOS1 and MOS2 cameras.§3- 2.0 keV band), blue curve for the PN camera.
Source flux is detected out tg4 = 62’ (dashed line). The total measured flux, estimated as the
weighted average of the MOS and PN plateau fluxespis F 5.7 + 0.6 x 107'% erg s* cm™2
(dot-dashed level). In both panels, error bars on the growtiie indicate the Poisson error of
the flux measurement including a 5% systematic error in tickdraund 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 9.3*33 keV. The column density is fixed to the
galactic valueny = 1.62 x 10?° cm2 (Dickey and Lockman 1990), the metal abundance to
Z = 0.3 Z, and the redshift ta = 0.32 (photometric) Right: XMM-NewtonX-ray spectrum of
SPT-CL J2342-5411. The available low-count spectrum (aysul for completeness) allows us
to draw only tentative conclusions. The spectrum is coeststith a single temperature MeKaL
model, with the temperature only weakly constrained te .7*37 keV. The column density
is fixed to the galactic valuay = 1.86 x 10?° cm2 (Dickey and Lockman 1990), the metal
abundance t&@ = 0.3 Z, and the redshift ta = 1.08 (photometric). The spectra were binned
only for display purposes, the fit was carried out wittL ctgbin binning and C-statistic. Red:
MOS1, black: MOS2, green: PN. See Séct. 6.2.2 for details.
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RSPT-CL J2332-5358 + .o g b .

C o 2arcmin

Figure 6.4:Left: Color image of SPT-CL J2332-5358 (pheta = 0.32). Right: Color image

of SPT-CL J2342-5411 (photez = 1.08). Both images were obtained from the Blanco Cosmo-
logy Survey imaging in thgri bands. X-ray contours are overlaid in white. Green circless
the estimated,f, (see Sec{._6.2.2). Both clusters have a large BCG (brightaster galaxy)
within few arcsecondsy 10”) from the X-ray emission peak.
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Abstract

Context:Multi-wavelength surveys for clusters of galaxies are apg@a window on the elusive
high-redshift £ > 1) cluster population. Well controlled statistical sangpté distant clusters
will enable us to answer questions about their cosmologialext, early assembly phases and
the thermodynamical evolution of the intracluster medium.

Aims: We report on the detection of two > 1 systems, XMMU J0302.2-0001 and XMMU
J1532.2-0836, as part of the XMMewtonDistant Cluster Project (XDCP) sample. We invest-
igate the nature of the sources, measure their spectrascegshift and determine their basic
physical parameters.

Methods: The results of the present paper are based on the analysisibF-Xewtonarchival
data, opticghear-infrared imaging and deep optical follow-up speciopy of the clusters.
Results:We confirm the X-ray source XMMU J0302.2-0001 as a gravitatily bound, bona
fide cluster of galaxies at spectroscopic redshift 1.185. We estimate itdMsoo mass to
(1.6 + 0.3) x 10" M,, from its measured X-ray luminosity. This ranks the clust@oag in-
termediate mass system. In the case of XMMU J1532.2-0836netlie X-ray detection to
be coincident with a dynamically bound system of galaxies-atl.358. Optical spectroscopy
reveals the presence of a central active galactic nuclebishvean be a dominant source of the

1Based on observations obtained with ESO Telescopes at thp@?®bservatory under program ID 080.A-0659
and 081.A-0312, observations collected at the Centro Astico Hispano Aleman (CAHA) at Calar Alto, Spain
operated jointly by the Max-Planck Institut fir Astronarand the Instituto de Astrofisica de Andalucia (CSIC).
X-ray observations were obtained by XMMewton
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detected X-ray emission from this system. We provide uppatd of X-ray parameters for the
system and discuss cluster identification challenges ihitfteredshift low-mass cluster regime.
A third, intermediate redshiftz(= 0.647) cluster, XMMU J0302.1-0000, is serendipitously de-
tected in the same field as XMMU J0302.2-0001. We providentdyesis as well.

7.1 Introduction

The number of known galaxy cluster detections at high rédéhi> 1) is constantly growing
(see Appendix7.512). Recently we have witnessed the deteot the first spectroscopically
confirmed clusters at redshift1.6 by Papovich et al. (2010) and Tanaka etlal. (2010). This dis-
tance record has been however soon overtaken by the clustbiK1105324.4572348 with
z=1.753 (Henry et al. 2010). Finally, Gobat et al. (2011) repdbda the detection of a remark-
able structure which is consistent with a low mass clusteza@ghift 2.07. The nature of another
potentially very distant system, JKCS041 detected by Ammlet al. (2009) at a photometric
redshift of 1.9, was contested by Bielby et al. (2010). Rédgearbtained deep z’ and J imaging,
however seems to confirm the presence of a cluster=a?.2 (based on a red sequence redshift
estimation).

For the first time we can start constructing sizable clusterdes az > 1 as a consequence of
several important factors. First, there is progress intetusearch methods, both classical such
as X-ray (Mullis et al. 2005, Stanford et/al. 2006; Henry et2010; Fassbender et al. 2011a,
Nastasi et al., in prep.) and optigaid-infrared surveys (Gladders and Yee 2005; Stanford|et al
2005; Gobat et al. 2011; Papovich et al. 2010) as well as nieetgen methods like surveys util-
ising the Sunyaev-Zel'dovichfkect (SZE, Planck Collaboration et al. 201 1a; Williamsonlet a
2011; Vanderlinde et &l. 2010; Marriage et al. 2010).

The second essential prerequisite is the availability @jpdgpectroscopic data, required to
the confirm the cluster candidates as genuine gravitatiohalind systems and to estimate their
redshifts. This typically requires considerabftoet and exposure times, and therefore many of
the current crop of distant clusters are the results of @asenal campaigns spanning several
years.

In addition, az > 1.5 we are also nearing to the edge of capabilities of even thegaoptical
spectroscopic instruments, since at these redshifts ti@043ebreak (an important feature to
anchor the redshift of passive galaxies) is redshifted beyiD 000 A, towards the tails of the
sensitivity curves of current spectrographs, where theging contamination is dominant and
significantly decreases the signal-to-noise ratio achievia a given observation. Fortunately,
near-infrared spectroscopy is able to overcome this prol§geg.. Tanaka et 8l. 2010). Existing
(e.g. MOIRCS on the Subaru telescope and LUCIFER at the LBngecular Telescope) and
upcoming (KMOS at the VLT) instruments will soon be able topde confirmation for new
high redshift clusters with a much highédfieiency than the optical spectrographs.

Even though studying high redshift systems is a truly daugritsk, the fort is rewarded by
gaining a direct view of the earliest assembly epochs of thetmassive Dark Matter (DM) halos
today, their gas content - the intracluster medium (ICM)d #reir galaxy populations. Since
the properties of the cluster population are intrinsicatiynected to the underlying cosmology,
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they provide a sensitive test of the cosmological pararseter

The high-mass end of the cluster mass function at high-riégsiovides the best leverage
when constraining cosmological parameters through thaceon the distribution and growth
of the large scale structure. Since massive distant chiaterrare, this regime can béestively
probed only by surveys which are able to cover large sky deeabshence large survey volumes)
such as the SZE surveys. The selection function of theseegsiig (almost) independent of
redshifts and their sensitivity is limited to very massiltesters with minimal mass-3%x10* M,
(Vanderlinde et al. 2010; Williamson et/al. 2011; Marriagale2010).

However, the majority of the cluster population lies beltwstmass threshold. Therefore, if
we want to understand the thermodynamical evolution of @ &nd the evolution of the galaxy
population, we have to look at lower mass systems down to ribngpgregime. For the purpose
of this paper we will consider the cluster-group transitiegime to be aroune 1 x 10" M.
This threshold region can be probed by X-ray surveys, bgtat ithe very limit of feasibility of
contemporary X-ray surveys (joint X-ray and near-infradedections can reach slightly lower
limiting masses, e.q. Finoguenov etlal. 2010). Accessimgythireshold population will, how-
ever, allow us to directly calibrate the mass scaling retetifor less massive systems and study
potential mass-dependertexts on the evolution of the galaxy population of the clusster

Already a simple consideration from the virial theorem @&xi1986) predicts a tight link
between the ICM'’s properties (luminosity, temperaturs,mass) and the total mass (i.e. includ-
ing DM). These quantities are thus not only of interest fréwa point of view of characterising
the physical conditions of a given cluster, but also as aromant observational input for cos-
mological studies. While the scaling relations of nearhystdrs are fairly well known (e.qg.
Pratt et all 2009; Arnaud etlal. 2005), the evolution of thetations is only starting to be ex-
plored at redshiftg > 0.5- 0.7 (Vikhlinin et alll2009b; Pacaud etlal. 2007). The 1 regime is
still practically unexplored.

The redshift range = 1 — 2 is a transition period also for the galaxy population ostdus.
Local clusters exhibit typically well-defined red-sequempopulated by passively evolving early-
type galaxies. While similar red sequences are found alsorme of the high redshift clusters,
e.g. the very massive cluster XMMU J2235.3-2557 (Strapzetilal. 2010; Rosati et al. 2009),
we are finding more and more cases, where star-formationlli®sgoing (Fassbender etlal.
2011bj Hayashi et al. 2010; Hilton et al. 2010).

Sizable, well controlled cluster samples at high redshétthus important to address many
guestions about the cluster population as a whole, but &lsotahe underlying cosmology. In
this paper we provide first details on two new, X-ray selectadters az > 1. In Sect[ 7.2 we de-
scribe their detection and follow-up observations (imggind spectroscopy). Optical properties
are summarized in Se¢t. 7.2.2 and the X-ray analysis in B6EB. We discuss the results and
draw conclusions in Se¢t. 7.3 andl7.4, respectively. Thiysisaf a third, intermediate redshift
cluster g = 0.647), serendipitously detected together with XMMU JO3620P1, is provided in
AppendiXZ.5.1.

Throughout the article, we adopp&CDM cosmology with Q, Qu, w, Hg) = (0.7,0.3, -1, 70
km st Mpc™t). Physical parameters are estimated within an aperturesonding to a factor
500 overdensity with respect to thatical density of the Universe at the cluster redshift.
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Table 7.1: Observation log of the X-ray coverage of XMMU JP200001 and XMMU J1532.2-
0836. The quoted exposure times are net clean times. MOSM@®P exposure times are
averaged. ThefBaxis angle for the XMMNewtonobservations is an average angle from all
three detectors.

Cluster Instrument OBSID Exp. time (MMOS) [ks] Off-axis angle
XMMU J0302.2-0001 XMM 0041170101 3646.2 109
XMMU J1532.2-0836 XMM 0100240701 1377.4 50
XMMU J1532.2-0836 XMM 0100240801 14y 25.8" 6.1

T This observation is heavily contaminated by quiescentgprdtaring and used only for systematics check

(Sect[Z.ZB and Se€i. 7.8.2).

7.2 Observations and data analysis

The analysis of the presented clusters is based on arcimedium-deep X-ray observations and
opticajnear-infrared data (both imaging and spectroscopic) catein a follow-up campaign.
All observations are summarized in Tables] 7.1 7.2.

7.2.1 Initial X-ray detection with XMM- Newton

Both XMMU J0302.2-0001 and XMMU J1532.2-0836 were deteetedxtended sources as part
of the XMM-NewtonDistant Cluster Project (XDCP) sample. The XDCP consists/@&XMM-
Newtonarchival fields with a total non-overlapping area close tal8¢. The data was obtained
from the XMM data archivd. The initial cluster detection was performed with the XM¥&wton
science analysis system SAS v6.5 utilising a sliding boxctein and a maximum likelihood
source fittingl Details of the source detection pipeline can be found inl&ss$er(2008).

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

XMMU J0302.2-0001

XMMU J0302.2-0001 was detected in the XMNewtonobservation OBSID: 0041170101 with
39.3 ks PN exposure time and 50.4 ks in either MOS camera. ®veiittd and excised a time
period strongly ffected by soft proton flaring in a two-step cleaning proceskliig 36.4 ks PN
and 46.2 ks MOS clean exposures. We find no residual quiesoétrpiroton contamination in
any of the detectors.

The source is detected at the coordinateg) = (03"'02™11.9%, —-00° 01’ 34.3”) (J2000)
at a relatively high @i-axis angle of 11with very high detection and extent significance (both

2%mm.esac.esa.int/xsa/

3SAS taskeboxdetect andemldetect.



7.2. Observations and data analysis 127

2 100). The beta model core radiusrs = 14.4”, based on a fit with a fixed = 2/3. In an
aperture of 1we detected 130 source counts in PN and 80 in the combined M@Stdrs.

XMMU J1532.2-0836

The second X-ray source, XMMU J1532.2-0836, is found in twdM- Newtonobservations
(OBSID: 0100240701 and 0100240801) at coordinates)(= (15"32™ 13.0° -08° 36 56.9”).
The df-axis angles are in both observations simifa’ — 6’. Pointing 0100240801 is slightly
deeper with 19 £25.7 ks clean time in PINIOS compared to 13/27.3 ks of 0100240701. Un-
fortunately, after inspecting the light curve of observatD100240801 we find a steady decline
of the count rate along the whole duration of the observatiarclear indication of a residual
guiescent (i.e. non-flaring) soft proton contamination.céafirm this suspicion we use a dia-
gnostic test suggested by De Luca and Molendi (2004). Byitgpét the count rate ratio inside
and outside the field of view of each detector in theX keV band, we find a 50% soft back-
ground enhancement compared to the normal level in PN and than 90% enhancement in
both MOS cameras. Observation 0100240701 is found to beletehpuncontaminated. In both
observations we detect below 50 source counts, which icteflen the uncertainty of derived
parameters.

The system was detected at-abo significance level, however it was classified as a point
source in observation 0100240701. Itis only in the slighggper (but contaminated) observa-
tion, where the source is flagged as extended withr aignificance and beta model core radius
of rc ~ 8”. Therefore, in the source detection step the extent is lestald only tentatively. We
describe an in-depth investigation of the extent signifieaim Sect_7.3]2, where we conclude
that the currently available data is nofistient to confirm the extended nature of the source with
any statistical significance. All quoted values for XMMU 3P52-0836 unless noted otherwise
will come from the analysis of the uncontaminated field 04TYD1.

XMMU J0302.1-0000

We also identified an additional cluster candidate in thé XidM- Newtonobservation (OB-
SID: 0041170101) roughly’Zrom XMMU J0302.2-0001. We obtained spectroscopy for mem-
ber galaxies for both clusters simultaneously in the samB$2pointing. This allowed us to
confirm also this second source, XMMU J0302.1-0000, as aigeruluster of galaxies at in-
termediate redshift ~ 0.65. In the following we will focus on the twa > 1 clusters and we
provide details for XMMU J0302.1-0000 in Appendix 7J5.1.

7.2.2 OpticafNear-infrared observations

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

The opticalnear-infrared imaging data used in this work is summarinethble[ 7.2. This data
was obtained prior to spectroscopy to allow pre-selectidh@cluster candidates. Here we use
it to investigate the basic optical properties of the clugtdaxy populations.

XMMU J0302.2-0001

In order to identify the optical counterparts of XMMU J03R:0001, we carried out medium
deep H and z-band imaging data with the prime-focus wide-figld-of-view of 154’ on the
side) near-infrared OMEGA2000 camera (Bailer-Jones|@&Gi0) at the 3.5m Calar Alto tele-
scope. The observations were performed on 3rd and 4th Jatidand z band respectively)
2006 under clear conditions (calibration with on-chip 2M3Stars was done in photometric
conditions). We reduced the data with the designated OMEBANIR pipeline [(Fassbender
2008). The individually reduced frames are visually chelckad co-added. The total exposure
time of the final stacked images is 50 min in H band (75 co-adidedes) and 23 min in z band
(23 frames). We reach a 50% completeness limit (Vega);gf+21.0 mag and g, = 23.0 mag
with FWHM(H)= 1.34” and FWHM(z}- 1.49".

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

The VLT/FORS2 imaging (Prog. ID: 079.A-0119(A)) was carried ouhi@ R-band at a fairly
good seeing of 0.7” and photometric conditions. With total clean exposure t@h20 min, it
is a valuable complement to the Calar Alto imaging data. Rerreduction of the pre-imaging
data we followed the same procedure as Schwope et al.|(28@Hassbender etial. (2011a).

In Fig.[Z.1 (top left) we display a pseudo-color image of XMM0302.2-0001 in the /R
bands (reyreeriblue). A population of red galaxies.@< z—H < 3.0) is found to be coincident
with the X-ray source. We show the-B vs. H color-magnitude diagram (CMD) of XMMU
J0302.2-0001 in Fid. 7.2 (left). We also overplot the sytithe—H color of a Simple Stellar
Population (SSP) model (formation redshifeb, solar metallicity) for the cluster’s redshift (red
dashed line). We find around 10 red galaxies withii 88m the X-ray center with colors well
matching the model prediction. The overdensity of red galxompared to the field is at a
~ 250 significance level - one of the largest known overdensitigs-al.

The brightest cluster galaxy (BCG) is coincident with theay-emission peak and seems
to be undergoing merging activity (see Hig.17.1, bottom)Iefhe very bright blue object (K
17 mag) at the cluster redshift (but beyond’ 3tbm its center) is an AGN with redshift from
SDSS (Secf. 7.3.4). Galaxy ID: 6 (in Talhlel7.3) also has artdalr, which is consistent with
the presence of a very strong fiPemission line (see Fif. 1.3).

XMMU J1532.2-0836

The imaging in the case of XMMU J1532.2-0836 consists of Rzalpand imaging obtained with
the VLT/FORS2 instrument (Prog. ID: 078.A-0265) and seeing.6f @nd 08", respectively.
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The total exposure time is 16 min in R band and 8 min in z. The Raavs. z color-magnitude
diagram of XMMU J1532.2-0836 is displayed in Hig.l7.2 (righthe dashed red line shows the
R-z color of a spectro-photometric sequence (SSP mogeh,solar metallicity) at the redshift
of the cluster. Two spectroscopic members have colors smgiwith this simple model.

As can be noted from the figure, these two galaxies are vesgdtmthe completeness limit
of our data and we can thus see only the very brightest enceajalaxy population. The third
galaxy (ID: 3) has bluer colors and a strongif®mission line. We also detect [Mg13869 A
and [Nev]13426 A emission lines. It is therefore likely that this galdvarbours an obscured
AGN (see Secf. 7.3.2).

We have designated the brightest spectroscopic membee atugter candidate’s BCG (ID:
1), with ~ 5.5” distance from the cluster center. This galaxy is relatifaigt (z- — 0.4). The
brightest galaxy lying exactly at the predicted SSP cola spectroscopically confirmed fore-
ground galaxy. However, there is one galaxy slightly brghban the marked BCG within 30
from the X-ray center - which could also be a BCG candidatefotinnately, we do not have
spectroscopy for this source. Compared to galaxy ID: 1 ithsigyhtly bluer color than the SSP
prediction and a slightly larger cluster-centric distarice ID: 1 still remains the better BCG
candidate.



Table 7.2: Summary of the optigakar-infrared observations of XMMU J0302.2-0001 and XMMI332.2-0836 analysed in this
work. The grism column applies for spectroscopic obseowatithe band for imaging. Exposure times and seeing areteelior
each band individually.

Cluster Data Exposure Time Prog. ID Date GriBand Seeing
XMMU J0302.2-0001 VLTFORSZ MXU spec. 3h (8< 1308 sec) 080.A-0659 2008 Jun 6 3001 .03 -1.26"
XMMU J1532.2-0836 VLTFORSZ MXU spec. 3h (8x 1308 sec) 081.A-0312 2008 Apr4,7 3001 .79’ -1.36"”
XMMU J0302.2-0001 CAHA 3.6rffOmega2000 imag. 50 m@3 min 2006 Jan 3, 4 H 1347/1.49”
XMMU J0302.2-0001 VLTFORS2 imag. 20 min 079.A-0119 2007 Feb 23 R .70
XMMU J1532.2-0836 VLTFORS2 imag. 16 mji8 min 078.A-0265 2008 Apr 4,7 R 0.67/0.8”

 Calar Alto Observatory.
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Figure 7.1: OpticaNear-Infrared images of the clustef@p: Pseudo-colorimage of the clusters
XMMU J0302.2-0001 (left, red channel: H band, green: z, blg¢ XMMU J1532.2-0836
(right, red channel: z, green=+R, blue: R). Adaptively smoothed X-ray contours are ovdrlai
in cyan. Soligdashed circles mark a 60’ radius region centered on the X-ray detection. An
associated overdensity of red galaxies is apparent in lashsBottom: A high contrast zoom
on the central regions of the clusters (dashed circle has’aa&flus). XMMU J0302.2-0001
is displayed in the H band whereas XMMU J1532.2-0836 in tharmb Red circles mark the
confirmed spectroscopic members with properties listedainlel 7.8 and spectra displayed in
Fig.[Z.3. The BCG is marked with a dashed red circle (ID 1 fahlmbusters). Spectroscopically
confirmed foreground galaxies are indicated by green csosse



Table 7.3: Spectroscopic redshifts of cluster member gedaX he last column lists the main detected spectral featdrorbidden
lines are detected in emission, the rest in absorption. ®artce from the X-ray center in arcseconds is given as;tipachmeter.

ID a (J2000) 6 (J2000) Zpec dx [”] Features
XMMU J0302.2-0001
1 (BCG) 03:02:12.260 -00:01:33.87 .1B48+0.0007 5.4 [Qi]', Ca-K, 4000 A break
2 03:02:11.462 -00:01:32.01 .1735+0.0007 7.0 Mg, Ca-HK, 4000 A break
3 03:02:16.181 -00:03:32.28 .1B06+ 0.0004 134.3 [Q1], Ca-HKT
4 03:02:11.774 -00:01:32.61 .1B68+ 0.0007 2.5 Mgy, [On], Ca-H, G band
5 03:02:09.930 -00:01:05.91 .2D42+0.0004 41.0 [Qi]f
6 03:02:15.228 -00:01:49.87 .1696+ 0.0004 52.3 [Qi]
XMMU J1532.2-0836
1 (BCG) 15:32:13.294 -08:37:00.75 .3692+0.0016 5.5 Mg, Ca-HK
2 15:32:13.149 -08:36:57.97 .3680+0.0007 2.1  Fe, Mgm, Ca-HK
3 15:32:13.010 -08:36:57.14 .3668+0.0005 0.4  Fa, [Ou], [Nemn], [Nev]

T The feature is faint.
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Spectroscopic confirmation

In order to increase thefleciency of spectroscopic follow-up, we submit the X-ray itied
candidates to a pre-screening process based on gpéaginfrared imaging. This allows us to
compile a candidate shortlist with very low contaminatiater(Fassbender 2008).

XMMU J0302.2-0001 was classified as a good high redshifttelusandidate based on its
solid X-ray detection and a very prominent £50) overdensity of red galaxies. This system
was therefore selected as a prime candidate for spectricfotipw-up.

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

For each cluster we carried out an observation in the MXU-en@dask eXchange Unit),
whose 68 x 6.8’ field-of-view allows us to obtain a flicient number of galaxy spectra with a
single slit mask centered on the cluster.

We reduced the observations with a new FORS 2 adaptationeoWtMOS Interactive
Pipeline and Graphical Interfac@/IPGI,|Scodeggio et al. 2005) which includes all the stadda
analysis steps - bias subtraction, flat field correctionggenstacking and extraction of back-
ground subtracted 1D galaxy spectra. The wavelength adilioris carried out using a Helium-
Argon lamp reference line spectrum (calibration uncetyain1A). Details of the spectroscopy
reduction pipeline will be given in Nastasi et al., in prefeTinal stacked spectra are corrected
for the sensitivity function of the FORS 2 instrument. Weaibtthe galaxy redshifts by cross-
correlating their spectra with a galaxy template libraringshe IRAH package RVSAO and the
EZ software|(Kurtz and Mink 1998; Garilli et al. 2010, resipesly).

XMMU J0302.2-0001

As can be seen in Fifg. 7.3 (bottom, left), there is a peak ofaicordant redshifts in the galaxy
redshift distribution around the X-ray center of XMMU JO32:D001 atz ~ 1.19. The measured
redshifts, the most dominant spectral features and clasteric distances are listed in Tablel7.3.
Five of the galaxies are within 8B5rom the X-ray center. This includes also the BCG and two
additional red galaxies in the immediate vicinity of thea§¢icentroid € 10” offset, see Fig. 711),
which allows us to establish the redshift of the system witbdyconfidence. The spectra of
galaxies ID: 4 and ID: 5 have low signal-to-noise ratios, Wwetstill are able to measure their
redshifts rather safely and keep them therefore in the mehsbeGalaxy ID: 6 is not passive -
it exhibits an extremely strong [@ emission line.

In order to estimate the final cluster redshift we apply adie criterion adopted from
Milvang-Jensen et al. (2008): we require the galaxy retistofbe in a 0.015 wide redshift slice
around the iteratively established cluster redshift. Beigction includes galaxies ID:-15 and
yields a median cluster redshift o= 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 J0302Q01.
Square boxes mark secure spectroscopic cluster membensxi€sawith projected cluster-
centric distances less than3fre shown as red circles, those with distances betweér 80’

as green circles. Galaxies with concordant redshift &0’ distances have blue circles. The
dashed black line marks the magnitude limits. The appardydnd magnitude of a’lgalaxy at
the cluster redshift is shown with a vertical blue dotteelifo help to guide the eye we over-
plot the color of a solar metallicity SSP model for the clusteedshifts with formation redshift
z; = 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. NdtthéhR and z magnitudes here
are in the AB system. Two of the spectroscopic members laypemtodel prediction for a red
sequence at this redshift, the third member has a signifjcaluter color.

We conclude the discussion of the spectroscopy of XMMU J@B0R01 by remarking that
there is an additional spectroscopic galaxy redshift froen$loan Digital Sky Survey which is
concordant with the cluster redshift. We discuss this seinSect[ 7.314.

XMMU J1532.2-0836

For XMMU J1532.2-0836 we were able to obtain three galaxycspe(Fig.[7.1, top right).
All three spectra have good signal-to-noise ratios and éldshifts can be anchored by several
prominent spectral features (Tablel7.3). They yield a réistthe system equal t0.258+0.001.
The three spectroscopic members are withii’ from the X-ray center (Fig._7.1, bottom right).
The fourth red galaxy close to the center was found to be gfoumd object.

Galaxy ID: 3 has a very prominent i) emission line and [Nei] and [Nev] lines were
detected as well. These features are characteristic fopdpalation of obscured AGN (e.g.
Groves et al. 2006). The implications of the presence of alNA®G the X-ray analysis of the
source is discussed in Sect. 713.1.

Finally, we note that the four galaxiesat 1.1 in Fig.[7.1 (bottom right) would constitute a
system given our selection criterion (Séct. 7.2.2). Howdbhese galaxies are spatially unrelated
and thus do not form a genuine galaxy overdensity.



7.2. Observations and data analysis 135

Relative Flux
Relative Flux

il B o )
6000 7000 8000 9000
Wavelength [A]

1.356 1.358 1.36
2 —

Number of galaxies
Number of galaxies

1
. . | | |m L |

0.5 1 1.5 1 1.5
Redshift Redshift

Figure 7.3:Top: Spectra of secure cluster members for XMMU J0302.2-0001, de- 1.185)
and XMMU J1532.2-0836 (righ = 1.358) smoothed with a 7 pixel boxcar filter. The expected
observed positions of prominent spectral features at thdianeedshift are indicated by black
dashed lines. The sky spectrum (bottom) and telluric feat(top) are overplotted in red. For the
BCGs (top panels) we display an overlaid LRG template spetin blue.Bottom: Distribution

of VLT /FORS2 galaxy spectra for the two clusters. The red hashésigiaw the distribution of
the red galaxies for both clusters (also shown in the inse¢t@cted by requiring the redshift to
be withinz;, = 0.015. The black hashed peak corresponds to cluster XMMU JQ3WA0 (see
AppendixX7.5.11). See Set. 7.2.2 for discussion.
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7.2.3 Growth curve analysis of the X-ray imaging data
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Figure 7.4: Growth curve analysis of XMMU J0302.2-000217.85, left) and XMMU J1532.2-

0836 (z=1.358, right). The curves show the encircled cumulative #axa function of radius

(PN: blue curve, combined MOS: red). Dashed lines mark the rfi@easurement error bars
which include the Poisson noise and an additional 5% systereaor from the background

estimation. The dashed horizontal lines mark the plateaideSee Sedt. 7.2.3 for details.

We utilize an improved version of thgrowth curve methogBodhringer et al. 2000), in or-
der to trace the emission to an as high cluster-centricriistas possible and obtain a reliable
measurement of the flux. The cumulative source flux (i.e. ¢amknd-subtracted) as a function
of radius, the growth curves, for the two systems are digulay Fig[7.4. The total source flux
was determined iteratively by fitting a line to the flat partioé background-subtracted growth
curve. We define thplateau radiug(ryia;) as the aperture where the growth curve levéisrao
a flat plateau. The flux at this radius is the total detecteddfuthe source.

XMMU J0302.2-0001

For XMMU J0302.2-0001 we founghg = 557, Fpat(0.5— 2.0 keV) = (11.73+ 1.36)x 10 *° erg
st cm and a total luminosity (0.5 - 2.0 keV) = (856 + 0.99) x 10*¥ erg s* (Fig.[7.4).
Errors of the flux and luminosity include the Poisson errard a 5% systematic error in the
background estimation.

The analysis of this cluster is complicated by the presehaa extremely bright point source
80” away from the cluster center. At this higlff-@xis angle the point-spread function (PSF) is
already significantly broadened with respect to its on-akigpe and therefore the emission of
the point source is spread out in the PSF wings inside theéetltesgion. Before the background
estimation we manually removed a circular region with a eovetive radius centered on the
point source. The flux estimation described above is baseidhages with the point source
masked out in the same way. We have mitigated this contaimmaf the cluster emission by
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Table 7.4: Basic X-ray parameters of XMMU J0302.2-0001 amdMU J1532.2-0836. Flux
and luminosity errors include the Poisson errors and a 5%esyaic error in the background
estimation. Errors of parameters obtained from scalirgtiais include the measurement errors
of the luminosity and temperature, respectively, and tkrénisic scatter of the scaling relations.
The first set of parameters uses the self-similal land L-M relations from Pratt et al. (2009)
for the bolometric luminosity. The second set of parametdrs no-evolution case) follows
the prescription of Fassbender et al. (2011a) by removirgEfr) factor from the bolometric
luminosity scaling relations of Pratt etial. (2009). In batbenarios, scaling relations are
obtained by the BCES orthogonal fit algorithm_(Akritas anddBady| 1996) and the input
luminosities include the core regions. Parameters for XMMMI332.2-0836 are upper limits.

See Secf. 7.3.1 for more discussion.

Parameter XMMU J0302.2-0001 XMMU J1532.2-0836 Units

a (J2000% 03'02"119° 15"'32"13.0°

& (J2000% -00° 01 34.3” -08 36 56.9”

redshift 1185+ 0.016 1358+ 0.001

E(z) 1.96 2.15

Ang. scale 8.28 8.41 kpcs

ng 7.07 8.13 18° cm2

L-M, L-T self-similar evol.

Fs00[0.5 - 2.0 keV] 1144+ 1.28 302+ 0.96 10 ergcnm? st
L500[0.5— 2.0 keV] 835+ 0.93 381+121 103 erg st

Fs0o [bolometric] 1362+ 2.96 352+ 2.46 10 ergcnr? st
L 500 [bolometric] 2108 + 2.36 863+ 2.75 108 erg st

Ts00 28+0.7 21+ 06 keV

Ms00 12+0.2 07+02 10 M,

I'soo 0.47 0.37 Mpc

M 200 17+04 10+03 10 M,

L-M, L-T no evol.

Fs00[0.5 - 2.0 keV] 1159+ 1.33 289+ 114 10 ergcnm? st
L500[0.5 — 2.0 keV] 7.80+ 0.90 323+ 1.27 108 erg st

Fso0o [bolometric] 1293+ 3.14 351+272 10%ergcnr? st
L 500 [bolometric] 2162 + 2.50 782+ 3.03 108 erg st

Ts00 35+09 26+0.7 keV

M50 1.6+0.3 09+03 10" Mg

I's00 0.53 0.42 Mpc

M 00 25+ 05 14+ 04 10" Mg

2 All values are upper limit$ X-ray coordinates based on a maximum-likelihood fit of a R@ifled beta model to
the surface brightness distributidryalues from the LAB HI surveyi (Kalberla etlal. 2005).
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excluding these regions and extrapolating the clustergarsas 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 Hig.]{right) extracted from the
uncontaminated field (OBSID: 0100240701, see $ect.|7.2VE)detected the source emission
out to e = 227, with a total source flux of f(0.5 — 2.0 keV) = (282 + 1.11)x 10 erg
st cm2, i.e. four times fainter than XMMU J0302.2-0001. This fluxthé cluster’s redshift
corresponds to a total luminosity,k(0.5 — 2.0 keV) = (359 + 141) x 10¥ erg s'. We
note that the source is very faint and thus the flux could bebéished only with a- 40% error.

A systematic shift between the MOS and PN is also apparenigii/i4 (the MOS flux being
higher). Note however, that the growth curves are cumudativx distributions and thus the
radial bins are not independent. All subsequent physiaarpaters are thus only tentative and
will require a dedicated deeper (on-axis) X-ray observetiw corroboration.

Except for pointing 0100240701 there is an additional XNNdwtonobservation available of
similar depth and at similarfiyaxis angle, but this one is heavily contaminated by saftgos.
There is some evidence that the soft protons undergo refteotn the telescopes mirror and
are thus vignetted across the field of view. The vignettingcfion for MOS was tentatively
established by Kuntz and Snowden (2008b) to be shallower the vignetting of genuine X-
ray photons. For PN a systematic study has not yet been d@¢amiebut a preliminary analysis
suggests a similar shape to the MOS vignetting. Given this,two-component background
model should be able to capture the enhanced backgroune foghorder. We have therefore
extracted growth curves also from the second observati@fiMl that while there is a relatively
large scatter between the curves, they typically agreeimitie error bars. The measured total
flux (the plateau level of the curves) agree very well, théedence between them being much
smaller than their errors:p(0100240701) 2.82+1.11 and k,(0100240801) 2.95+0.94 in
10 erg s cm 2 units in the 06— 2.0 keV band. This is a reassuring indication that indeed the
plateau fitting algorithm and the procedure of combiningghmvth curves from PN and MOS
yields very stable results, even for observations with siamdard backgrounds.

7.3 Results and discussion

7.3.1 Physical properties of the clusters

The number of counts for both clusters is iffatient for a spectroscopic analysis and therefore
we can estimate additional physical parameters only thrdwginosity based scaling relations.
In the following analysis, we will assume that the entireay-emission detected and character-
ized by the growth curve analysis (Séct. 71.2.3) originatéke ICM (after removing the detected
point sources). For XMMU J0302.2-0001 we find no indicatioattthere is any further contam-
ination, but in the case of XMMU J1532.2-0836 this assunmpisolikely not valid due to the
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presence of an obscured AGN (Séct. 4.2.2). We discuss thhplity in Sect[ 7.32. The phys-
ical parameters for this system should therefore be coresicies upper limits.

Due to the high redshift of the clusters and the limited nesoh of XMM-Newtonwe can
not excise the core regions of the clusters. We thereforghesscaling relations that include
cores. We use the growth curve (Bohringer et al. 2000) tatiteely obtain a self-consistent set
of parameters utilizing luminosity based scaling relasiofihe iterative procedure is described in
Suhada et al. (2010), with theftirence that we extrapolate th&6 2 keV luminosity to obtain
its bolometric value. We estimate the remaining physicehpeters using the bolometric-I
and L—M relations from_Pratt et al. (2009) (orthogonal fit, no Malmgj bias correction).

First, we assume a self-similar evolution of the scalingtiehs. Under this assumption, we
estimate the objects to be intermediate mass systems wigh #M1.2 x 104 M, for XMMU
J0302.2-0001 and Mo =~ 7 x 10'* M., for XMMU J1532.2-0836. This corresponds to temper-
atures & 3 keV and & 2 keV respectively. The results for both systems are sunzehin
Table[7.4.

The major uncertainty on the estimated physical parametetisese high redshifts stems
from the fact that the evolution of the scaling relationsas yet well established. Self-similar
evolution is a common assumption and a direct predictioh@&tmple, purely gravitation driven
growth. However there are several indications that theuthol of luminosity scaling relations is
slower than the self-similar prediction - see discussidrassbender et al. (2011a) and references
therein, e.g. Stanek etlal. (2010) and Reichert et al. (Sidxi)i

We therefore adopt the simplified approach of Fassbendér(@04.1a) and remove a factor
of E(2) from the self-similar evolution factoiE(2)~"/3) in the bolometric luminosity based scal-
ing relations. This modified evolution factd(z)~#?, is consistent with preliminary results of
Reichert et al. (submitted) based on a fit to a large samplggbfredshift clusters compiled from
the literature. Since our algorithm iteratively estimateself-consistent set of parameters, the
change of scaling relations impacts slightly the estim#itedand luminosity (mainly through
the temperature dependence of the energy-conversioorfathis change is minuscule, but for
consistency we display the full sets of the estimated patensmidor both calculations (i.e. the
self-similar and no-evolution scenarios) in Tableg 7.4.

However, the impact of the fierent evolution models on temperatures and masses is seriou
The non-evolving case approach yields roughly 30% highgstet masses and 25% higher
temperatures (Table 7.4, bottom). Given the precision®ttaling relations (and their intrinsic
scatter) and the error of the luminosity measurement, ttimates are still in agreement within
their 1o- error bars (albeit for the masses only barely). Howeves,uhcertainty is systematic and
very important for studies of cluster samples (and natyth# eventual cosmological constraints
derived from them). This clearly demonstrates the impaeanst establishing a well controlled
high-redshift calibration cluster sample.

For both the self-similar and no-evolution scenarios we atslude our estimates of the
mass Mgo (mass inside the aperture where the mean density is 200 tiraesitical density of
the Universe). The masses have been obtained by extraympMtioo assuming an NFW pro-
file (Navarro et al. 1997) and using the relations of Hu andvis@ayv (2003) and the DM profile
concentration mag®dshift dependence of Bullock et al. (2001). The paramsedez obtained
iteratively using the My values as inputs. For both clusters the conversion factgs MM g
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is~ 1.5 and My is ~ 90% of the virial mass.

While at their observed redshifts the clusters would rankm@gnintermediate 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 roa#ise clusters at = 0, we use the
mean mass growth rate relations of Fakhouri et al. (201@gdban the mass assembly histories
of halos in the Millennium and Millennium-Il simulations. é\estimate theg = 0 mass of
XMMU J0302.2-0001 to be ¥k 10'° M, and 7x 10'* M, for XMMU J1532.2-0836. Thus at
the present epoch, XMMU J0302.2-0001 would be a very mass$isers with a mass similar
to the Coma cluster. If we use the definition of formation timsehe redshift at which the cluster
acquired 50% of itz = 0 mass (e.g. see the appendix_of Giocoli et al. 2007), thedtam
redshift of XMMU J0302.2-0001 would be aroumd: 0.5, while XMMU J1532.2-0836 would
be assembled slightly earlier, at 0.6.

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

XMMU J1532.2-0836 with its fluxrx ~ 3 x 107%° erg cnt? st is one of the faintest cluster
candidates discovered in a serendipitous X-ray surveyer@ite estimated upper limits, we are
indeed entering here the low-mass cluggeyup regime at high redshifts. Probing the feasibility
limits of this kind of cluster surveys, however also mearat the have to deal with increasing
uncertainty in the sources’ classification and charaa#dn.

In this case, the initial detection revealed the presenes extended source at2o- signific-
ance level (but only in one of the two observations). Opftieadr-infrared imaging confirmed the
presence of red galaxies coincident with the X-ray detactiod spectroscopic data confirmed
the presence of a dynamically bound galaxy system.

Optical spectroscopy, however, also revealed the likebg@nce of an obscured AGN in the
core of the cluster (Se¢t. 7.2.2). The X-ray spectral distion of an AGN can in first approxim-
ation be described as a power-law (with average indexL.8) intrinsically absorbed with hydro-
gen column densities from 10?2 cm2 to over 16° cm2 (for Compton thick sources) depending
on the structure and orientation of the circumnuclear d#sde.g. Antonucci and Miller 1985).
This local absorption introduces a photoelectric absorptut-df removing most of the soft X-
ray emission. Unfortunately, for an AGN at redshaft 1.358 a significant fraction of photons
are redshifted from unabsorbed parts of the spectrum intadetection band (8 — 2 keV).
Intrinsic absorption column densities equal to a few timé¥ tm2 are enough to remove a
significant fraction of the soft emission even after redsigfand thus for these cases the AGN
contamination of the observed X-ray emission should be Isonadven negligible. However,
for lower column densities the AGN emission would give a gigant contribution and indeed
possibly be even the dominant source of the detected photons

Since the observations are not deep enough to constraiauheesspectrum, we have checked
the hardness ratios (ratio of thef@rence of counts in two adjacent bands) of the source in our
detection bands (8- 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 emissi@iven the uncertainties, however,
AGN contamination (assuming moderate absorption) canradsbe ruled out this way.

Apart from the spectral distribution, a safe detection afrse extent would constitute a
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strong piece of evidence that the observed emission ot&grfeom the thermal bremsstrahlung
of the ICM. As discussed in Se¢t. 7.2.1 source extent wasttenly in the slightly deeper,
but contaminated field. We re-examine the shallower, cldzsewation 0100240702 looking
for instrumental &ects that could mask the source’s true extent. In this obiervthe source
lies partially in a very prominent out-of-time (OoT) evelige (in the PN detector) caused by
the very bright star system (UZ Lib) which was the actuale¢af the observation. Originally,
we removed the O0T stripe in the observation in a standaatisstal wa)ﬁ We then try an
alternative approach, by keeping the OoT events in the teteitcnages and modelling them in
the background estimation step. This method also does elot gh extent detection.

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

As a final test, we carry out a joint source detection on bottdisimultaneously (i.e. two
times three detectors, each in three bands). The joint tilmteis carried out in two dferent
ways. First we stack the data from the same detefttansls and run source detection simultan-
eously on the nine merged data sets. XMMU J1532.2-0836 extézt in the merged data set
with a higher detection significance as in either of the gr@dservations, but its extent is not
confirmed.

Merging observations has the disadvantage that the exfactriation on the shape of the
point-spread-function (PSF) is lost (the two observatioage slightly diferent dt-axis and po-
sition angles. While theftect is expected to be small, it could be a deciding factor imdhse,
since the potentially extended emission is so weak. Thexefe also attempt to carry out source
detections on all 18 imad@simultaneously without stacking them. There is currentySAS
task that can carry out extended source detection in twaipgssimultaneously, but we mod-
ified the source code of themosaicproc task (experimental task in SAS v10.0.0, originally
developed for point source detection in mosaic observa}itmfit our purposes. However, also
this approach does not yield a detection of extent at a statily significant level. We repeated
the procedures for several possible combinations of dateetith no extent detections in most
of the cases. Extent was detected exclusively in runs wherento MOS detectors from the con-
taminated observations were used along with either of thed@eras. Given that these MOS
detectors have the highest contaminatio®0% compared to 50% of the PN from this same ob-
servation) it leads us to the conclusion that the extenkélidue to an unaccounted background
fluctuations caused by the soft-proton contamination. Wenase that for a fully conclusive
confirmation of AGN presence a 25 Rhandraobservation will be sfficient (gathering- 25
source counts). Time for this follow-up observation hasacated.

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

5See e.g. the XMMNewtonuser handbookgmm. esac.esa.int/sas/current/doc/.
5Two observations times three detectors times three bands.
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observations. Given our findings we can not exclude the piisgithat the detected AGN is
the dominant (possibly only) source of X-ray emission detgdrom this system. This source
is thus an example of systems that even with availability aftmwavelength data are hard to
properly classify. For large upcoming surveys such systeithde presumably numerous (e.g.
eRosita which in addition has a slightly worse PSF) and thereforgitamhal studies will be
needed to establish how can we explore the cluster-groogpitian regime at high redshifts with
good confidence andtective 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 J0302.20Q0wne detect [@x] line emission

in four out five spectroscopic members (excluding the galéxy6). This feature, an indic-
ator of sustained star-formation, is detected along wikieoteatures which are typical for ma-
ture systems. Similar activity is observed also in othehhigdshift X-ray selected clusters:
XMMU J1007.4+1237 (atz = 1.56/Fassbender etial. 2011b), XMMU J0338.8-0030 (Pierini et
al., submitted) and XMMU J2235.3-2557 (Lidman et al. 20G8)a 1.39. While some of these
[O u] emitters are bluer than the cluster red sequence, mangof bave colors in full agreement
with the old, passive galaxies and in some cases are evearr@dd. in XMMU J2235.3-2557).
These galaxies can also span a large range in magnitudesthgwery bright end of the cluster
luminosity function. An increase in star formation actyih red sequence galaxies is also ap-
parent in optically selected cluster sample_of Finn et a1 (mostly intermediate redshift
systems) and in dense galaxy environments at redshiftseen in GOODS and DEEP2 galaxy
surveys|(Elbaz et al. 2007; Gerke et al. 2007; Cooper et B8R0

We are thus very likely observing residual stochastic &tamation in probably bulge dom-
inated disc galaxies. Thidfect can be expected to be more important as we move to higher
redshifts and enter lower-mass regimes. As we have remamk8dct[7.3.l1, based on cluster
mass growth rates from simulations, XMMU J0302.2-0001 il ist its assembly phase and
is expected to be experiencing significant mass accretiohnagrging activity. These pro-
cesses lead to large variations in the clygreup tidal field. Based on numerical simulations
Martig and Bournaud (2008) show that tidal field fluctuatian @nhance the star formation
activity of galaxies (beyond the expectations from pureliagy-galaxy interaction driven activ-
ity). This efect should be particularlyfiécient at high redshifts and in low mass systems, before
guenching processes take place. The XDCP project has tlag Xensitivity and sky area to be
able to dfectively study this transition regime and the relevant emumnental €ects. We leave
further discussion to an upcoming dedicated study basedaitable data. However, we note
that in order to completely disentangle the ongoing praegsaformation on the spectral energy
distribution at1 > 4 000 A (rest frame) is necessary as well as high-spatialutsn 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 NASAPAC Extragalactic Databdéand the SIMBAD Astronomical Databae,
in search for potentially interesting known sources.

We find that XMMU J0302.2-0001 has been previously detecyetié BLOX survey (Bonn
lensing, optical, and X-ray selected galaxy clusters Riktet al. 2007) as the object BLOX
J0302.2-0001.5. The cluster was selected in X-rays, bubypdhe optical and weak lensing
detection algorithms. Their estimates of the X-ray paranse{c = 128" + 1.2” and flux
Fx = (121+1.3)x 10 erg cnt? st in the Q5 - 2 KeV band) are in good agreement with our
values. The cluster does not have a redshift measurementfr@ BLOX survey.

At a cluster centric distance of 185’ we find the source SDSS J030214:8P0125.3
identified in the Sloan Digital Sky Survey (SDSS) as a quagardn-Cetty and Véron 2006).
The object has a known spectroscopic redshift, 1.179 (Schneider et &l. 2007; Cristiani et al.
1996), which is in concordance with our redshift for XMMU I@232-0001. At~ 185’ offset
(corresponding te- 1.5 Mpc at this redshift) it could be associated with the cldstautskirt re-
gion. We also detect this quasar as a high significance X-oayt pources in our XMMNewton
observation (see Fig.1.7).

For the cluster XMMU J1532.2-0836 we do not find any compleagnredshifts in the
databases. Neither do we find any known radio source withirrad2us from either system.

Both sources are also part of the The Second XMkwtonserendipitous source catd?og
(Watson et al. 2009). Their detection parameters are ireaggat with our estimates, however
since our pipeline is optimized for high redshift clusteted¢ion, we detect both systems with
slightly higher detection likelihoods.

7.4 Conclusions

1. We have detected two high redshift systems, XMMU JO30R@t atz = 1.185 and
XMMU J1532.2-0836 az = 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 optezatinfrared imaging and deep op-
tical spectroscopy with VLZFORS2 and measured spectroscopic redshifts for both sys-
tems. We have confirmed XMMU J0302.2-0001 as a bona fide galasyer. Among
its spectroscopically confirmed members we find severaldoos [On] emitters. These
giant galaxies are likely experiencing residual stocleastir formation activity, possibly
triggered by galaxy-galaxy interactions and fluctuationthe overall tidal field.

3. Based on the obtained optigear-infrared imaging we established that XMMU J0302.2-
0001 has a well populated red sequence. In fact, XMMU J030Q( corresponds to one
of the most prominent overdensities of red galaxie8 €z — H < 3.0) among the known

"nedwww.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 dataXtMU
J1532.2-0836, we can see the bright end of the red sequendm¢fitwo spectroscopical
members to have colors consistent with a SSP spectro-pletticreequence for the cluster
redshift), but deeper observations will be required to il galaxy population of the
cluster in more detail.

4. From archival XMMNewtondata we have estimated the basic physical parameters of
XMMU J0302.2-0001. Within thespy aperture we measured the luminosity (0.5-2 keV
band) of cluster to bedgy = (8.35+0.93)x 10*3 erg s. Assuming a self-similar evolution
of the L-M scaling relation this value correspond tadyl= (1.2 + 0.2) x 10** M,,. This
ranks XMMU J0302.2-0001 among intermediate mass clusteéts redshift.

5. We confirm the presence of a dynamically bound galaxy systé&h three concordant
redshifts and coincident with XMMU J0302.2-0001. We alsd{@ 1], [Ne m] and [Nev]
emission lines in the optical spectrum of one of the memb&xges making it a likely
obscured AGN candidate.

6. We carried out an in-depth X-ray analysis of XMMU J153@836, showing that its ori-
ginal tentative detection as an extended source can notrifierned by currently available
data. While the nature of the X-ray emission as originathognffaint ICM emission can
not be ruled out, we conclude that it is likely that the enuiegs dominated (or possibly
even fully caused) by the central AGN. Notwithstanding tine estimate upper limits on
the X-ray properties for the case that the AGN emission idigiete. We estimate the
upper limit for the 06 — 2 keV band luminosity to bedgy = (3.81+ 1.21) x 10 erg s*
and the corresponding massdyl= (0.7 + 0.2) x 10'* M.,

7. We have discussed thé&ect of non-self similar evolution of the scaling relations aur
mass estimates. We find that a no-evolution scenario yigdde 80% higher masses and
~ 25% higher temperatures at these redshifts. This stronglgnscores the importance of
the dforts to properly calibrate these relationships in the rgdsdgime z> 0.8.

8. We detected and analysed a third cluster, XMMU J0302A00®hich was serendipit-
ously detected together with cluster XMMU J0302.2-0001isTtuster is established to
be an intermediate mass system at an intermediate redshifl,647.

We are experiencing a time period when many crucial questtout the cluster population
and its evolution can start to be addressed by analysingeclsamples at high redshifts. This
is also the objective of the XDCP project, with the main ainadlaress the evolution of scaling
relations and obtain cosmological constraints. The ptegaper extends the XDCP sample
and provides the first analysis of the clusters in prepardto planned deeper studies based
on additional opticghear-infrared data. XMMU J1532.2-0836 is scheduled fopdeand Ks
imaging by the Hawk-I instrument on the VLT. @handraobservation to investigate the nature
of the X-ray emission from this system has also been alldcateor XMMU J0302.2-0001,

K band imaging has already been obtained by the Large Biaoddlescope. A joint, multi-
wavelength analysis of these (and other XDCP) targets witliscussed 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 obsema@BSID: 0041170102 only
~ 2 from XMMU J0302.2-0001 at anfiyaxis angle of 17, with a high confidence extent signi-
ficance ¢ 100).

We measured the redshift of the clustet@647 + 0.003) from the same VL/FORS2 data
taken for XMMU J0302.2-0001. The redshift is based on thevéfih-Jensen et al. (2008) cri-
terion (Sectl_7.2]2), identifying 8 cluster members (blaakhed peak in Fig. 1.3, bottom left).

This redshift places the cluster below the formal XDCP distduster sample limit z 0.8).
The galaxy distribution of the cluster well matches the }¥sarface 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.[72d1Sect[ 7.2]3. In a’laperture
we detect 140 source counts in PN and 114 in MOS. The estintetisdmodel core radius is
rc = 30.9”. The growth curves are displayed in Hig.]7.8. Both PN and M@Ses are in good
agreement and have well established plateau levels with=-(19.83 + 2.16) x 107** erg cn1?
st

We estimate the cluster's mass to bg)yk (1.0+0.2)x10" M, from its measured luminosity
Lsoo = (3.26+0.33)x 10" erg s* (0.5- 2 keV). This corresponds to a®keV temperature. The
effect of the evolution uncertainty described in Sect. T.3dlightly smaller than for the > 1
cases - the no-evolution scenario yields 20% higher My, 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 J036Q0D0 and in Fig. 716. The
individual frames and photometry are the same as for XMMUW0208-0001 and described in

Sect[7.2.P.
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Figure 7.5: Pseudo-color image of the clusters XMMU JO3@®QO0 (left, red channel: H band,
green: z, blue: R). Adaptively smoothed X-ray contours arerlaid in cyan. Soligdashed
circles mark a 60/30” radius region centered on the X-ray detection.

The CMD can be found in Fig.74.6. The cluster has a rich redesecgiwith a BCG coincident
with the X-ray centroid. Although the BCG seems to expemeadnerging activity, its color is
in agreement with the SSP model prediction for the cluseshit (red dashed line in Fif. 7.6).

We have obtained spectroscopy also for the very bright XAGN ~ 75" from the cluster
center (see Fid. 7.7) and find that its redshift is concordattit XMMU J0302.1-0000. At the
cluster redshift this is equivalent t0 0.5 Mpc, i.e. the AGN is associated with the cluster. This
source is also contained in the SDSS catalog (Schneidern2Q@r) (quasar SDSS J030206.76-
000121.3 at redshift = 0.641).

Similarly to XMMU J0302.2-0001, the cluster XMMU J0302.04D is also part of the
BLOX survey catalog (see Sett. 7.13.4 and Dietrich et al. afatected independently in the X-
ray data and through an optical matched filter cluster findieye¢t ID: BLOX J0302.0-0000.0).
The estimated X-ray extent of = 27.8” + 1.9” is fully consistent with our value. The®- 2
keV flux estimated by the BLOX survey i< (29.4 + 2.6) x 107 erg cn? s72, i.e. signific-
antly higher than our value. We note however, that theinest is based on the direct output
of the detection pipeline, whereas ours is from a dedicatedtty curve analysis which includes
several improvements: 1) a visual screening and manuastakgunt of masks for contaminating
sources (indeed there is a bright point source detected2fYilyrom the cluster’s core); 2) the
redshift and temperature dependence of the energy coomdegitor (which is needed to convert
the detected counts to flux) is implemented in an iteratighifan and 3) we use the proper re-
sponse file calculated locally for the clusters positiomahy, the largest part of the flierence
comes from the fact that the Dietrich et al. (2007) flux is aptlated to infinity (assuming a
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Figure 7.6: The zH vs. H color-magnitude diagram of the XMMU J0302.1-000Gstdw’s field.
Red boxes mark secure spectroscopic cluster members. i€alsith projected cluster centric
distance less than 30are shown as red circles, with distances betwe€h-360" as green.
Galaxies with concordant redshift at60” distances have blue circles. The dashed black line
marks the 50% completeness limit. The apparent H band matmif a L' galaxy at cluster
redshift ¢ = 0.647) is shown with a vertical blue dotted line. We overpla th H color of a
solar metallicity SSP model with formation redshift z 5 and age~ 6.3 Gyr (corresponding

to the cluster redshift) as a reference (red dashed lineg prasence of a red sequence with
analogous colors is evident.

beta-model), while our estimate corresponds to a (finitejtape and is model independent. For
a cluster with a large core radius 81”), there is a comparatively larger fraction of the total flux
(extrapolated to infinity) outsideg, than for a cluster with smaller core radius (such as XMMU
J0302.2-0001r¢ = 14”), where the agreement with the BLOX survey value is muclrebett

The BLOX survey significantly underestimates the clustdshét (their value is 0.4). They
estimate a cluster richness A, = 65.9, wherelc, is the equivalent number of‘lgalaxies with
the same total optical luminosity as the cluster galax@stffe exact definition see Postman et al.
1996).

The cluster is also part of the Second XMNewtonserendipitous source catalog (Watson et al.
2009). The source parameters in this catalog are in goo@wagnat with our values.

In the NED database we find within aduery radius four galaxies with photometric redshifts
in agreement with the cluster redshift (i.e. in the range-®.7) from Waskett et all (2004). This
includes the already mentioned SDSS J030206.76-000121.3.

In summary, XMMU J0302.1-0000 is confirmed as an intermediahss system at interme-
diate redshift. While it is below the redshift thresholdloé XDCP distant cluster sample, owing
to its proximity to XMMU J0302.2-0001 it will benefit from upeing deeper multi-wavelength
follow-up data and will be thus an interesting object in igaright.
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Table 7.5: Basic X-ray parameters of XMMU J0302.1-0000. Ba#e[ 7.4 for explanations.

Parameter Units

a (32000} 03027 05.3°

§ (J2000} ~00° 00’ 05.0”

redshift 0647+ 0.003

E(2) 1.43

Ang. scale 6.92 kpcs

nf, 7.05 16° cm 2

L-M, L-T self-similar evol.

Fs00[0.5 — 2.0 keV] 1920+ 195 10®ergcm?st?
Ls00[0.5 - 2.0 keV] 326+0.33 103ergs?

Fso0o [bolometric] 2278+ 433 10%ergcm?st
L 500 [DOlOmetric] 771+0.78 10Bergst?

Ts00 23+ 0.7 keV

M500 1.0+ 0.2 10t M@

I's00 0.56 Mpgarcsec

M a0 14+03 10“ M@

L-M, L-T no evol.

Fs00[0.5 — 2.0 keV] 1888+ 201 10®ergcm?st!
Ls00[0.5 - 2.0 keV] 314+033 10%ergs?

Fsoo [bolometric] 2119+ 456 10%®ergcm?st
L 500 [DOlOmetric] 773+0.82 10Bergs?

Ts00 26+ 0.6 keV

M500 1.2+ 0.3 10t M@

I's00 0.59 l\/lpC

M a0 17+04 10“ M@

a X-ray coordinates based on a maximum-likelihood fit of a F&8ed beta model to the surface brightness distri-

bution;? Values from the LAB HI survey (Kalberla et al. 2005).
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Figure 7.7: Adaptively smoothed®- 2 keV X-ray image of the wider neighborhood of XMMU
J0302.2-0001 and XMMU J0302.1-0000. The red circles haver@@ii, while the dashed
circles 30. X-ray contours are overlaid in white. Point A marks the AGiNFee redshift of
XMMU J0302.2-0001 (SDSS J03021448200125.3) and point B the very X-ray bright AGN
SDSS J030206.76-000121.3, that has a concordant redstiiftive cluster XMMU J0302.1-
0000.
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Figure 7.8: Growth curve analysis of XMMU J0302.1-0000. Tuweves show the encircled
cumulative flux as a function of radius (PN: blue curve, cameldi MOS: red). Dashed line
marks the flux measurement error bars which include the @woissise and an additional 5%
systematic error from the background estimation. The dhbbeizontal line marks the plateau
level.



150 Chapter 7. Exploring the galaxy cluster-group transiton regime at high redshifts

7.5.2 High redshift cluster detections in the past decade

We have argued in Se¢t. V.1, that in the recent years muctriarmgrogress has been made in
the gradual construction of statistically large, high refiluster samples. These samples will
allow us to calibrate the scaling relations to redskift and beyond and constrain evolutionary
models for the ICM and the cluster galaxy populations.

Reichert et al. (submitted) compiled a list of known clustpublished up to year 2010
(including), which have secure spectroscopic redshifts @m X-ray luminosity measurement.
We select from this catalog a high redshift subsample bageitiedo XDCP project’s criterion,
i.e. clusters with redshiftz > 0.8. While the aim of this catalog is to compile clusters from
larger samples, care was taken to include also individualiprted high redshift objects. The
catalog utilises the latest analysis of each cluster if sd\ege available and therefore whenever
it is possible we replace this reference with the year of frsdlysis (understood here as the
discovery year). We aim here just for a simple qualitativalgsis and therefore these minor
effects do not influence our conclusions. The cumulative histogof the compiled catalog of
z > 0.8 clusters is shown in Fi§. 4.9. As we can see the progress make past decade (2001
- 2010) is truly impressive. The total number of clustersegiwur criteria is 58. Only three of
these clusters were known before the year 2001.

In the right panel of Fig._7]19 we check whether the total nundieclusters grows linearly
with time (green line). While the fit is acceptable, therendradication that the last few years
the detection rate has been even larger. An exponentiﬁm@iyields only a slightly inferior fit
(in the sense of thezl%tatistia). An exponential growth might be also preferred if we relag t
criteria and would include also clusters with only photomeatdshift estimates and not having
X-ray luminosity measurements. Especially the Sunyadid@eéch surveys are currently (e.g.
since 2009) the main purveyors of cluster samples with higdiemn redshifts (e.g~ 0.6 from
the South Pole Telescope survey, Vanderlinde let al. 2018)al¥6 overplot a second order poly-
nomial in Fig.[7.9 (blue line) which well describes the olveer detection counts (and confirms
the preference for accelerating detection rates). Theged of this model is 69 clusters given
our selection criteria by the end of year 2011.

Upcoming large area X-ray surveys (with XMMewtonand eventuallyeRosita along with
other cluster selection approaches (SZE, optical) and ¢laemear-infrared spectrographs will
enable us to further increase our high-z cluster sampleependently of the exact shape of the
growth of our cluster catalogs, the future of high redshifister studies certainly seems very
promising.

0An exponential growth is motivated as a potential instarfdel@ore’s law. A similar growth is observed not
only in improvement of computing hardware (and other digitactronic devices), but given a suitable figure-of-
merit also in several scientific subfields, e.g. the total benof particles in cosmological N-body simulations or
the number of DNA base pairs sequenced per year. Natutakygtowth in cluster detections can not be sustained
indefinitely, at the very least due to the finite number of @tsin the observable Universe.

1This fit is, however, mildly preferred by both the Bayesiad #&kaike 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 spectrpgcoedshift> 0.8
and an X-ray luminosity measurement compiled by Reicheat.dsubmitted) Right: A linear
(green line), exponential (red) and second order polynbiitsao 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 largeorggprojects - the XMM-BCS survey
and the XMMNewtonDistant Cluster Project (XDCP). In this final chapter, | pivsummaries
and conclusions of the work presented here. Since the XMNs-B@vey constitutes the majority
of the thesis (Chapters 4 and 5), | dedicate it the two finaliees and begin with providing
conclusions of the study carried out in the framework of tfiOR survey (Chapter 6).

8.1 Conclusions of the analysis of twa > 1 systems

The main aim of the XDCP project is the detection and studyeoy distant clustersz(> 0.8),
with a focus on extending the calibration of X-ray scalingatiens beyond the redshift of
unity and the investigation of high redshift cluster galgpgpulations|(Bohringer et al. 2005;
Fassbender 2008). In the scope of this project, we haveedastit a multi-wavelength analysis
of two distant, X-ray selected cluster candidates. Theystumhsists of the X-ray analysis of
the sources, measurement of their spectroscopic redahnift€haracterization of their galactic
population based on opti¢gakar-infrared imaging data.

The first system, XMMU J0302.2-0001 at redshift 1.185, was confirmed as a genuine
cluster with an estimated X-ray mass ofdyl= (1.6 + 0.3) x 10'* M,,. Its galaxy population was
found to be both impressive and puzzling. Impressive, bexthe cluster was confirmed to have
a~ 250 overdensity of red galaxies compared to the field - one ofitteest galaxy populations
found atz > 1. Interestingly, optical spectroscopy of most of the asedlymember galaxies
revealed an [@] emission line - a marker of ongoing star formation activitis is at variance
with the typical picture of a cluster galaxy as an old, redsgpaely evolving object. As we
approach the high redshift, low mass regime, an increaseoefamation can be expected. In
this regime, the star formation is likely triggered not ohilygalaxy-galaxy interactions, but also
by large-scale fluctuations of the global tidal field of thetsyns caused by ongoing formation
processes (Martig and Bournaud 2008). The observed staafam is therefore probably the
stochastic residual activity in bulge dominated disc galsvdue to this kind of events. We
estimated that statistically the system has indeed sbihg period of mass accretion and mergers
ahead of itself.
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The second system, XMMU J1532.2-0836=(1.358), demonstrates the challenges we have
to deal with when we are entering the cluster-group traositegime at these high redshifts.
This very faint X-ray detection is spectroscopically camd to be coincident with a dynam-
ically bound system of galaxies. However, optical specipg also reveals that one of the
member galaxies harbours an active galactic nucleus (A@&dgitionally, an in-depth analysis
of the available X-ray data showed that the initial chanazé¢ion of this system as an extended
source (an attribute of cluster emission) is very likelyrspus. We thus conclude that the X-ray
emission of this system, while being consistent with omdjimg from the intracluster medium,
could be heavily contaminated (or even fully caused) by #r@ral AGN. A snapshot observa-
tion with the Chandra X-ray telescope has been granted dhallew us to assess the true nature
of this system.

A third, intermediate redshiftz(= 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 sasdn the framework of the XMM-BCS
survey. This survey consists of a 14 dégray field (PI: H. Bohringer) observed by XMM-
Newtonand roughly the same area is also covered bySpizerSpace Telescope in the mid-
infrared (PI: A. Stanford). This test field lies in the hedrbae of the two 50 detfields imaged
in thegriz optical bands by the Blanco Cosmology Survey (BCS, PI: J.ldFhe field is also
covered by the two major SZE experiments: the South Poles@epe (PI: J. Carlstrom) and the
Atacama Cosmology Telescope (PI: L. Page).

The survey’s aim is not only to study the cluster populatiothis field, but also to investigate
the selection functions of the feerent multi-wavelength approaches and compare and cross-
calibrate the scaling relations between cluster obseegadnhd their total mass. In the scope of
this work we made a first step towards this goal by analyziegrttial 6 ded of the survey area
and providing an X-ray selected cluster catalog compridthgystems (Chapter 4). These cluster
candidates have been confirmed as being coincident witldemsities of red galaxies based on
optical imaging provided by the Blanco Cosmology Survewpnirfour band optical photometry
we were able to estimate with good precision the photomeddshifts of the clusters. For a
low redshift subsamplez(< 0.4), we have also obtained spectroscopic redshifts and faund
good agreement with the photometric values. Using thisadcst information we measured the
luminosities of the clusters and estimated their most ingmaphysical parameters from scaling
relations, e.g. mass, temperature andghparameter. The cluster sample is also characterized
by its logN — log S relation based on a simplified calculation of the survey skyecage, but
already shows a good agreement with measurements from suthezys. We also carried out
first comparisons with optical studies available from htere (Menanteau etlal. 2009, 2010;
Mclnnes et al. 2009). In this preliminary study we find a siigaint discrepancy between the X-
ray and optical mass estimates (with optical masses begighi. The cause of this discrepancy
lays probably in the optical mass assignment, but we haveusthadcess to the details of this
process at the moment. This question will, however, be tiyated further in a future study.
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After the South Pole Telescope started its search for chisia their Sunyav-Zel'dovich
Effect (SZE) signature, it was soon realized that the currenéiggion of instruments is only
sensitive to the very massive end of the cluster populatibh 6x10'* M,,). Since such massive
clusters are relatively rare, it motivated otiiogt to extend the X-ray survey to a larger area (and
thus increase the survey volume). The extension was mag@éjpoby the introduction of a novel
XMM- Newtonobservation mode - the mosaic mode (it is indeed very raiteathaw operation
mode is added to a long-time operating mission in orbit).sThode brings great improvement
in the observing #iciency of large sky areas compared to standard pointing adisens, which
allowed us to extend the X-ray field by 8 dep a total area of 14 dég This was the first
scientific application of mosaic mode observations. We ll@veloped a data-reduction pipeline
that allowed us to carry out source detection analogousstandard observations. As first
results, we provided the detection and analysis of two massusters, SPT-CL J2332-5358 (at
photometric redshift = 0.32) and SPT-CL J2342-5411 (@& 1.08). Both clusters were among
the first clusters detected through their Sunyav-Zel'dowafect signature by the South Pole
Telescopel (Vanderlinde et/al. 2010). The cluster SPT-CI32Z858 was also blindly selected
by optical cluster search in the BCS data (Menanteaul et 40)20These clusters are thus the
first systems detected independently by all three majoresimg approaches.

Although, the X-ray data has shallow exposures(ks) we were still able to find and char-
acterize the cluster SPT-CL J2342-5411 at redshiftand provide a spectroscopic temperature
measurement for SPT-CL J2332-5358. We found a good agreédragveen the SZE and X-ray
masses, supporting the expectation, that the SZE providgsiat mass-proxy (here via the SZE
detection significance and eventually via the integratech@onY parameter).

8.3 Outlooks for the XMM-BCS survey

After the first steps made in this thesis, there are still mengntific questions to be explored
using the XMM-BCS multi-wavelength data. Here we summatiieemain lines of upcoming
investigations, several of which have been already imitiat

e A preliminary X-ray source catalog from the survey’s extenss already available. In the
next step, we will screen this preliminary catalog usingdpécal imaging data in order
to construct a catalog of galaxy clusters and groups in dasirfashion as in the initial
6 ded region. We will measure the redshifts of these systems atedrdie their physical
properties. The full 14 dégcatalog is expected to have100 clusters.

e The realistic selection function of the survey is a prersi@ifor cosmological and scaling
relation studies. We will provide its calculation based oari#e Carlo simulations using
the software developed by Miuhlegger (2010).

e The full cluster sample will be sizable enough that it canvjgte interesting cosmological
constraints, although not as stringent as the currentrigacbsmological probes (cosmic
microwave background studies, supernovae, etc.). Thelsarap, however, be com-
bined with other, larger samples to gain extra leverage, with the REFLEX Il sample
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(Bohringer et al., in prep.) for which it constitutes a matuextension towards higher
redshifts and lower mass systems.

The cluster sample will be compared to the catalog of opticalected clusters from the
BCS field (Song et al., in prep.). The comparison can addwgsrportant questions:
1) it can give us a direct view on the selection function ofbstirveying approaches; 2)
by obtaining our own estimates of the optical masses frorembbles such asybg, Lacc
and Nzooﬂ we can carry out a comparison with the X-ray mass estimatdétfoégh the
intrinsic scatter of the optical mass estimators is gehelatge, it is important that an
unbiased link to the total cluster mass is established. ddmsin the future be utilized by
large optical surveys such as Pan-STARRS and the Dark Eisengey.

The availableSpitzermid-infrared data can be used in conjunction with the opiioa-
ging to improve the photometric redshifts, particularly ébstant clusters wittz > 0.8.
Based on these data-sets we will also get a comprehensiaitioe galaxy population of
clusters and groups out to redshiftl.

We have initiated further X-ray-SZE studies based on a catipe with the SPT collabo-
ration. The current SPT cluster samples of Williamson gf24111) and Vanderlinde et al.
(2010) include only sources with minimal detection sigmifice of 450-. The purity of
the SPT sample is expected to drop undeb0% below the &0 threshold. However,
using our X-ray selected cluster catalog also lower sigmit@ SPT detections can be
safely studied. As a first example, the most massive clusten our sample (cluster
XBCS 231653.1-545413) was found to have a direct SPT deteati the £ level (B.
Benson, private communication).

Another line of investigation concerns stacking analygishe SZE data for the X-ray
selected clusters. Here, from the X-ray masses we havelatdduthe expectation of
the SPT detection significance for our sample. In a prelinyimaalysis, the top eleven
clusters ranked by this parameter yield &o- detection significance in the stacked SZE
data (there are indications in at least one of the clustesdimt source contamination, this
value should be thus considered as a lower limit, B. Bensorgte communication). Nine
of these systems have SPT individual detection signifimnck 50, with three clusters
detected at 30 levels. All these preliminary results show that with a j&2tE and X-ray
analysis we are able to explore a completely new mass regin&4E studies.

Finally, as an example of ancillary science coming from tevey field, we add that we
have detected a total of 3065 X-ray point sources in the guii£&39 in the core region
and 1426 in the extension). Most of these point sources afd A&l using the available
multi-wavelength data we will be able to carry out a studytwatfocus on the obscured
AGN population.

Total integrated optical luminosity, BCG luminosity andlaygy counts as a measure of cluster richness
(Reyes et al. 2008, see also SEct. 5.5.6).
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This thesis shows fferent aspects of multi-wavelength cluster surveys, witbcai$ on the
X-ray band. The future of this kind of surveys looks very preimg. Large SZE experiments,
the South Pole Telescope, the Atacama Cosmology Telescapth@Planckmission, are all in
operation and delivering their cluster detections. In thgcal band, there are also several am-
bitious projects - both ongoing (Pan-STARRS) and futuresaeh as the Dark Energy Survey
and the survey with the Large Synoptic Survey Telescope. |3igest cluster catalog will be,
however, provided by theRositainstrument in X-rays. Up to hundred thousand systems are
expected to be found with a few hundreds of clusters abowhittd = 1. Each of this surveying
approaches comes with its own strengths and challengesltimately by combining them, we
will be able to utilize their synergies to get an unprecedémniew of the cluster population and
their place in the hierarchy of the cosmic large-scale siinec
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