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Abstract

During the past decade observations of the Cosmic Microvigaekground (CMB), the growth
rate of linear density perturbations or the mass functiomgadéxy clusters among others have
independently suggested that our Universe is composed8b baryons,~ 23% dark matter and
~ 73% dark energy. By combining those methods, the valuessshotngical parameters can be
constrained and the dynamics and geometrics of the Unicarsee determined. In particular, the
cluster mass function is sensitive to the matter derggitwvhich comprises both dark and baryonic
matter, the amplitude of mass fluctuations on cluster seadesnd the dark energy densi€¥e
and equation-of-state parameter

As non-linear tracers of the Cosmic Web, galaxy clustersessmt the top of hierarchical
structure formation with the largest dark matter halos. réfaee, cosmological studies based on
galaxy clusters allow important consistency checks to &BCesults. Since the most extensive
studies of galaxy clusters so far have been carried out iay$-and in the optical, it is of particular
interest to cross-calibrate cluster masses with both nlstHeurthermore, the combination of both
approaches allows to calibrate scaling relations betweesy>observables and mass. To perform
cluster cosmology we require large, well defined clustergasiand precise cluster masses. This
thesis focuses on the latter — the precise calibration aiteiunasses on a sample of five galaxy
clusters at high and intermediate redshift3(& z < 0.55) spanning a wide range in mass and
morphology. For all clusters high-quality space-based ffam ACS@HST are available for ac-
curate weak lensing shape measurements. Independent rmpieatentary mass estimates arise
from high-quality X-ray data fronXMM-NewtonandChandra The combination of weak gravi-
tational lensing and X-rays allows us to investigate clugteperties, such as mass, concentration
and velocity dispersion and to discuss our results witheesip dynamical state, morphology and
projected 2d-morphology. Using weak lensing masses, wdurtrer cross-calibrate the scaling
relations between X-ray masses and observables which nohyeawith redshift (e.g. Voit 2005).
For the redshifts of our sample we might observe such an genlagompared to samples at lower
redshifts.

The weak lensing analysis of this project was carried oubbews: With the aperture mass
statistics Mag—statistics, e.g. Schneider 1996) the weak lensing signtileoclusters was mea-
sured and position and amplitude of its peak were confirmewyssmulations. Using magnitude-
redshift relations (Schrabback et al. 2007, 2010), the nuistance ratios andflective mean
source redshifts of the lensed background galaxies wei@adsd to optimise the lensing sig-
nal. We showed that the peak of the lensing signal can be usatteanative definition for the
cluster centre and used its position to calculate the tdiajeshear profiles to which we fitted
commonly used mass models to obtain the cluster masses. W@ fbat our cluster masses are
widely consistent with previous studies, such as X-rays Stnyaev-Zeldovich fect or dynami-
cal estimates, which we used as cross-check because nonlyifabtained cluster masses for our
sample were available. As an example study, we used arahiviéilcolour data from the ground-
based facilities MegaPrime@CFHT and Suprime-Cam@ SUBAREstimate the photometric
redshifts of the lensed background galaxies and calibriditech against spectroscopic redshifts



from DEIMOS@Keck-I1l (Moran et al. 2007). With the inclusiaf such photometric redshifts,

we can improve our weak lensing analysis in two regardstifithe strength of a lensing system
depends on the distance between lens and background semoeg others. Secondly, we can
remove unlensed foreground galaxies using photometrighifts. Since only 5% of our sources
of MS0451.6-0305 have photometric redshifts, thi§ext is only marginal.

In the second step of this project, the X-ray analysis watopeed for three clusters which
were observed wittKMM-Newtonand one cluster which was observed withandra Using the
flux-weighted X-ray centroid as cluster centre, tempeeatund gas density profiles were obtained
which we used to determine the X-ray hydrostatic masses aventensity ofA = 500 compared
to the mean density of the Universe at the redshift of thetetusJsing the corresponding radius
rsoo, the global observables temperature, luminosity and fiwtalwere obtained. Especially, for
our disturbed clusters, we foundfeets between the flux-weighted X-ray centroid and the weak
lensing peak which can also be observed for e.g. the Bullett®l 1E0657-56 (e.g. Clowe et al.
2007). Furthermore, the X-ray hydrostatic masses-a28% lower than the weak lensing masses
because most of our clusters are not in hydrostatic equitibmwhich is the main assumption in
X-rays. A comparison with previous X-ray studies shows thatcluster masses are20— 35%
lower which is due to the fact that our masses were obtaired femperature profiles instead of
using isothermality (e.g. Zhang et al. 2005) and the@iéndracalibration (e.g. Snowden et al.
2008).

The scaling relations were calibrated with slopes from-sieffilar predictions and well-
established samples (Zhang et al. 2006, 2008, 2010), andatimealisations were determined.
We found that our normalisations are widely consistent \pitevious studies as far as cosmol-
ogy, method and slope are comparable to ours. We could ne¢ pvbether there is an evolution
with redshift for our scaling relations because eitherglismo evolution or the uncertainty is too
high. To investigate whether there is an evolution with héftlsa larger sample would be required.
Furthermore, we would need lensing data covering larged-tiéviews which would reduce the
errors on lensing mass as well as deep photometric red&hifedl clusters.



Vii

Even if there is only one possible unified theory, it is justteod rules and

equations. What is it that breathes fire into the equatiordmakes a
universe for them to describe? The usual approach of sciehce

constructing a mathematical model cannot answer the quesof why
there should be a universe for the model to describe. Whyttiees
universe go to all the bother of existing?

Stephen W. Hawking
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Chapter O

Introduction

Galaxy clusters are of special interest for modern cosnyolmerause they represent the most
gravitationally bound structures of the cosmic matterritistion embedded into the largest dark
matter halos. In hierarchical structure formation thejrigalaxy clusters emerged via gravita-
tional collapse from fluctuations in the primordial dendigld. Probing the large-scale-structure
(LSS), they provide constraints on cosmological pararsetir the cluster mass function which
comprises the number density and the redshift evolutioratsixy clusters as well as their large-
scale distribution. Thus, the cluster mass function is @enysitive to e.g. the matter densidy,,

the amplitude of mass fluctuations on cluster scalgsand to the dark energy densifyye and
equation-of-state parameter (e.g. Eke et al. 1996; Bahcall & Fan 1998; Borgani et al. 1999;
Reiprich & Bohringer 2002; Schuecker et al. 2003a,b; Mattal. 2008; Vikhlinin et al. 2009a,b).
As cosmological probes, galaxy clusters provide an indd@einand complementary tool com-
pared to other approaches such as the distance-redshifisieg standard candles (e.g. SNia,
Perlmutter et al. 1999; Riess et al. 2004; Kowalski et al.8208aryonic-Acoustic-Oscillations
(e.g. Eisenstein et al. 2005; Percival et al. 2007), the traate of linear density perturbations
(e.g. Huterer & Turner 2001) or measurements of the temperdluctuations of the Cosmic Mi-
crowave Background (CMB, e.g. Dunkley et al. 2009; Larsoal.€2011).

The theoretical expectation for the cluster abundance easbkained either from analytical
models (Press & Schechter 1974; Sheth & Tormen 1999) or frelbody simulations (e.g. Jenk-
ins et al. 2001; Warren et al. 2006; Tinker et al. 2008) whigkcisely predict the abundance of
dark matter halos as a function of mass and redshift. Sirecelttster mass is not directly measur-
able, it has to be inferred from observations in various \ength ranges of the electromagnetic
spectrum. For instance, the cluster masses can be derithd optical from measuring the ve-
locity dispersion of the cluster galaxies (e.g. Girardi & Metti 2001) or gravitational lensing
(e.g. Schneider 1996; Dahle et al. 2003; Clowe et al. 200@&lvaZzi & Soucail 2007; Schirmer
et al. 2007; Holhjem et al. 2009; Israel et al. 2011). In Xsiagtuster masses can be inferred from
the temperature and density distributions of the hot intuater medium (ICM, e.g. Zhang et al.
2005, 2006, 2008). At sub-millimetre wavelenghts, we cataiobcluster masses via the energy
CMB-photons gain when they encounter the ICM (Sunyaev-@&atih Effect, e.g. Kravtsov et al.
2006). Since galaxy clusters are richly labelled objectanynof their properties correlate well
with mass. To understand the relation between direct ohbky, such as X-ray luminosity or
temperaturélx, and the total cluster mass, is crucial for precision clustsmology. Compared
to N-body simulations, theoretical predictions about etlseobservational quantities can become
difficult because baryonic physics may be more complicated asecarodelled with simulations.
In addition, mass uncertainties are often quoted as the soairce of uncertainty in cluster-based
cosmology (e.g. Vikhlinin et al. 2009b; Mantz et al. 2010lm)dependent cluster mass estimates
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are essential to understand the systematic uncertairit@gsber masses. For these reasons, mass
proxies based on scaling relations between observableslastér mass must be carefully tested
and cross-checked with observations (e.g. Zhang et al., 2008).

The most extensive studies of galaxy clusters so far have baegied out in X-rays (e.g.
Bohringer et al. 2000, 2004; Reiprich & Bohringer 2002jeil et al. 2003; Mantz et al. 2008;
Vikhlinin et al. 2009a,b) and in the optical (e.g. Gladder¥@ 2000; Goto et al. 2002; Bahcall
et al. 2003; Gladders et al. 2007; Koester et al. 2007), vibiexdt is of particular interest to corre-
late and cross-check samples observed in both wavelengglesand to investigate the strengths
and weaknesses of both methods. The combination of lensidglaray allows us to calibrate
scaling relations between X-ray observables and mass@Qkabe & Umetsu 2008; Kawaharada
et al. 2010; Okabe et al. 2010; Zhang et al. 2010).

In X-ray studies, cluster masses can be inferred from th@déeature and density distribu-
tions of the hot intra-cluster medium which emits X-ray hesmit is compressed and shock-heated
by the gravitational potential of the cluster. The accunait which cluster masses are obtained
depends on the validity of hydrostatic equilibrium betwées ICM and the gravitational poten-
tial which can be disturbed due to merging. But the accuracgiso a function of the photon
statistics, the spatial resolution of the telescope andatiieis up to which the X-ray emission can
be measured. With the current instruments, good photorstatatfor reliable hydrostatic mass
estimates are available only outrtpo. A detailed temperature profile can only be obtained for the
brightest and nearby clusters. For distant clusters, aftdya global temperature or luminosity
can be determined wherefore we have to rely on scaling cestietween temperature and X-ray
luminosity with mass.

In the optical, the masses of galaxy clusters can be infdéroed gravitational lensing (e.g.
Mellier 1999; Bartelmann & Schneider 2001). In this theampe considers the distortion and
magnification of light from background galaxies which is deféd by a foreground cluster. To
first order, the gravitational field of a foreground mass fes a coherent, tangential alignment of
background sources around the centre of the mass conéemtr&br very massive lens systems
and appropriate geometrical alignment between obseres, dnd sourcestrong gravitational
lensingmanifests in strongly elongated sourcgmft arcg and in some cases multiple images of
a source can be observed. This allows one to directly moeeirihss distribution in the central
cluster region. In the cluster outskirts, the image digiog are so weak that their distortions
have to determined by statistical means. By assuming teajdtaxies are intrinsically randomly
oriented,weak gravitational lensindeads in the presence of a mass to a significant, non-zero
mean ellipticity of galaxy images which allows us to infee ttotal projected cluster mass and
to reconstruct the two-dimensional mass distribution daxpa clusters. Since the background
sources are completely independent of the cluster, we ddana to rely on relations between
light and matter to infer the cluster properties. Howeveayiational lensing has the drawback
that it is prone to projectionfiects such as halo triaxiality and matter distributed aldwegihe-of-
sight. For this reason, it is important to cross-check wealkihg cluster masses with hydrostatic
mass estimates from X-ray studies which are free of suclegtion dfects.

The accuracy of lensing masses is further limited by thelabviei data quality. Deep obser-
vations and high-resolution imaging are required to aghi@gh number densities of the back-
ground source population and to obtain accurate shape neeasots. In addition, multi-colour
data allow us to determine the photometric redshifts of theces and to separate foreground and
background galaxies but it also improves the estimates@sphtial geometry between observer,
lens and sources. Especially for high-redshift clustarshsas studied in this work, these criteria
are important because they are more sensitive to contaonsatf the background sample than
low-redshift clusters. To trace the gravitational leffeet beyond the cluster outskirts, wide-field
images from ground-based facilities or mosaic observatioym space are crucial to constrain the



cluster mass and to reduce its errors. Anyhow, space-bagagrbvides the best quality of shape
measurements since shorter exposure times are requiretieva the desired depth and it is free
of the blurring due to atmospheric turbulences.

Recent studies suggest that X-ray scaling relations afeis@lar and show no strong evo-
lution for massive galaxy clusters up ro~ 0.3 compared to samples at higher redshifts (e.qg.
Maughan et al. 2006, 2008) which are primarily homogeneadscansist mostly of relaxed clus-
ters (Zhang et al. 2007). Cluster masses based on X-ray aakl leesing analyses are in good
agreement for clusters in this redshift range (e.g. Zharal. 008 and references therein). For
clusters at higher redshifts, where evolutidfeets become more pronounced than in the local Uni-
verse, extensive studies on large statistical sampléaatit to be performed. To make progress in
this area, this thesis is devoted to the detailed weak gitevital lensing and X-ray analysis of five
galaxy clusters at high and intermediate redshift8 €0z < 0.55) spanning a wide range in mass
and morphology. The analysis presented in this work is perd with deep space-based data
from the Hubble Space Telescope (HST) which allow accutape measurements and provide a
coverage up to the cluster outskirts by the mosaic-pattetiecobservations. In addition, multi-
colour ground-based data from MegaPrime@CFHT and Suptieme@ SUBARU are available
to estimate photometric redshifts for the cluster MS0450305. These optical data are comple-
mented by high-resolution X-ray data fradMM-NewtonandChandra

This work will be organised as follows: In Chapter 1, the cokigical background knowl-
edge for the scope of this thesis will be provided. Chaptard2@hapter 3 introduce gravitational
lensing theory and X-ray physics, respectively. The cluséenple and the data used for this anal-
ysis will be described in Chapter 4. Since photometric ritdshre available for one cluster, their
accuracy and theirfiect on a weak lensing analysis will be estimated and disdusséhapter 5.
The results from the weak lensing analysis will be preseimtéthapter 6 followed by the results
from the X-ray analysis in Chapter 7. Scaling relationsudaig X-ray observables as well as X-
ray hydrostatic and weak lensing masses will be discuss&thapter 8. A concluding summary
will be provided in Chapter 9. Throughout this work we assuarfeat ACDM-cosmology with
Qm =0.27,Q5 =0.73 andh = 0.72.
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Chapter 1

Cosmology

Cosmology is a scientific discipline that deals not only witike origin and the evolution of the
Universe as a whole but also with its fundamental structlinereby this science connects particle
physics, observational astronomy and philosophy. Sprgdtom a mythical and religious world
picture, such as e.g. in the ancient China or Babylonia, otmyy has grown to a fundamental
research which has the goal to explain the past, presentusume fof our Universe using the four
known fundamental interactions gravity, electromagnetd strong and weak interactions. The
latter two act only on atomic scales and it is believed thettebmagnetism does not play a role
in cosmology as well, because the Universe is supposed thdrge neutral. For this reason,
gravity is the only fundamental force that acts on largeaglises and thus it dominates the cosmic
evolution. In this chapter, we will learn that not only gitgvdrives cosmic evolution. There is
another, mysterious force which is responsible for the egjom of space via the negative pressure
of the vacuum, not only very recently, but also in the begigniThis force is callediark energy
and its nature is still unknown.

Since we can only observe our own Universe and do not have lkdge about other uni-
verses, we have to distinguish carefully between serendipincidents and actual laws of Nature.
Provided that the nature of space-time is mathematicakigriteable, we can only observe events
on our backward light cone which limits the observable péthe Universe. Yet, this allows us
to study our Universe at earlier times back to when it was 88,000 years old and the CMB
was formed. In addition, we can infer the evolution of okgdaotour cosmic neighbourhood, such
as objects in the Milky Way or galaxies of the Local Group frobservations of their distant past
progenitors.

In this chapter, | will describe the theory upon which the roobgical standard model
ACDM is based and how galaxy clusters — the subjects of thsedation — are embedded in
this model. | will describe how these massive objects ctingiof hundreds of galaxies have
evolved from quantum fluctuations to the most significantkpea the matter distribution of the
Universe. In Sect. 1.1, | will briefly outline the cosmic st from very beginning of time and
space, the Big Bang to the time at which the CMB was createaneSaf the processes which
happened during that period are supposed to be responeittiecf large-scale structures we ob-
serve today. In Sect. 1.2, | will introduce kinematics andrgy components of the Universe.
Section 1.3 describes the formation of primordial smadils®verdensities which develop to the
locally highly inhomogeneous structures we observe toddgrims of galaxy clusters, filaments
and voids. Section 1.4 will be dedicated to galaxy clustedstheir importance for modern cos-
mology. Detailed reviews on the physics discussed in theptr are given by e.g. Peacock 1999,
Dodelson 2003 and Schneider 2006a.



Chapter 1. Cosmology

1.1 Big Bang and nucleosynthesis

From our present knowledge drawn from various observatitmes genesis of time, space and
matter was an infinitesimal small and infinite hot, densedarity from which space and time
decoupled due to expansion. This event is known as the Big.Ban

Proposed by Lemaitre (1927), the Big Bang theory has bequopelar because it gives
the most complete and accurate explanation for variousragtmical observations. Evidence that
such an event had happened was found in: (1) The recessimeitied of distant galaxies (Hubble
1929), (2) the radiation of the Cosmic Microwave Backgroedy. Penzias & Wilson 1965),
(3) the abundances of primordial elements (Steigman 20@§)the large-scale distribution of
galaxies (e.g. Bertschinger 1998; Tegmark et al. 2006) &hgdr{mordial gas clouds (Fumagalli
et al. 2011).

There is no information on thie< 1 seconds of our Universe since the physics of the corre-
sponding energy scales of interest are not well understéeir physicists prefer among others the
idea of inflation in which the Universe expanded rapidly du¢he negative-pressure of the vac-
uum energy density which dominated the expansion. Durifigtian, any gravitationally-caused
space curvature was smoothed to an almost flat space andeitie fee matter inhomogeneities
that appear homogeneous on large scales today were sowegidbre of inflation was first
postulated by Guth (1981) and Sato (1981) to explain the Mastogeneity and flatness of the
Universe. Although its complete particle physics mecharisstill unknown, it became the most
popular theory to describe the birth of our Universe becéuseplains why the CMB fluctuates
only by ~ 107> over the whole sky when the angular separation of causatyected regions
at its creation subtends only 1° (Horizon problemy and why our Universe is so flaFfatness

problem.

After inflation, the Universe was reheated to the tempeeaituhad before the onset of in-
flation due to the phase transition of vacuum energy back $témdard Model particles after.
Thus, 1s after the Big Bang, the temperature was still higiugh for nucleosynthesis of the first
stable primordial nuclei. Big Bang nucleosynthesis wag ficstulated by Alpher et al. (1948)
who predicted the correct abundances of primordial elesnefitdetailed review is on this sub-
ject is given by Pospelov & Pradler (2010). The nucleosysithéasted~ 3 min because due
to expansion, the temperature and the number densitiesegbatticles dropped. As a conse-
guence, the conditions for thermal equilibrium betweenghsicles changed permanently until
thermal equilibrium could not be maintained anymore. Timasitrinos decoupled from electrons
(vw & e'e) at~ 1.5MeV. At T < 0.5MeV the photon energy dropped below the rest mass of
elections wherefore pair creatiop( — €*e") was not longer possible. Hence, the annihilation of
electroripositron pairs was initiated until a small fraction of etecis remained. When the tem-
perature dropped below 0.3 MeV, “He could theoretically form from protons and neutrons, but
the deuterium anéHe abundances required for fusion were still too low bec#usse nuclei were
destroyed immediately by high-energetic photons after themation. Only at a temperature of
~ 0.1 MeV which is~ 10° K, the Universe had cooled enough to fothie dficiently. Small frac-
tions of heavier elements were also created before the tiamslifor nuclear fusion became too
poor. Afterwards, the Universe was composed of 259025%*He and fractions ofD, 3He, ’Li
and’Be. The more massive elements we know from the periodic tabte generated lateron in
stars by nuclear burning and during the violent death of imassars - the supernovae.

The abundances of H and He are supported by observationg.dbe-metallicity Hi re-
gions (e.g. Izotov et al. 2007) or blue compact dwarf gaXeg. Thuan 2008), where only
little nuclear synthesis by stars has taken place. The baphoton ratio on which the time scale
of the primordial nucleosynthesis depends is confirmed byB&Mservations. Besides, the Big
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Figure 1.1: This figure illustrates how the Universe hasaalfrom a singularity to the large-scale distribution of
galaxies we observe today. During inflation the Universeaexled rapidly because dark energy dominated the expan-
sion. Compared to this enormous expansion, it has expamaledrssince then, although dark energy recently has taken
over the expansion again. 380,000 years after the Big BardJhiverse had cooled downfRBuiently to form neutral
hydrogen. At that time, the photons which were releasedérBilg Bang interacted with matter for the last time and
we now observe them as the Cosmic Microwave Background (CkBgr a dark period the Universe was illuminated
again by the first stars and in the time since, more stars fbasevell as all other structures we observe today. From
httpy/imagine.gsfc.nasa.gaocs .

Bang nucleosynthesis predicts the same number of neuaimdiésN, = 3 as it was empirically
determined by the decay of the Z-boson.

Before nuclei could combine with free electrons to atoms,hiverse had to cool down to
~ 0.3 eV. This process known ascombinatiorhappened at a redshift af~ 1100, i. e. 380,000
years after the Big Bang and lasted over a longer perdad~ 80). In fact, neutral hydrogen
could have been created at 13.6 eV, but since there a@&® baryons than photons which exhibit
a Planck distribution, there were still enough high enécgatiotons which could easily reionise
the newly formed atoms. In addition, the photons that wergtedhwhen protons and electrons
combined to neutral H could reionise other hydrogen atorhssTrecombination could only ef-
ficiently take place via the quantum-mechanically forbidti@o-photon decay of the first excited
state of H {S-state) with a lifetime of 0.1 s because those photons werktw-energetic to excite
other hydrogen atoms.

After recombination, the energy of the existing photons teaslow to excite any atoms
again. Their Planck distribution was conserved and retightb a microwave radiation, the CMB.
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The current temperature of the CMB was measured with obengaof theCOBEsatellite to
T = 2735+ 0.060K (Boggess et al. 1992) or more recenfly= 2.725+ 0.002 K with seven-
year data of theVMAR-satellite (Noterdaeme et al. 2011), which surveys the CHig.(1.2).
Since the CMB-photons had too low energies to excite atohgsUniverse went dark until the
first stars illuminated the Universe again. Thegonisationtook place between 28 z > 6. How
single atoms could form massive structures in forms of stakaxies and galaxy clusters will be
discussed in Sect. 1.3. An illustrative overview of thedmigtof our Universe is shown in Fig. 1.1.

1.2 The expanding Universe

Since the Big Bang, our Universe has been expanding. To staahet the formation of struc-

ture in more detail, | will introduce the formalism that debes the expansion behaviour in the
framework of General Relativity which is related to the dyries of the Universe. Although the

Universe appears highly inhomogeneous by observing oumicaseighbourhood, it is homoge-

neous and isotropic on large scales, wherefore homogersgmlisotropic world models can be
considered to describe its large-scale expansion history.

1.2.1 Hubble’s constant and definition of redshift

In 1929, Edwin Hubble empirically confirmed a law which wastfir derived two years ear-
lier by Lemaitre (1927). This law states that the Doppleftavhich is observed in the spectra
of galaxies corresponds to a relative velocity betweendhyadaxies and to Earth and that this
recession velocity increases proportional with distanbe

v = HoD. (1.1)

Here, the constant of proportionalitiflg, is Hubble’s constant which is parametrisedHas =
100hkm s Mpc™t (Hubble 1929). The current value faris conveniently fixed to @2 + 0.08
(Freedman et al. 2001), based on HST-observations of Ge¢phgable stars. More recent results
were published by e.g. Suyu et al. (2010) who determimed 0.726 + 0.031 via gravitational
lensing observations with the HST. One year later, Lars@h ¢2011), obtainett = 0.71+ 0.025
from seven-yeaWMAR-data.

Hubble’s observation was the first empirical evidence thatuniverse is expanding. Nowa-
days, we know that the relation between redshift A1/4, which is the shift of the spectrum
an astronomical object emits, and recession velocity isdnetto the Dopplerféect, but to the
expansion of space. In the 1920’s, however, it was an adaepéxplanation in the context of
special relativity. Since then, this approach was repldned cosmological model, that relates
with the cosmic expansion.

An expanding universe implies that the physical distafizbstween galaxies were smaller in
the past. For conveniencecamovingcoordinate system is used, in which the distapbetween
two objects remains fixed,

D) =a()y. (1.2)

Here, thescale factor &) relates physical to comoving coordinates. For an expandiriverse
a(t) is a monotonically increasing function of time, but it délses any expansion or contraction
the Universe could encounter. For the current epoch wa(gt= 1. Theredshiftcan be expressed
via the scale factor as follows: Light that is emitted fronedegry at timee and arrives the observer
attp, is redshifted due do the cosmic expansion by a factzr:o% —-1. Witha(tp) = 1 it follows

thata(t) = -

1+z*
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Figure 1.2: Left: The CMB-temperature map from the first-yd&MARresults in the W-band. The red string that
divides the upper and lower part of the map is microwave donigsom the galactic plane. Temperature fluctuations
are distributed istropically over the CMB. From Bennettle{2003). Right: The angular power spectrum of the CMB-
fluctuations for the best fikCDM-model. The grey dots denote the unbinned data and tluk bliats are the binned
data with - errors composed of noise and cosmic variance. From from Byt al. (2009).

1.2.2 Einstein’s field equations and Friedmann expansion

About ten years before Hubble detected evidence of a costpansion, a consistent theory that
relates space and time was established by Albert Einsteig tie field equations of General Rel-
ativity which he formulated in 1915. Since the predominantld picture at that time supported
a static universe, the dynamic solution provided by thisthelisagreed with the notion of most
scientists.

Einstein’s field equations,

8rG

G/W + Ag/lv = —?Tﬂv , (13)

relate the geometry of space-time described by the EinstesorG,, to the energy-momentum
tensorT,,, which grasps the energy and matter content of the Universesaurce of gravityG is
the gravitational constant,is the speed of light ang,, is the metric tensor which is symmetric.
Thecosmological constam, which was believed to be zero after the discovery that thigduse
is expanding, is today interpreted as energy density of dlcawm.

By applying thecosmological principlewhich states that our Universe is homogeneous and
isotropic on large scales for any comoving observeg,towe can solve Eq. (1.3) and consider
homogeneous and isotropic world models in the framework efigtal Relativity that describe
the complete expansion history of the Universe. The gegmehlich satisfies the cosmologi-
cal principle is given by the Friedmann-Lemaitre-Rokmrt§Valker metric (FLRW-metric) which
was independently defined by Friedmann (1922, 1924), Lieengi933), Robertson (1935) and
Walker (1937)

3
ds? = Z gudx'dx’ = Pdt? — a? (t) [d%® + fi (x) (d6? + sir? (6) d?)| , (1.4)

u1,y=0

where the comoving vectoy = (y, 0, ¢) is expressed in spherical coordinates. The spatial part
dy? refers to a three-dimensional space with constant cuatuwherebyfy (v) is a function of
the curvature paramet&r

= sin( VKy) K >0 closed & spherical
fi () = 1y K=0 flat (L5)

= sinh(V=Ky) K <0 open & hyperbolic
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Solving Einstein’s field equations by inserting the FLRWtrioe(Eq. 1.4) provides us with
two equations that describe the evolution of the scale fatd thus the expansion history, i.e. the
Friedmann equationgFriedmann 1922)

am\® &G

o) - 3 2.0 @0 25" ¢
at) = 4G 3pi (a(t) (a(t))

20 - 3 ulpemr—g= 3c2. 1.7)

Equation (1.6) is the expansion equation with the HubblamaterH(a) = a(t)/a(t), with which

the Hubble law (Eq. 1.1) can be derived alternatively bywaking the time derivative of Eq. (1.2),

i. e.v=dD(t)/dt = D(t)a(t)/a(t) = H(a)D(t). Equation (1.7) states that pressure acts like a source
of gravity. The sum accounts forftgrent fluids with diferent densities.

To obtain a more concrete picture of the cosmic expansiorhave to consider individual
energy components and how they evolve with time. As matterratber energy because the two
are related vi&€ = mc — can be treated as a perfect fluid, we applyfitst law of thermodynamics
to obtain theadiabatic equation

dla*®p @) <]
daf(t)

3
- -pam &, 1.8)

which can easily be solved for a time-independent equaifesiate parametaw = p;/p;c? with
pi (t) = pioa(t) W) (1.9)

We will now evaluate the dlierent components of the energy dengityt) by inserting
Eq. (1.9) into Eq. (1.8) for dierentw;.

If the kinetic energy of particles is much smaller than thest mass\ < c), we refer to
them as non-relativistic matter because their pressuréeareglected. In this case, the matter
density evolves with

pm (1) = pmoa (t)_s ) (2.10)

becausep, < pmc® andwy, < 1. Hence, the number of particles in a comoving volume is
constant and decreases wih? in a proper volume due to the three-dimensional expansion of
space. The definition “matter” comprises both baryonic aantt chatter. Since the formeris1/6
of all non-relativistic matter, “matter” is often equaliseith dark matter. More about the nature
of dark matter is provided in Sect. 1.4.

Relativistic particles have random velocities\of~ ¢, wherefore we cannot neglect their
pressure. They exert radiation presspre: p,c%/3, and hencey; = 1/3. Inserting this in Eq. (1.9)
yields

pr () = proa ™. (1.11)
Compared to the matter density (Eq. 1.10), the radiatiorsitiedrops with an additional factor

a1 because the photons lose energy as they become redshitteth dasmic expansion. Thus,
this energy component does not play a role in the currentéyse:

IActually, Alexander Friedmann derived Egs. (1.6) and (in7)922 from Einstein’s field equations to show that
the Universe might expand at a rate which can be calculatddtivese equations. Georges Lemaitre independently
found a similar solution in 1927 (Lemaitre 1927). Theirddsf an expanding spacetime would eventually lead to the
Big Bang and Steady State theories of cosmology.
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Provided the energy density of the vacuum is finite, it candsesiclered as the cosmological
constant. From Eq. (1.6) this yields
AC?
81G

and thus the vacuum energy density is independent of timerting the time derivative in Eq. (1.8)
further givesw, = pa/pac?® = —1 which suggests that the negative pressure of the vacuwesdri
the expansion of space.

For reasons of completeness we also give the time-depedddnenergy density, withvge <
0 but not necessarily —1,

pA = (1.12)

a(t)d ,
a
pde(t) = pdeo €Xp| -3 f 3

0

N (1.13)

For constaniv = 1/3,0, —1, this equation also yields Egs. (1.10)-(1.12). H&vg < —1 due to
p<0.

It is convenient to define aritical density pe(t) = 3H2(t)/87G which is per = 1.88 x
102°h? g/cm? for to, and to normalise the energy densities with that scale

_Pro_ _ Pmo _ Ac? _ Pdeo
GO =-"5 WMO="TE. N0z o Qe =

The total density parameter is the sum over these threeyenengponents, i.€Qiot = Q + QO +
Qa, and accordinglyQir = Qr + Qm + Qqe for a time-dependent component of dark energy.
Current values for the density parameters arise from aung@iand position of the peaks in the
CMB power spectrum (Fig. 1.8ght) inferred from seven-yeaVMAR-data because these peaks
are sensitive to the cosmological parameters. From thdse ldarson et al. (2011) determined
the density parameters of dark matter, baryons and darketefqnm = 0.2269+ 0.0262,Qp =
0.0449+ 0.0028 and, = 0.734+ 0.029, whereby the total matter densityCls, = Qqm + Qp.
These values indicate that our Universe is flat and dominayediark energy, while dark matter
and baryons contribute smaller fractions to the total gndensity of the Universe. A universe
with such a constellation of theftiérent energy species is usually referred ta&DM-Universe
where “CDM” stands for cold dark matter. This means that daatter is non-relativistic and thus
able to build the structures we observe today.

Independent measurements of the cosmological parametbrSMia (e.g. Riess et al. 2004;
Kowalski et al. 2008) or Baryonic Acoustic Oscillations (BAe.g. Eisenstein et al. 2005; Percival
et al. 2007) can help to constraf, andQ, (Fig. 1.3). A combination of these measurements
yields Qy = 0.27473910+0.003 andQ, = 0.7135:955"0-03% (Kowalski et al. 2008) whereby the first
errors denote the statistical and the second the systearatis on both parameters.

With the density parameters defined in Eq. (1.14) afid= (1 + 2~ we can rewrite the first
Friedmann equation (Eqg. 1.6) to

(1.14)

H%(2 = H3E?(2
H2 [Qr QA+2*+0m(1+2%+Qp + (Quot— 1) (L + z)2] , (1.15)

for constant vacuum energy densit? (2) is the so-called redshift evolution factor which ac-
counts for the fact that the density parameters depend ocritiwl density and thus on redshift.
Neglecting radiation and curvature, this function is defias

E?(2) = Qm(1+2°+ Q4. (1.16)
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2.0 Figure 1.3: Parameter space @f, and Q,. Cos-
mologies without Big Bang and witR, + Q, < 1

are ruled out by observations. The contours show the
68.3%, 95.4% and 99.7% confidence level<pnand

Qp, as obtained from CMB, BAO and SNla as well
as their combination assuming = —1. Their in-
tersection (grey ellipse) strongly supports\&DM-
universe, giving the confidence limits fex,, andQ,.
From Kowalski et al. (2008).

We will use Eq. (1.16) in Chapter 8 to scale our cluster massel that they are independent of
the critical density at their redshift. From the definitiohE?(2) in Eq. (1.15) we can derive how

the expansion behaviour of the Universe changes with respelce density parameters. In very
early times, the expansion was dominated by radiatiozgat Qm/Qr - 1 = 3196_*%2% (Larson

et al. 2011) matter took over and in the current era the expas governed by2,.

ApplyingH = %%a the age of the Universédbble timé can be calculated from Eq. (1.15)

a2

B da’'(2)
W@ = f 2@H (@ @)
0

B ifdz (1+2)
Ho ) VO (L+2)*+Qm(L+2)° + (1 - Qi) (1+z’)2+QA'

(1.17)

The most recent value for the age of the Universig g = 0) = 13.75 + 0.13 Gyr obtained from
seven-yeaWMARdata (Larson et al. 2011).

1.2.3 Cosmological distance measures

Since the geometry of space-time is non-Euclidean, theme isnique definition of the distance
between objects at cosmological scales, wherefore themotidistance depends on the method of
measurement. Furthermore, distance measurements ai@fhginertwined with time because
they are measured along our backward light cone and bedaeispéed of light is finite.
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The most prevalently used measures aratigular diameter distance Dand thduminosity
distance . The former is obtained by the angular diametérad object subtends at the sky,
provided its physical diametetis known, such thaba(2) = d/0 = fk(x)/(1 + 2). The angular
diameter distance is non-additive because of its prefactol/(1+ 2). Thus, the angular diameter
distance between two objects at redshiftandz is

Da(z1,22) = 13-2 fk (v (z2) — x (z)) # Da (z2) — Da (z2) - (1.18)
2
Here,x(2) is thecomoving distance
cd
x@ = f o (zz) (1.19)

0

Hi fdz [0 (1+2)* + Qn(1+2)%+ Q0 + Q- D 1+ 207 2.
0
0

z

To obtain the luminosity distance, the measured fi(#8 is related to the intrinsic luminosity
L of a sourceD, = +/L/4nf(2) = (1 + 2) fx ().

Both angular diameter distance and luminosity distancdiaked via the scale parameter
because the light a source emits is redshifted while it pyafes to the observer

DL(2 = (1+2°Da (2 = (1+2) fx (x) (1.20)

as shown by Etherington (1933).

1.3 From quantum fluctuations to galaxy clusters

The Universe consists of small matter inhomogeneities rimfof quantum-mechanically fluctu-
ations since the very beginning (Sect. 1.1). During inflatithese tiny fluctuations were ampli-
fied to macroscopic scales and we can observe them in the tatugefluctuations of the CMB
(Fig. 1.2).

After the Universe had cooled downfRaiently for so that structures could form, these pri-
mordial fluctuations grew due to gravitational instabikityd accumulated larger and larger over-
densities. While their evolution is linear in first place aaby to treat mathematically, they have
to be investigated by numerical simulations when they becoon-linear.

Nowadays, the largest inhomogeneities formed by thousahdalaxies such as the “Great
Walls” that show up in the Sloan Digital Sky Survey (SDSS,.Higt) extend over 200 Mpc.
Only on much larger scales the Universe can still be consties homogeneous and isotropic
with its web of voids enclosed by filaments, at whose intdiges galaxy clusters reside.

In the following, | will describe structure formation in n@detail by including also the
underlying physics, because this is the basis to underdtandgalaxy clusters have formed. A
detailed description is given by e.g. Schneider (2006a).

1.3.1 Linear structure formation

To describe structure formation using a simple mathenldtieatment, we have to consider per-
turbations that are well inside the linear regime and nédlecpressure of photons, because after
recombination, the remaining photons do not interact wigtiter anymore. Furthermore, by ne-
glecting General Relativity we can assume a flat space-fithis. allows us to study overdensities
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whose extent is smaller than the horizon, which is defineti@slistance up to which light could
propagate since the Big Bang.

With these assumptions, structure growth can be treated lisear perturbation theory and
matter can be considered as a fluid. For the beginning oftateigrowth, we can use linear per-
turbation theory because the small temperature fluctumtdthe CMB measured by tHeOBE
satellite toAT/T ~ 107° indicate small matter perturbations over large spatialescand for a
long temporal interval.

We can now describe matter with a set dfeliential equations assuming a fluid with random
density fieldo (x, t) and negligible pressure

0 = 66((;:’ J + %VX @ (x, 1) + 1) v(x,t)] Continuity equation (1.21)

1 _ov(x1) ﬂ 1 .
a(t)VX(D = + a(t)v(x, t) + 0 [V(x,1)- Vi]v(x,t) Euler equation (1.22)
V2D = 3H39m5 t Poi tion (1.23
e OR (x,1) oisson equation (1.23)

Figure 1.4: The large-scale distribution of local galaxabserved by the Sloan Digital Sky Survey which surveyed
more than 25% of the sky over eight years and observed mané8®000 galaxies. This image shows a slice plane of
the total survey and the black wedges are regions where rena@i®ns could be performed due to dust in the Milky
Way. The survey shows that galaxies build filamentary stinestand galaxy clusters are located at the intersections of
those filaments. The empty regions between the filamentoacalked “voids”. From http/www.sdss.org.
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Here,s (x,t) is the relative overdensity @f(x, t) with respect to the mean densjiyft) of the
Universeyv (x, 1) is the peculiar velocity an® is the gravitational potential.

For smalls (x,t) andv (x,t), Egs. (1.21) and (1.22) can be linearised such that the tim
derivatives combined with Eq. (1.23) provides d@w@liential equation for matter growth which
only depends on the scale factor and two cosmological paeas)elyg andQp,,

825 2ads 3H3OQm
2 Aot 2
This equation is independent of the gravitational potéatid the peculiar velocity. Since Eq. (1.24)
does not explicitly depend ax it can be solved via the separation approdch D, (t) A, (X) +
D_ (t) A_ (x), which is a factorised solution with a temporal and spatmmhponent. WhileD_ (t)
decays with time, only the growing solutidd, (t) of the two linearly independent solutions re-
mains

§=0. (1.24)

t

D, (t) « H@HS]‘
0
H@) [ d
a a/
T Ho J [Qua + 0pa? — (Qm+ Qn - D2 (129
0 m A m A

dt’
a2 (t)H2 (")

which is normalised t®, (ty) = 1. Here, we have already neglected the radiation densinpar
ter Q;. Depending on whether the expansion is dominate®2h¥2,, or Q5 and in which of these
epochs a perturbation enters the horizbn (t) has a diferent growth behaviour.

Apart from this simplified picture, structure formation lpgns in each cosmic epoch and at
all scales. The growth of these perturbations, howeverem#p on their length scale compared
to the horizon. For perturbations which extend over scdilasdre larger the horizon, relativistic
effects have to be considered. Such perturbat@nterthe horizon when the horizon exceeds the
length of the perturbation scaleatr via cosmic expansion.

The growth behaviour of radiation, baryons and dark matierkee derived similarly to the
derivation above, but one has to consider additioffalots, such as relativity offects of pressure.
Equation (1.24) has then to be adapted to the additionaligy$f we consider the primordial
density fluctuations as a homogeneous, isotropic Gaussiasity fields (x,t), we can account
for the diferent growth behaviour of these energy species as followss Gaussian density
field is completely defined by its power spectrii(k) = (|5 (t, k) |2), wheres (t, k) is the Fourier
transform of the density contrast akik the comoving wave vector of the perturbation. The power
spectrum can be expressed in terms of the growth faefera) = D? (a) Po (k) with Po (k) =
P(a= 1k =|k|). Usually, the power spectrum is assumed to be a powerPd o« k™ with
index ns which describes the power spectrum of density fluctuatidirere is evidence thak is
slightly smaller than unify. However,ns = 1 (Harrison-Zeldovich spectrupimplies that density
fluctuations which enter the horizon always have the samditaiaig, regardless at which epoch.

Now, we introduce thearansfer function T(k) which accounts for the growth of all fiér-
ent types of density fluctuations. This function considev®/ la perturbation deviates from any
perturbation in the matter-dominated era on sub-horizatfesc Thereby, small perturbations are

suppressed by a factor (ﬁemer(/l) /aeq)2 compared to those that enter the horizon latefk)

evolves the density contrast from some initial timéo the present epocdhy (k) = %Tk. Just
after inflation all perturbations were larger than the hamizand entered the horizon inflidirent

2Tegmark et al. (2004) have measurgd= 0.995+ 0.049 and recently, Larson et al. (2011) have measnged
0.963+ 0.014.
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epochs depending on their sizeand their growth behaviour. At the present titgave assume
that all perturbations are inside the horizon.

The transfer function has to be calculated by numerical s\elaut in the limiting cases of
very small and very large fluctuations it can be solved arwally for a ACDM-model

Tk =

{1 A > O com (aeq) (1.26)

(mmoj % )2 A < OH,com (aeq) )

wheredH,Com(aeq) is the comoving horizon at matter-radiation equality. Theer spectrum then
is

D: (@
D? (a)
Applying Eq. (1.26) andk = 27/1, the power spectrum is linear kifor larger perturbations and
non-linear withk~3 for small perturbations fons = 1. Here,A is the normalisation of the power
spectrum which is usually denoted@gbecause it describes the dispersion of density fluctuations
on cluster scales inside a sphere bf'8Mipc which is of the order of unity. Details on the relation
of this cosmological parameter to galaxy clusters will bevited in Sect. 1.4.3.

P(k a) = T2 (K) AK™ . (1.27)

1.3.2 Non-linear structure formation

When density fluctuations become non-lineér< 1), linear perturbation theory is no longer
valid and higher orders have to be considered. Howeverehigtder perturbation theory fails
for 6 < 1. Numerical simulations, e.g. tidillennium Simulationare a more convenient tool to
describe perturbations of astronomical interest, suchatexg clusters which are on the top of
non-linear structure formation.

We will now briefly introduce theSpherical collapse modelhich is a simple model to de-
scribe the formation of dark matter halos. It considers tludution of a spherical overdensity and
as a special case of non-linear structure formation it casobed analytically.

A sphere of homogeneously distributed matter with an ovesithethat is slightly higher than
the mean density of the Universe has linear density conffast 1). Due the self-gravitatiion
of its particles, the sphere would expand slower than thebldutate. ThusS increases, which
decelerates the expansion further. Eventually, the densittrast reaches a critical valdg at
which the expansion comes to a halt before the sphere rapseals.

The recollapse takes as much time as the expansion, buthikessgoes not recollapse back
to a point, because the matter particles have peculiar itiecinstead, the sphere reaches virial
equilibrium radiug vir = rmax/2 = GM/2Ein. This process is calledolent relaxation Here,Exin
is the kinetic energy of the sphere. The virial overdenaity = pvir/pcrit can be approximated as
e.g. by Bryan & Norman (1998) for a flat Universe

Avir = 187 + 82(Qm — 1) — 39(Qm — 1)? (1.28)

which givespyir ~ 97 forQp, = 0.27. For an Einstein-de Sitter unive?gte overdensity i, ~
178. The parametrisation from Navarro et al. (1997) gpgs =~ 1782:%65 (2 ~ 20Qgit (2),
wherep (2) is the mean comoving density at the redshift of collapse. l&xgecluster is often de-
fined as a dark matter halo with an overdensityaf 200 although strictly speaking the virialised
region of a cluster is not exactly the region inside whichaggliclusters have an overdensity of
200 times the critical density.

3This is a model with vanishing curvatui@,, = 1 andQ, = 0 that is often used for mathematical simplifications.
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SinceA,;r depends opygi and thus on the redshift, the halos that collapse earliedemser
than those that collapse later in cosmic time. Low-massshaleo collapse earlier and they are
more abundant than massive halos due to the scenario ofdfiara structure formation in which
small structures form first and build more massive strustbyeaccretion and merging.

A useful application of the spherical collapse model is tdgtthe number density of
collapsed dark matter halos as a function of mass and cosmec £or this issue, one basically
counts regions witlde, > 1.69 and from these number counts the abundance of collapseslifa
predicted by thelusteror halo mass functiofiPress & Schechter 1974). This function has been
prevalently calculated and tested against numerical sitionls and parametrisations with initial
Gaussian conditions. Pillepich et al. (2010) provide a goeetview. In their notation, the halo
mass function reads

dn " f om d In[o-‘1 (M,z)]
d_M( 2 = (U)Vd—M’

with the mean background matter dengity of the current epoch and the variance of the linear
density field, which is defined as

(1.29)

o’ (M,2) = %fdkkﬁm (k, 2) W? (k, M) . (1.30)
0

Here, a filter functiorW enters, which is a top-hat function in real space that snsooth mass
peaks which are smaller than the considered nvasad Py, (K, 2) is the linear power spectrum
that corresponds to the density field of interest.

The functionf (o) in Eq. (1.29) accounts for thefirent calculations. The first parametri-
sation is from Press & Schechter (1974)

26 52
fos (o) = \g;‘: exp(—T;), (131)

with 6. = 1.686. Other parametrisations arise from Sheth & Tormen (1889more recently,
from Warren et al. (2006)

fw () = A(c2 + b) exp(-iz) , (1.32)
g
with A =0.7234,a = 1.625,b = 0.2538 ancc = 1.1982.
Since the halo mass function has an uncertainty of 5-20%déya¢nds on the redshift of

the halo, the underlying cosmology and the exact definiticthe® halo mass, Tinker et al. (2008)
defined a slightly dferent equation

fr (o) = A[(%)_a + 1] exp(—%) , (1.33)

where the parameters vary with halo overdensity. This esgioa allows redshift-dependent cor-
rections which pushes the uncertainty down to 5% in simutatiof the halo mass function.

1.4 Galaxy Clusters

1.4.1 Properties of galaxy clusters

Being the most massive collapsed structures in the Univeigethe deepest potential wells,
galaxy clusters represent the end stage of the hierarcéticadture formation scenario. Formed
by the merging of smaller structures like galaxies and gatawups along large-scale filaments
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(e.g. Springel et al. 2001), most galaxies (except for alsmuahber of field galaxies) in the Uni-
verse have gathered together to these impressing stractuego self-gravitation. With dynamical
timescales ok 10° yrs, galaxy clusters are rather young structures that oéeal irregular mor-
phologies, especially if they are in the process of mergBahuecker et al. (2001) thus found that
at least in the local Universe the geometry~0b60% of galaxy clusters deviates from spherical
symmetry. Especially at high redshifts, only few clustdmsvg spherical symmetry and are not
relaxed because they are still in the process of forming ahdirialised yet. A classification of
galaxy clusters due to morphology is given by e.g. Rood &1844971) who classified galaxy
clusters depending how many very luminous galaxies areéddda the cluster centre, or how the
cluster galaxies are distributed. Another classificatisimgi X-ray observations of 200 clusters
with the Einsteinsatellite is given by Forman & Jones (1991) who defined elustorphologies

”ow L]

as e.g. “single”, “double”, “complex” or “fi-center”.

Although galaxy clusters show various morphologies, theitter content is approximately
similar. They are composed ef3% of luminous matter from galaxies and stars that are natdou
to the galaxies~ 15% of hot X-ray emitting gas with low densities £ 0.1 particles cm®) and
high temperatures (10- 10®K) and a small fraction of relativistic particles. But thendimating
component is dark matter which contribute82% to the total gravitating cluster mass and thus
is responsible for the deep gravitational potential well.

The assumption that galaxy clusters are composed of sugfndrbction of dark matter dates
back to the 1930’s when Fritz Zwicky (1933) measured theaiglalispersion of galaxies in the
Coma cluster which were much higher than the mass of thel@isilatter suggested (“missing
mass” problem). The existence of such collisionless mdltir interacts only via gravitation is
supported by observations of galaxy clusters with weakigtonal lensing and X-rays (e.g.
Clowe et al. 2007; Bradac et al. 2008a,b). But dark matws akplains why the rotation curves
of spiral galaxies do not drop out to large radii from the cerfe.g. de Blok & McGaugh 1997;
Bekenstein 2004). Observations of the CMB also indicateeftigtence of dark matter because its
temperature power spectrum is sensitive to dark matter grothrers.

The masses of galaxy clusters range betwed®* — 10°M,, galaxy groups rather occupy
a lower mass range~(103M,) and are less bound. In addition, there are fossil groupstwhi
are surrounded by an extended X-ray halo. These galaxy groaye an elliptical galaxy in the
centre which is at least two magnitudes brighter than theraffoup members which indicates that
this central galaxy has accreted the smaller galaxies f#emdes de Oliveira & Carrasco 2007).
Typically, galaxy clusters have several hundreds to thaodigmlaxies with a velocity dispersion
of oy ~ 1000 km st inside the virial radiugy; > 1.5h~*Mpc. In the centre of most massive
clusters, theD-galaxywhich is a very massive and lumindugalaxy that accretes smaller cluster
members is resided. The other cluster galaxies, howewepradominantly composed of early-
type galaxies with low gas content such as ellipticals og8@xies, while spiral galaxies are
more abundant in the field. The cluster galaxies have lost ofdkeir gas due to ram-pressure
stripping (e.g. Schindler 2004) wherefore they are on ayeradder than galaxies in the field.
Galaxy formation theories also predict that ellipticalagéés evolve from the merging of spiral
galaxies which happens more frequently in galaxy clusteas tn the field. The gas of the cluster
galaxies, however, falls into the potential well of the tdusvhere it is heated and compressed and
thus it is no longer available for star formation. For thesasons, galaxy clusters consist of the
reddest galaxies at a given redshift, called¢hsster red sequencevhich can be used to identify
clusters and give a rough estimation of their redshift (Bgwer et al. 1992, Gladders & Yee
2005). Apart from that, the hot cluster gas provides infdrameabout processes such as feedback

4according to its size, because the actual surface brightadsw
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Figure 1.5:Left: Colour image of the Bullet cluster composed from observatiwith the Magellan telescope. The
white bar corresponds to 200 kpc at the redshift of the chastd the blue crosses denote the X-ray emission peaks of the
ICM. Right: Chandraimage showing the same field-of-view for the ICM emissione Green contours in both images
are from weak lensing mass reconstruction and the whiteooositshow the 68.3%, 95.5%, and 99.7% confidence
levels of the corresponding mass peak. Due to merging, thlespa the ICM and the weak lensing mass reconstruction
contours show anftset. From Clowe et al. (2006a).

heating, radiative cooling or the chemical enrichmentdmsfrom supernovae and AGN in the
cluster galaxies (for detailed reviews see e.g. Rosati €082, Arnaud et al. 2005 or Voit 2005).

Due to the scenario of hierarchical structure formatiodaxjaclusters evolved from the
merging of smaller systems with a rate that increases t@ugigher redshifts (e.g. Burkey et al.
1994; Lin et al. 2004; Fakhouri & Ma 2008). Merger eventsutistthe geometry and the ICM
of galaxy clusters which has an impact on the cluster massawander from observations. In
lensing-based mass estimates, usually spherically-syrntnmeass models are used which provide
unreliable cluster masses for merging clusters. In X-renass estimates are based on hydrostatic
equilibrium between the ICM and the gravitational potdrdfdhe cluster. Merging can violate the
assumption of hydrostatic equilibrium due to shock-heatiithe ICM which boosts temperature
and luminosity before a new equilibrium is achieved as shiowaimulations of Ricker & Sarazin
(2001). Thus, merging can provide artificially high X-ray$sas. A demonstrative example for
a merging cluster is thBullet ClusterlE0657-56 az = 0.296 (e.g. Clowe et al. 2007) which is
shown in Fig. 1.5. During collision, the hot ICM was decetedabut the collisionless dark matter
did not interact during the process. The observation of thkeBCluster has confirmed that the
ICM is not the most massive component in clusters, as it ipgged by alternative theories of
gravity and that dark matter is required to explain the mgsnass in galaxy clusters.

Galaxy clusters themselves tend to accumulate togethéamdntary structures with extents
of ~ 100 Mpc calledsuperclusterge.g. Tanaka et al. 2001). Those structures have masseg®f mo
than 16° M, and are not collapsed yet. They enclose large underdensmsdgiown as/oids
which are observed e.g. with the Two Degree Redshift SuiRer¢ock et al. 2001) or the SDSS
(e.g. Tegmark et al. 2004; Gott et al. 2005). Our home galiweyMilky Way, however, is resided
in galaxy group, thé.ocal Groupwith ~ 30 galaxies. The brightest members of the Local Group
are the Milky Way, the Andromeda Galaxy, M33 and the Small badje Magellanic Clouds.
The other galaxies are small and faint satellite galaxiasdhe gravitationally bound to the more
massive group members. The most nearby clusters are the @lugter and the Coma Cluster at
~ 16 and~ 90 Mpc distance, respectively.

To compare galaxy clusters, their masses are usually givtema radius , which is defined
by the overdensity with respect to the critical density (Sect. 1.3.2). In wessing, this is often
rooo from the NFW-model (Sect. 6.2.1). In X-rays, usually= 500 is used because good photon
statistics for reliable hydrostatic mass estimates ardad@ only out torsgg with the current
instruments.
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In the next two chapters, | will introduce the two methodshwithich the galaxy clusters in
this work are studied. These are weak gravitational lensirije optical (Chapter 2) and X-rays
(Chapter 3). Other methods to infer cluster masses, suckiresrdcal estimates or the Sunyaev-
Zeldovich dfect, will be briefly introduced here because the results is tiesis will also be
compared to such studies.

1.4.2 Galaxy clusters in multiple wavelenghts

Galaxy clusters can be observed in multiple wavelengthgimgrfrom radio- up toy-rays. In this
section, | will describe their properties in thefdrent wavelength bands.

Galaxy clusters in radio

Radio emission from galaxy clusters is primarily caused by-thermal relativistic electrons
which gyrate long the magnetic field lines whereby they emickrotron radiation. The radio
emission of galaxy clusters isftlise and extends overl Mpc asradio halowith a regular mor-
phology which is similar to the X-ray morphology of the cleist The Coma cluster is the first
cluster for which a radio halo was found (Willson 1970). Sptlae most luminous radio halo was
detected for the Abell cluster A2163 at 0.203 (Feretti et al. 2001). At the centre of cool-core
clusters (Sect. 3.1.3) also smaller halos wittb00 kpc can be found surrounding a very radio-
luminous galaxy. Apart from that, galaxy clusters can atsmasradio relics which are supposed
to be caused by merger events because they cannot be asdoritt any of the galaxies (e.g.
Giovannini et al. 1999).

Radio observations of galaxy clusters provide informationtheir magnetic fields and on
interactions of active galactic nuclei (AGN) with the irthaster gas. For merging clusters, the
radio emission is correlated with the X-ray emission (Re&tGiovannini 2008) while X-ray
luminous relaxed cool-core clusters do not show a radio. Halothermore, the radio emission of
individual cluster galaxies can extend out to several 1@tdgyond their optical confines which
indicates interaction with the ICM. Where those radio lobhes observed, the X-ray emission
shows cavities (e.g. Fabian et al. 2000). It is assumedhbattradio lobes are caused by an AGN
in the cluster centre which emits rather symmetric jets lattrastic plasma that pushes away the
thermal X-ray emitting gas (Bohringer et al. 1993). A deetdireview of the radio properties of
galaxy clusters is provided by Feretti & Giovannini (2008).

Galaxy clusters at millimetre wavelenghts

At millimetre wavelenghts galaxy clusters can be studiedthe Sunyaev-Zeldovichfiect (SZE,
Sunyaev & Zeldovich 1970) which was first observed by Gull &tdover (1976), but it took
more than a decade until it could be studied in more detaitailzel reviews are given by e.qg.
Birkinshaw (1999) and Carlstrom et al. (2002). The SZE isseduby CMB-photons with initial
frequencyvo which interact with the hot ICM-electrons via Compton-seang. Thereby those
photons gain energy corresponding to a frequency 8hifizhich disturbs the Planck spectrum of
the CMB at the low-energy end & 1 mm).

The optical depth of the Sunyaev-Zeldovicldetr = f ne(r)ordl is low because the elec-
tron number densitye is low. With thecross-section

7 @\
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wheree is the electron charge amd, the electron mass, téompton y-parametes an integral

along the line-of-sight Id

T
ke o The. (1.35)

y=-Av/2vy = fdl
meC
with Boltzmann’s constaritg and the temperature of the cluster Jags Thus, the intensity of
the SZE is proportional to the gas pressire- nkgTyas integrated along the line-of-sight. The
y-parameter is of the order 19— 107°. To obtain the mass of galaxy clusters via SZE, hydrostatic
equilibrium (Sect. 3.1.5) has to be assumed for which teatpe and gas density have to be
entangled. This can be either done by assuming isotheymaditich is not very accurate, or by
using X-rays to obtaigasand its gradient. Compared to X-ray techniques, the SZEsssgeone
to small-scale inhomogeneities in the ICM since the electromber densitye contributes only
linearly instead of quadratically as we will learn in Seci..3
Since the SZE-intensity is independent of redshift, it cenused to detect high-redshift
clusters because those clusters often are too faint to leetddtin the optical or X-rays. For
instance, the Atacama Cosmology Telescope (ACT, e.g. Meaaret al. 2010), the South Pole
Telescope (SPT, e.g. Brodwin et al. 2010; Foley et al. 201drySet al. 2011) or thélanck
mission (e.g. Planck Collaboration et al. 2011) detectddxgaclusters which were previously
unknown. The Bullet Cluster 1E0657-56 was also studied thierSunyaev-Zeldovichfiect using
the APEX-SZ Telescope in Chile (Halverson et al. 2009).

Galaxy clusters in the optical

In the optical, galaxy clusters can be identified as locataemsities of bright galaxies. The prob-
ably most famous galaxy catalogue was established by Génrgbell in 1958 Abell catalogug
which consists of 2700 low-redshift clustersz(s 0.2). Abell defined a galaxy cluster as a ac-
cumulation of at least 50 galaxies with magnitudesnof mg + 2, wherebymg is the magnitude
of the third-brightest galaxy in that accumulation, witlire Abell radiusds = 1'.7/z. The cata-
logue was later extended to more than 4000 galaxies (Aball £089). Only a few years later, the
Zwicky-catalogue was established from 1961-1968 by FniticKy consisting of~ 10, 000 galaxy
clusters. More recent catalogues are e.g. the Red-Seq@amster Survey with- 1,000 clusters
at 035 < z < 0.94 (Gladders & Yee 2005) or the The Two Micron All Sky SurveM&ss,
Skrutskie et al. 2006).

To ensure that overdensities of galaxies are not due togtimjedfects along the line-of-
sight, the redshifts of those galaxies have to be comparechvdan be done with spectroscopy
of photometry (e.g. Miller et al. 2005; Koester et al. 2007lkeraitis et al. 2010). Alternatively,
information on the radial distribution of the galaxies vintla cluster and the galaxy luminosity
function (e.g. Postman et al. 1996) can be used.

The optical spectra of galaxies allow us to study galaxyuiah with respect to their envi-
ronment. Thus, cluster galaxies are on average redder thdngflaxies and their morphology
and gas content fier from their counterparts in the field (e.g. Dressler 198@iitwivore et al.
1993). Apart from that, the spectra of cluster galaxies @uoded to study their dynamics, as e.g.
in dynamical estimates$n which galaxy clusters are assumed to be in virial equilib. With the
virial theorem2Eyi, + Epot = 0 andExin = M(V?)/2, Epot = ~GM?/R and(v?) = 302 for an
isotropic velocity distribution, the virial mass can beirestted with

2

3o
Myir = ervir- (1.36)

Here,o is the velocity dispersion of the cluster galaxies which loainferred from their spectra.
For non-relaxed clusters, Eq. (1.36) may provide unradiathister mass estimates because the
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Figure 1.6:Left: The sensitivity of the cluster mass function on the undagyiosmology for clusters witW > 5 x
10"h M, normalised to unity at the current epoch. The behaviom(bf, 2) is shown for three dierent cosmologies:
For an Einstein-de Sitter universe (red solid line) the etioh is strongest, because of the high matter denSity+£ 1).
The evolution in 8\CDM-universe (green long-dashed line) is slower but not@s as in an open low-density universe
without dark energy (blue, short-dashed line). For kesS= 0.5 was chosen due to its high matter density age- 0.8

for the low-density models. From Rosati et al. (200R)ght: The cluster mass function for clusters at low redshifts
(black) and for cluster at high redshifts (red) assuming= 0.25,Q, = 0.75 andh = 0.72. The solid line shows the
fitted mass function, whereg was left free. For the red sample, the evolution witiecomes visible. From Vikhlinin
et al. (2009b).

assumption of virial equilibrium is violated and the vetgciistribution of the cluster galaxies
may deviate from isotropy.
Another important feature of galaxy clusters in the optisairavitational lensing (Chapter 2).

Galaxy clusters in X-rays

A detailed treatment of this topic will be provided in Chay3e

Galaxy clusters iny-rays

Gamma-ray emission from galaxy clusters has been predicthgdrodynamical simulations of
structure growth (e.g. Pinzke & Pfrommer 2010). TRadecay° — 2y, is supposed to dominate
the emission spectrum of clusters at mggty energies. Up to now, no gamma-ray emission
from galaxy clusters has been detected yet. Fémni-telescope which was launched in 2008 is
expected to shed light on this topic.

1.4.3 Galaxy clusters as cosmological probes

Since galaxy clusters are the largest collapsed structuresr Universe, they provide an impor-
tant contribution to constrain cosmological parametedsthuos to confirm ouACDM-model (e.g.
Zhang & Wu 2003; Balogh et al. 2006; Henry et al. 2009; Vikiliet al. 2009a,b). The cluster
mass function (Eg. 1.29) is sensitive to the evolution ofagsled structures and to the cosmic ex-
pansion (e.g. Rosati et al. 2002; Schuecker et al. 2003&¥efdre cosmological parameters such
asQm, Qa, og and the dark energy equation-of-state parametesn be inferred from the cluster
mass functions of representative cluster samples. Thendepee of the cluster mass function on
redshift provides further information on dark energy, esty for high-redshift cluster samples.



1.4. Galaxy Clusters 25

Figure 1.7: Simulated evolution of galaxy clusters for twasmologies showing that structure formation strongly
depends on the densities of dark matter and dark energy. thfée upper panels illustrate the structure formation for
a ACDM-model Qn, = 0.3,Q, = 0.7) compared to an Einstein-de Sitter univer@g, = 1, Q, = 0) in the three lower
panels at three fierent redshiftsz = 1.4,z = 0.6 andz = 0 from left to right) for a region with 250 Mpc edge length
and a thickness of 15 Mpc. For both simulations the amplitude of the power speatisiconsistent with the number
density of nearby galaxy clusters and with the large-scM@&@nisotropies. The yellow circles denote positions where
galaxy cluster would show up that can be observed in X-rays Wi> 3 keV. From Borgani & Guzzo (2001).

The dark matter and dark energy densit@g, andQ,, significantly influence structure for-
mation and thus the cluster mass function (Figs. 1.7 and S#)ctures develop faster in a uni-
verse with high matter density, such as in an Einstein-derSiniverse (EdRQ, = 1, Qp = 0),
than in a low-matter universe than ours. Therefore, we wobkkerve only few clusters at high
redshifts in an EdS universe compared to a low-matter usévas simulations show (e.g. Borgani
& Guzzo 2001). We can exclude high matter density modelsusecae observe massive galaxy
clusters at high redshifts (e.g. Rosati et al. 2009; Brodstial. 2010). BesideQ,, dark energy
also drives the evolution of the mass function (Fig. 1.6hstiat it counteracts structure forma-
tion with increasing, or more negativev because the influence of dark energy becomes more
significant towards higher redshifts. For this reasoncstines had to grow faster in the past to be
observed as we do today.

Constraints onrg arise from e.g. the amplitude of the cluster mass functioithvpredicts
the number densityn(M, 2) of clusters as a function of mass and redshift (e.g. Vikhliet al.
2009b; Mantz et al. 2009). According to Reiprich & Bohring2002), the halo mass function
predictsog = 0.430;93¢, while Vikhlinin et al. (2009b) obtainedg = 0.813 + 0.013 from
ChandraX-ray data. With a combination of CMB-measurements and eosimear, Schrabback

et al. (2010) derivedg = 0.802"5:925.

However, cosmology with galaxy clusters demands an acdetermination of total cluster
masses. Since the definition of total mass is inertwined thigrcritical density and thus with the
redshift at which the cluster has formed, all correlatioesMeen cluster mass and observables
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such as temperature, gas mass or luminosital{ng relationy may evolve with redshift (Voit
2005). We will learn more about these scaling relations iot.S&2. Especially for low-mass
systems like small galaxy clusters or groups, the definibbmass is a significant source of
uncertainty (Pierpaoli et al. 2001).

Another important quantity for cluster cosmology is the-gasss fractionfgas = Mgas/Miot
which is an increasing function of cluster radius. Helilyqs is the total gas mass which can
be inferred by integrating the electron number density ¢listribution of the ICM which can
be obtained from the surface brightneSsx) distribution, becaus&y o f n2dl. According to
simulations it is a good mass proxy due to its small scattebj@n et al. 2011). Typical values
of the gas-mass fraction for clusters dggs ~ 0.1, for galaxy groupdgyasis lower. The gas-mass
fraction is supposed to reflect the baryon to dark matter magsQ,/Q,, since most baryons in
clusters reside in the ICM, while only 15% of the total baryons in clusters are stars as indicated
in simulations (e.g. Kravtsov et al. 2006). Indedghs < Qn/Qm (“missing baryon” problem). To
constrainQ, with the baryon fraction in clusters derived from the gassnase has to include the
stellar mass from the stars in the cluster galaxies becaesidds the ICM, stars are assumed to
provide the main contribution to the baryon content in @dus(Zhang et al. 2011b and references
therein). The inclusion of stellar masses was supposed\e g “missing baryon” problem but
the baryon fraction in clusters is still significantly lowtian the cosmic average,/Qn, probed
by the CMB (LaRoque et al. 2006). Zhang et al. (2011b) coreduilom their work and recent
observations (e.g. Krick & Bernstein 2007; Gonzalez et@D.72 Zibetti et al. 2005) that still some
baryon mass is missing. Sindgs,s may be a function of cluster mass it included in constraining
cosmological parameters with the gas fraction (Vikhlinirale 2009a).

Using weak lensing masséd,y;, the gas-mass fractiofigas = Mgas/Mwi, does not depend on
the dynamical state as predicted in numerical simulatizhaifg et al. 2010). Yefigasis below the
cosmic baryon to dark matter ratie,/Qn, (e.g. Vikhlinin et al. 2009a; Fabjan et al. 2010; Zhang
etal. 2011a). An = 2500, gas-mass fractions using weak lensing and X-ray mass&onsistent,
which strengthens the prospect to UdggatA = 2500 to probe the dark energy equation-of-state
parametev (Zhang et al. 2006).
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Chapter 2

Gravitational Lensing

One prediction of General Relativity states that light raye deflected in the presence of masses,
because they propagate along the null geodesics of spaeeathich are curved under the influ-
ence of gravitation. Thisffect is known asGravitational LensingOwing to its independence of
nature and state of the deflecting matter, gravitationaitenis one of the most interesting meth-
ods to investigate the mass distribution in the Universenddeit is ideally suited to study the
distribution of dark matter, of which we still know very lit

In general, the gravitational lensfect is subdivided intstrong gravitational lensingand
weak gravitational lensingWhile the former is the more demonstrativéeet by producing highly
distorted and magnified (and sometimes even multiple) imafea background source, the latter
considers the statistics of a large distribution of backgbsources with distortions at the edge
of perception. Figure 2.1 demonstrates tffeas of strong lensing for the galaxy cluster Abell
2218. Both strong and weak lensing are convenient toolautdysgalaxy clusters. In this thesis,
I will use the weak gravitational lengfect because it probes the total mass distribution of a lens
out to the outskirts, while strong lensing can only provitle total mass distribution inside the
so-calledEinstein radiuge.g. Richard et al. 2010; Donnarumma et al. 2011). FurtbeliGtions
of gravitational lensing argalaxy-galaxy lensinge.g. Parker et al. 2007; van Uitert et al. 2011),
where the distortion between single galaxies is investijahe continuous deflection of light from
large-scale structuregsmic sheare.g. Hilbert et al. 2009; Schrabback et al. 2010), or thecbea
for MACHOS! in our host galaxy (e.g. Zhao 2000).

Gravitational lensing was first postulated about 200 yegmstey Laplace, Cavendish and
Soldner, but Albert Einstein gave the first precise dedoripdf gravitational light deflection in
1915 when he published his theory of General Relativity. vitaiional lensing by galaxies was
first predicted by Fritz Zwicky in 1937, but its first discoydasted until 1979 when identical
quasar sources were observed by Walsh, Carswell & Weyfnaith the Kitt Peak National Ob-
servatory 2 m telescope. These sources were identified alliplenimage pair lensed by a galaxy
in 1980 by Stockton (1980) and Young et al. (1980). The dgraknt of CCD detectors in 1979
which replaced the previously used photographic platesttamdmprovement of computer tech-
nologies pushed optical astronomy forward. With the lawf¢he Hubble Space Telescope (HST)
in 1990, high-resolution imaging enabled precision cosmgplby deep observations of space.

Weak lensing of galaxy clusters was first detected by Tysah €t990) in the galaxy clusters
A1689 and CL140952 followed by many observations of other galaxy clustersorSmethods
not only for the scientific analysis but also for data hargllivad to be established, such as the
aperture mass statistics (Schneider 1996) on which the lgaalng analysis in this work is based

IMAssive Compact Halo ObjectS
2For a detailed history of this discovery see Walsh (1989).
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and which was successfully applied in various publicati@g. Schirmer et al. 2007; Maturi et al.
2007 and references therein). One of the commonly used tiedyzackages for the optical data
is the publicly available&aBoDS/THELI image processing pipeline (Erben et al. 2005) which was
also used for some of the data in this work.

In this chapter, | will give an overview of the gravitatioriahs theory. In Sect. 2.1, | will
introduce the principle and describe the general progedighe lens mapping. The theoretical
background of weak lensing will be provided in Sect. 2.2. éttS2.3, | will introduce the weak
lensing aperture mass statistics as a tool to investigate/éak lensing properties of galaxy clus-
ters and describe how these can be optimised by the choosingadble filter function and by
including individual source redshifts. | will also brieflpsmmarise the main aspects of mass re-
construction. A detailed description of gravitationaldamg theory is given by e.g. Schneider et al.
(1992), Bartelmann & Schneider (2001) and Schneider (2006a

2.1 The principle

2.1.1 Refraction index and deflection angle

In all cases of astrophysical interest, the following agstions in lens theory are valid: Firstly, the
spatial extent of a lens is small compared to the distancegeka source and lens as well as be-
tween lens and observehin lens approximation Thus, one can assume that the light deflection
only happens in a plane perpendicular to the line-of-sighie position of the lendd€ns plang.
Secondly, the angular extent of the source has to be smajpa@d to the scale, where the gravi-
tational potentiatb changes. This allows us to measure the lens properties Isactihe distortion
can be easily determined. Thirdly, the gravitational fidithe lens is weak, i.8®| < c°.

With these preliminary considerations, the light propematlose to a lens can be described
in a locally Minkowskian space-time to first post-Newton@mer. Similar to an optical lens, the
effect of a curved space-time can be expressed in terms of atiefrandexn = 1 + 2/®|/c?, with
which the deflection of light can be expressed as

5:—f§lndl =C—22fﬂq>d|. (2.1)

Here d is the light path and’ , n denotes the gradient of perpendicular to Id This expression
can be simplified, if one assumes that the light is not defieateng its path i but only at the
lens position. Then thdeflection anglef a point masdV at a distancé is

2 4GM 2R

& = ? VJ_(DdZI Czé'-‘ = ? . (22)

with the gravitational potentiab (£, 2) = -GM/ y/£2 + 22, the Schwarzschild RadilRs = 2G M/c?
and the distance along the unperturbed light ray from thetpafi closest approach Equa-
tion (2.2) was predicted by Einstein’s General Relativibd aobservationally confirmed during
a solar eclipse in 1919.

In a more realistic scenario, gravitational lenses, sudaésxy clusters, have extended mass
distributions. Thus, the light deflection does not happesimple as Eq. (2.2) suggests. Yet, the
thin lens approximation is valid because the extent of axyatduster is much smaller than the
distances between observer, lens and source. This allotespusject the three-dimensional mass
distributionp (F) of the lens onto anass sheeh the lens plane. The integration ofr) along the
line-of-sight provides us with theurface mass density

5(6) = f dzp(£.2) | 2.3)
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Figure 2.1: The very rich strong lensing cluster Abell 221& & 0.18 is beautiful example for the distortion and
magnification of background sources due gravitationaitensrhe image is a composition of optical and near-infrared
observations with ACS and an infrared observation with NI@®) both mounted at the HST. The cluster galaxies are
not distributed symmetric which suggests that the undeglgiark matter distribution may not be spherically-syminetr
as itis presumed at first order. The image shows several giesfrom strong lensing, but also multiple images can be
observed. The orange arc right below the bright cD-galaxylensed elliptical galaxy a= 0.7 and the blue arcs are
lensed star-forming galaxies aklz < 2.5. Some arcs are so thin that they cannot be resolved evethgithST which
indicates very high magnifications. The field-of-view-i§!5x 7/5. From http//sci.esa.int, copyright by NASA, ESA,
and Johan Richard (Caltech, USA), acknowledgement: Daléddartin & James Long (ESAubble) .
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Figure 2.2: Schematic sketch of a typical gravitational
lens system in the thin lens approximation consisting
of source, lens and observer, which are connected by
the optical axis. The lens plane is defined such that
it is perpendicular to the optical axis and the intersec-
tion of optical axis and lens plane defines the origin of
its coordinate system with the lens at positéynThe
source plane is defined similar, with the sourcey.at
Due to lensing, the source is observed under an an-
gle 6, while it would be observed under an anglefof
without lensing. Note that we can only see the pro-
jected angular positions af and¢. From Schneider
(20064a).

Source plane

Observer

wherebyr’ is decomposed into the line-of-sight componeand two coordinates for the lens plane,
£ = (é1,&). By subdividing the lens into mass elements, d= d? ¢ (¢7) with spatial density
p(£€,2 and volume ¥, the deflection angle becomes the vectorial sum of defleeiements
caused by each mass element

~ A~ 4G ) ‘f ‘f 4G y ’ f_‘f’
WO=Y =g Y amplea?) g =g [FO Ly @

For galaxy clusters, the mass distribution is assumed tophergally-symmetric at first
order. If one assumes that the dark matter which dominagegrétvitational potential of the cluster
is spherically-symmetric, the galaxies should follow tHistribution. As Fig. 2.1 shows, this is
not always the case and then the total mass of a galaxy clustgrbe over- or underpredicted
by assuming spherical symmetry. However, if the mass didtdn is spherically-symmetric, the
surface mass density is only a function&f.e.X (|€]) = Z (£) and the deflection angle becomes a
scalar due to axial symmetry similar to Eq. (2.2).

2.1.2 The lens equation

The gravitational potential causes a lensed sourg@ at n/Ds to be observed & = &/Dgy

with the angular diameter distancBg andDq4 between lens and source and observer and source,
respectively, whereby the subscript “d” means “deflect®igy( 2.2). The analogue writing ¢
andé suggests thaj is a two-dimensional vector in the source plané& &sin the lens plane and
thatB and@ are angular positions of source and image with respect tirthef sight. These true
and projected positions are correlated vialdres equatiorwhich can be derived by geometrical
considerations and the intercept theorems (Fig. 2.2),

B= 0—%"3A(Dd0)_0 a ) . (2.5)
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Here,a (0) = a (D46) Dys/Ds is thescaled deflection angkndDs is the angular diameter distance
between observer and source. Equation (2.5) is only valigrmall deflection anglesx(< 1')
because then siaf ~ a as it is the case for gravitational lendes

The lens equation predicts the source position as a funofiite image for any mass distri-
butionX(£). But the number of imagesfor a given source at positighis a priori unknown. For
a fixedg, Eq. (2.5) can have several solutions in forms of multiplages ifX (6Dy4) exceeds the
critical surface mass density
¢ Ds
~ 472G DgDgs’

with the angular diameter distanBy between observer and lens. Normalising the surface mass
density by this value yields thdimensionless surface mass densitgonvergence

(2.6)

cr

> (6D
«(6) = 2009 (2.7)
Zer
which allows us to distinguish between strong lensg®)(> 1) capable of producing multiple
images and weak lenses for which Eq. (2.5) always has onlgolg¢ion  (6) < 1).

2.1.3 The Jacobian matrix and gravitational shear

Provided the angular extent of a source is smaller than e schere the gravitational potential
@, and hencer,"changes significantly, the lens equation (Eq. 2.5) canneatised by calculating
it's first Taylor expansion

B —Bo=A(6o) (6 - 6o) , (2.8)
with an arbitrary reference poig within the source and the corresponding position at which it
is observeddg. Here, we introduced théacobian matrixA which is defined as
B _ (5 _9a (6)

00\ o6

cos(2¢)  sin(2p)
(1-x) le—lyl( sin(2¢) - cos(2) ) (2.9)

A(0)

with Aj; = 96i/06; and eigenvalue§l — « + |y[). In the last step of Eq. (2.9), we decomposed
A into the two essential properties of the lens mapping: Tlet t&rm describes the focus and
magnification of the image, whereby the magpnificatjgn= det(A)* can let the image appear
fainter or brighter, depending dh This is because the surface brightness at frequenty, is
conserved in lensing as Liouville’s theorem stéteEhe traceless part off is a measure for the
image distortion with respect to its amplitugéand its orientatiorp via theshear

y =y1+iy2 = yl€¥¥, (2.10)

with componentsg; andy,. Thus, intrinsically round sources are distorted intgpéltial images
with semi-axeg1 — « + [y])~%. Owing to its definition as the traceless part of the Jacobiatrix,
the shear is a polar since an ellipse transforms into it$&df a rotation of 180 and thus twice
after a full rotation, which is also indicated by the factoin2the exponent of Eq. (2.10). By

3For galaxy clusters fs ~ 30" and for individual galaxies it is witly & 1” even less.

“4In Lensing, the surface brightnelsof an image is conserved at each frequency while theSjiohanges according
to the solid angles of unlensed source and lensed ima@és) = 1,dw® = I,dw = S,, whereby the index ’s’ denotes
the source.
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Figure 2.3: A circular source with angular coordingégsndg; is transformed by the inverse of the Jacobian matrix
A~ from the source plane into the lens plane wittandé,. According to the definition ofd in Eq. (2.9), the image
remains a circle in the absence of shear, but withfiedint radius depending an since only magnificationfBects
occur. If the image dtiers an additional distortion, its shape is transformed amellipse. From Schneider 2006b.

introducing thereduced shear

g(6) = 1Z(fza)’ g=01+ig = ge*’, (2.11)
we can rewrite Eqg. (2.9) as
AB) = [1 -« (6)] 1__921(;;9) 11931(089) ) . (2.12)

Figure 2.3 illustrates the mapping of a circular image witlt tadius from the source to the lens
plane by changing its size withand its shape witly by the inverse of the Jacobian matrk .
After the transformation, the circle has become an ellipgk 8emi-axeg(1 —«) (1 + |g|)]‘1 and
anglep between thé;-axis of the lens plane and the major axis of the ellipse.

We will show later thaty is the only observable in weak lensing that depends on shape m
surements (Sect. 2.2.2). Its components define how theesghapes change from their intrinsic
to their observed shape under lensing. As the slydaas polar properties.

2.2 Weak gravitational lensing

In weak gravitational lensing, the Jacobi matrkis very close to the unit matrix because of
k| < 1 and|y] < 1, which implies weak distortions and small magnificatiolmgrinsically,
galaxies are not round but have typical mean ellipticitiéh (&) = 0.3. Their shapes ardfacted
only marginally by the shear in weak gravitational lensiwbgerefore this fect is not measurable
at individual galaxies. Instead, it has to be investigatgdthtistical means, such as the aperture
mass statistics which will be introduced in Sect. 2.3.1. B@m high accuracies in weak lensing
studies, the number density of background sources has tardpe Which reduces the statistical
errors. This can be achieved by observations with large-&EMdews and long exposure times.
Distant galaxies observed in the optical or near-inframedparfectly suited for this issue because
they reveal the densest population of distant objects irskige But projected onto the sky, these
galaxy images are also faint and small, and hence their wi$eshapes are stronglyfected
by telescope optics and for ground-based observationsbglstmospheric turbulences. These
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effects can be accounted for via the Point Spread Function (RISEh can be approximated with
a Gaussian at first order. Its full width at half maximum (FWMHislcalledseeingand it is given

in arcseconds. The observed brightness profile of a sourteigsa convolution of its intrinsic
brightness profile and the PSF. Figure 2.4 compares thetyjagdlground- and space-based data
to demonstrate how seeinfects the image ellipticities.

A detailed description of the first weak lensing results \&@giby Mellier (1999) and the the-
oretical basis for weak lensing is described by Kaiser & 8xu§1993). Furthermore, Bartelmann
& Schneider (2001) and Schneider (2006a) provide a compsedetheory of weak gravitational
lensing.

2.2.1 Distortion of faint galaxy images

Usually, a background source is neither circular nor dokave circular isophotes. Most galaxies
reveal an intrinsic ellipticity because they are eitherapgalaxies with an inclination towards
the line-of-sight or intrinsically elliptic. Thus, the imsic shape of a source galaxy has to be
disentangled from its shear, which we now quantify in moreitle

Light is distorted dfferentially when it propagates through a tidal gravitatidield. But
in weak lensing, the image extent is small compared to thie,sediere diferential distortion
becomes notable. Thus, the surface brightness profile ofsadeimage can be expressed in terms
of the linearised lens equation (Eg. 2.8)

1 (8) = 19)[B(6)] =19 [Bo + A (6o) (6 - 60)] . (2.13)

which is valid due to the conservation of surface brightriedensing. From Eq. (2.13), lensed
properties like the shear can be inferred by calculatinditeeand second moments of the surface
brightness profile

[ eq [ @)e
~ [doq[1 ()]
[ @ all 06 - 6i0) (6 - bic)
o [d201 @) aill (6)] '

The first moment defines the centre of each image and the sézancbnvenient expression to
measure image ellipticities. Similar to the definitiondf the trace ofQ contains information
about the image size and the traceless pafl déscribes the image ellipticity. For an image with
circular isophotes the components@fare Q11 = Q22 andQ12 = Q21 = 0. With the second
moment of surface brightness (Eq. 2.15), the complex @iifgis € = €1 + ie; andy = y1 + ix»
are defined as

11.(6) (2.14)

0

12 (6)

(2.15)

S +g

| Trgeo 9=t
Q11— Qoo + 2iQ12
- (2.16)
tr (Q) + 2Vdet(Q) 1+ gels>
m g >1
Q11— Q22 + 2iQ12 X + 29 + g
X = = , (2.17)
tr (Q) 1+ 1912 + 2Re(gy®¥)

where in each last step the transformation of second-onifgithess momeni®@® = AQA was
applied which provides a connecting prescription betwemnmce and image. The asterisk for
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Figure 2.4: Comparison of groundoyer) and space-based datapper panel. The images show the centre of the
galaxy cluster MS0451-8305 observed with ACS@HST in F606W (Table 4.1) and Sup@ams@ SUBARU in the
I-band (Table 4.2). In the space-based image, the galaxeslwgn be well distinguished. Also some strong lensing
arcs can be identified. In the ground-based image, the stapdsurred due to atmospheric turbulences. Elliptical
galaxies appear more round and the strong lensing arcs tchenidentified anymore. Furthermore, neighbouring
sources are merged together which alfeas shape measurements. For these reasons, space-tasedtdabetter
choice for weak lensing studies. The field-of-view-id!5 x 10.
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andg denotes complex conjugation. For an image with elliptisaphotes of minor-to-major axis
ratio 0< r < 1, the ellipticity definitions have these absolute values

1-r 1-r2

lel = —— |)(|=m,

= 2.18
1+r ( )

which are independent of the image size.

From Eq. (2.16), we cannot distinguish between weak andgiensing by considering only
one single galaxy or a small solid angle of the sky. THiea is calledocal degeneracyand it
can be broken by observing large fields around galaxy ckiserthat strong lensing occupies
only a very small area in the cluster centre. Bjit- 1 only occurs inside a small, central region
compared to the total extent of the cluster and thus onlydar $ources. By applying < 1,
lyl < 1 and|g| < 1, Egs. (2.16) and (2.17) can be reduced t0¢) + g andy ~ y©® + 2g.

2.2.2 Estimating the reduced shear

By decomposing the observed image ellipticitinto an intrinsic componert®) and the reduced
shear, it is possible to reduce the noise caused®yy averaging over many galaxy images.
One main assumption in weak lensing is that the intrinsieogakhapes are oriented randomly
because the distant galaxies used for weak lensing stugielstributed over a large spatial range
enclosed by their broad redshift distribution. Thus, theeetation value for the complex elliptic-
ities vanishes

o) = 0= (e, (2.19)

which implies that expectation value of Eq. (2.16) aftermaaging fore reads

g ld=<1
E(e) = 1 (2.20)
— Jg>1.

*

This equation shows that the reduced shear is the only duamtiveak lensing that can be mea-
sured from the image ellipticities, which is not possibledbear and convergence. Eq. (2.20) also
implies that each image ellipticity yields an unbiasedneator of the local reduced shear which
is very noisy. This noise can be expressed byitlrnsic ellipticity dispersion

1 N
O = J N ; (Eii + ég,i)’ (2.21)

with ellipticity componentse; ande,. For individual sources, the shear signal is indeed very
noisy, which is the reason why statistical methods for adaample of galaxies with high number
densities are required to measure precisely the shearh@notason is that the two cases of
Eqg. (2.20) are locally indistinguishable, and hence wide®® planes and high number densities
are required to decide whether the measured ellipticityéstd strong or weak lensing.

2.2.3 Tangential and cross component of shear

A convenient measure to study the mass distribution of gathxsters and theirféect on source
galaxies is théangential shear; and itscross componengy. These quantities describe the ori-
entation of image shapes in a rotated reference frame, iohvthey are measured with respect to
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Figure 2.5: Tangential ellipticityg and its cross-
componente, for different position angles with re-
spect to a reference point. The absolute value of the
ellipticity is always|e| = 0.3 because of? = € + €2.

The orientation of the tangential vector for a source
with angleg w.r.t. the reference point is = 7 — ¢.
From Schneider 2006b.

a specified directio, which is the cluster centre (Fig. 2.5). The tangential amdscomponent
of v are defined as

Yt = —Re [ye‘2i¢] , Yx =—=Im [ye‘2i¢] . (2.22)

The negative sign is chosen such that a negative tangehiicéty corresponds to a radial ori-
ented image. If the alignment of the image is truly tangéhtig will always be positive in this
notation. At first order, the dark matter distribution of@af clusters is assumed to be spherically
symmetric, wherefore the images are supposed to be taaljgriigned around the cluster cen-
tre. In this idealised case, the absolute value of the shealdwdirectly yield the tangential shear,
lyl = yt. Furthermore, the cross component vanishes but in reaitwauld havey,, # 0 even for

a spherically-symmetric mass distribution due to the néism the intrinsic source ellipticities.
Yet, we can cross-check systematics in the weak lensingsisalith y, because it is supposed
to vanish on average.

2.3 Mass reconstruction

2.3.1 The Aperture Mass statistics I(?Iap-statistics)

Theaperture mass a convenient tool to detect galaxy clusters and to quatitéir weak lensing
properties. It is defined as an integrated function of théasermass density multiplied by a
compensated filtelt ()

Oap BOap

Map (6o) = fdzek(é)) U (160 — 6ol), with fd@@U (0) =0. (2.23)
0 0

Here, 64y is the radius of the aperture inside whicehs calculated. The centre of the aperture is
denoted agy and#@ is the position of a point within the aperture. To make sus My is not
affected by thenass-sheet degeneraaiich comprises transformations of k) — A(1 —«), a
compensated filter is required.Uf(|8]) has the shape of a Mexican hita, will have a maximum,
provided itis placed on the centre of a mass concentratitthodghU (|0]) compensates the mass-
sheet degeneracy, it does not follow the mass profile of aerlusecause it gives negative weight
to some regions of the aperture.

SRadial orientation occurs in the strong lensing regime haust to be accounted for in the analysis, by e.g. cutting
off the inner regions of a galaxy cluster.
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The aperture mass can be directly written as a filtered iatégterms of the tangential shear
7t (Schneider 1996),

Map (60) = f 6.Q(61) y: (6. 60) . (2.24)

wherebyQ (16]) is a radially symmetric filter function that replaces the pemsated filter, i.e.

[
Q) = 9—22 f 4 GUE) - U (o). (2.25)
0

Q resembles the tangential shear profile of a cluster whichimisgs the lensing signal when the
aperture is centred on a mass concentration. In this woelQtfilter from Schirmer et al. (2007)
is used. Itis defined as

tanh(x/xc)
X) = E(X) ———=, 2.26
Qrann (X) = E(X) X% (2.26)
with a box-shaped functiok (X) having exponentially smoothed edges:
E(X) = [1+ exp(6 — 150x) + exp(-47 + 50x)] * . (2.27)

The distance to the aperture centre in units of the aperadis,p is X = 6/6p and x; is a
dimensionless parameter changing the sharpness of thiesiitth that smalk. gives more weight
at small radii (Fig. 2.6). The lensing signal is weightedroadarge area inside the aperture. A
too largex; can assign too little weight to the objects at the outer pafrthe aperture where the
lensing signal is weak. Therefore, the measured galaxyeshegn be féected by noise if the
aperture radius is too large. Empiricalk = 0.5 is a good compromise.

e Qrann(X) approximates an NFW-profile (Navarro et al. 1996) and is guitable for cluster
detections. Fok > X, it drops likex.

e The hyperbolic function tankj absorbs the singularity at= 0 since it isec X at smallx.
Thus objects at the inner radii of a cluster are excluded.

e E(X) ensureranH(X) to decrease to zero in the inner and outer 10% of the aperture
suppresses strong lensinffeets and forfeits contributions from cosmic shear and large
scale structures.

e E(X) also avoids fluctuations in the weak lensing signal-ts@aiatio when the aperture
mass is calculated on grids becalsg) gives less weight to galaxies near the aperture
centre.

To apply the aperture mass to real data, Eq. (2.24) is diseteby replacing the integral with
the sum of galaxies within the introduced grids. Furthemmdhne tangential shea# is replaced
by the tangential ellipticityg which is an unbiased estimate of the shear. With these chatige
estimator ofMap is

N
hap(00) = = " e (60) Q61 ~ o) (229)
i=1

wheren = N/egp;r is the number density of objects within the aperture. Thegeatial ellipticity
of theith image at positiow; is defined asy; = —Re[gexp2ig;)] with ¢; which is the position
angle of thath galaxy with respect to the aperture cerige
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Figure 2.6: The filter functio®@ann (X) for different values ok.. Especially forx, = 0.1 this function strongly filters
the lensing signal.

Since the aperture mass provides us only with the amplitfideedfilteredx, but not of the
cluster mass, it is more meaningful to use the weak lensgrgasito-noise ratio Sl of the aperture
mass to obtain a measure of the significance of a mass coatientr

Assuming that the background galaxies are randomly diged) we define the noise as the
dispersion 011\7Iap measured at the grid poifig in the absence of lensing

oiww=55§]QHM—aw, (2.29)

2 N
(rE
i=1

with the intrinsic ellipticity dispersion (Eqg. 2.21). Thubke weak lensing Signal-to-Noise ratio is

N
2. &i (60) Q(I6i — 6ol)
an@=¥?ﬂ

€

: (2.30)
N
3, Q%(6; - o)

with o as defined in Eq. (2.21).

2.3.2 Including individual galaxy redshifts for MS0451.6-0305

For one of the galaxy clusters studied in this work, MS0450305, individual source redshifts
from photometry are available (Sect. 4.3.3). Here, | wikc&e how they can be included into
the I\7Iap-statistics. For a detailed description, the reader isrrefieto Bartelmann & Schneider
(2001).
The strength of a gravitational lensing system scales @it{iDs, so that the lensingfiect

is stronger for sources with > z4 and less ficient for sources witlas > z4. Often, only a mean
source redshift taken from redshift probability distribuas is the only information available. To
assume a mean source redshift for all sources is a goodmolidr low-redshift clusters, but
for clusters at high redshifts the influence of individualises is more pronounced. Thus, it is
appropriate to consider each source redshift individualiyfar as they are known. But if individual
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Figure 2.7: The functiorZ(z) for three cosmologi-
cal models, i.e. Einstein-de Sitter (solid), low mat-
ter universe without dark energy (dotted) and a low
matter universe with dark energy (dashed). For each
cosmology,Z(2) is plotted for the lens redshifty =

0.2, 0.5, 0.8. While Z(2) varies strongly for sources
close to the lens, its dependence on the underlying
cosmology becomes only significant for high source
redshifts. Foz, — 0, Z(z) —» 1. From Bartelmann &
Schneider (2001).

7(z)

source redshifts are available, the ellipticity composadat those galaxies must be projected to a
reference redshift, to obtain comparable shear values. This is done with

Z(z) = —dH (z- ), (2.31)
whereby the Heaviside step functior{ZzHenters because foreground sources are not lensed. The
functionZ (z;) describes the relative lens strength in terms of the trueceaedshifizs normalised
to z as shown in Fig. 2.7. F&& — o, this equation approaches a maximum valyg;) — 1.

According to Seitz & Schneider (1997) the ellipticity conmentse; » can be normalised to
Z by rescaling,
12 = €,2(Z) . (2.32)

Provided, the redshifts of all source galaxies have ert@tdre smaller than the range over
which Eq. (2.31) changes significantlf < 0.1), we can define thehear estimato(Bartelmann
& Schneider 2001)

& Z(Zs)

&= (2.33)

Mz | LMz

Z2(zs)
1

which is the shear at of a source scaled;toThis estimator maximises the weak lensing signal-
to-noise ratio §\ and gives each galaxy an optimal weight according to itshigédwhereby the
intrinsic noise is reduced. The tangential shgan Egs. (2.28) and (2.30) subsequently needs to
be replaced by.”

Figure 2.8 illustrates how the noise in shear measurememneduced if individual source
redshifts are known. It also shows that redshift informatiecomes more important for larger lens
strengths and at low mean source redshifts, e.g. to disshdietween foreground and background
galaxies. From this figure we further can predict that thesedn shear measurements and thus
of the aperture mass is reduced by 20% for a cluster at théifeds MS0451.6-0305. Hence,
the signal-to-noise ratio will be increased by this fractibindividual photometric redshifts for
all galaxies are included. We will learn in Chapter 6 that élkpected improvement ir/IS for
MS0451.6-0305 is only marginal, because we have only photometrichiid$or a small fraction
of our background galaxies (Sect. 4.3.3).

2.3.3 Thek-mass distribution

In weak lensing, the masses of galaxy clusters can be obtaiitle two different methods: Firstly,
by fitting a suitable model (e.g. the NFW-profile, Navarro kt1®97) to the tangential shear
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‘ Figure 2.8: The fractional improvement of the shear
] estimate if individual source redshifts are known.
! 1 More precisely, the ratio of the noise for sources with
individual source redshifts and a mean source redshift
] (zs) is plotted the mean source redshiftg) = 0.9 and

(zs) = 1.5 and with lensing (L = |y| = 0.3) and with-

- out lensing (NL,k = y = 0). This figure implies that
the improvement due to redshift information is higher
1 for higher lens redshifts, sinc&(2) is nearly constant
for low z. From Bartelmann & Schneider (2001).
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measured from the source ellipticities. Secondly, the masse reconstructed from the reduced
shearg via the surface mass densityas defined in Eq. (2.7). Thus, it is possible to derive the
projected mass density by measuring the local reduced,shikih is an unbiased estimate from
weak lensing observations. By using the former method, tagses of the clusters studied in this
thesis will be inferred. The latter will be used to study thassdistribution and to compare it with
the aperture mass signal-to-noise ratio (Sect. 2.3.1)usecthe error estimation usirgs hardly
feasible. In our analysis (Chapter 6) this is carried out fpuhblicly available code which is an
application of the Seitz & Schneider (2001) finite-field nueth This algorithm is based on the
Kaiser & Squires inversiomnd it will be introduced in this section.

Weak lensing provides a parameter-free mass reconstnuctithe projected mass distribu-
tion x which enables to map the dark matter distribution of galakgters (Kaiser & Squires
1993). Shear and surface mass density are related via aletomoof « with a kernelD =
—(61 — i6,)2 that describes a shear field as generated by a point mass

y(@)Z% f R0 DO - 0)k (@) . (2.34)
IRZ

Since a convolution becomes a multiplication in Fouriercspae.y(1) = 71D () (1), we can
invert this expression and after transformation back td space the mass distribution can be
expressed as

1
k(0) = - f 20’ Re[D* (8- 6')y (8')] + ko. (2.35)
7Z']R2
Here, the additional constary enters, because a uniform surface mass density yields @o. she

This implies that the observed reduced shear is invariatéiutne mass-sheet degeneracy, i.e.

__ N 7
AA1-x) 1-«

g (2.36)

The mass sheet degeneracy can be broken if individual soedshifts are known (Schneider
2006b), or using magnifications (Sonnenfeld et al. 2011pyorombining strong and weak lens-
ing (Merten et al. 2009).

In this work, the finite-field method from Seitz & Schneideb(2) was used. This method
is an improved version of the Kaiser & Squires method to parfmass-reconstruction on a finite
data fieldZ/. The reduced shear can be locally related to the surface teasgty due to

1 -1 -o )( 911+922)
VK (@) = ——— ’ ’ = 0), 2.37
2 1—95—93( -0 1+01 J\ Q21-012 Ug (6) (2.37)
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with K (6) = In (1 — « (#)) which is a non-linear function of. The derivative of Eq. (2.37) yields
(Seitz & Schneider 2001)

V2K =V-ug withn-VK =n-ug, (2.38)

with n- VK = n-ug on di{ andnis the normal vector of{ (von Neumann boundary problem). In
this derivation, the mass sheet degeneracy is not brokaohwesuficient for qualitative studies
of the projected mass distribution as in this work.
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Chapter 2. Gravitational Lensing
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Chapter 3

Galaxy clusters in X-rays

As discussed in Sect. 1.4, galaxy clusters are composed &% stars and galaxies; 15%
intra-cluster medium and roughly 82% dark matter whose nature is unknown except for its
gravitational interaction. The gravitational potentiaélis of galaxy clusters are dominated by
dark matter, and the ICM subsequently is trapped in the detgmpal wells and shock-heated up
to temperatures of 10’ — 10°K (or ~ 1 — 15keV). Hence, the ICM is sficiently hot to emit
X-rays via thermal bremsstrahlung and line emission. Teatpee and luminosity of the X-ray
emission are directly related to the total gravitating usnass because the ICM traces the dark
matter distribution.

Since the atmosphere of the Earth absorbs X-ray emissiom $fmace, it was not until the
beginning of the space age and the invention of space rottiadtX-ray astronomy became possi-
ble. The first astronomical X-ray source that was discoveraslthe Sun in the late 1940’s using
German V-2 rockets which were captured by the USA after Wt 11, followed by a binary
star system Sco X-1in 1962 (Giacconi et al. 1962) which wasated with Geiger counters on an
Aerobee rocket. X-ray emission from galaxy clusters was dioserved in the Perseus Cluster by
Mitchell et al. (1976), who concluded from the observed Redithat X-rays are emitted from hot
plasma which is caught in the cluster potential well. Sidmegpectrum could be well described
with thermal bremsstrahlung, Mitchell et al. (1976) cowield further that the gas is in hydrostatic
equilibrium. This was later confirmed by Mushotzky et al. {82 who also found correlations
between X-ray observables and other cluster parametersingtance, the X-ray temperature is
approximately proportional to the square of the velocigpérsion of the cluster galaxies.

CCDs replaced the Geiger and proportional counters in 1983daunch ofASCAwhich
allowed to perform spatially resolved spectroscopy andyingaup to 10 keV. The first X-ray all-
sky survey was performed witROSAT(1990-1999), detecting more than®1X-ray sources. Its
observations of galaxy clusters were then used to investiha relation between temperature and
luminosity (e.g. Arnaud & Evrard 1999) and to constrain tleekdmatter power spectrum and
cosmological parameters such@g andog (e.g. Ikebe et al. 2002; Reiprich & Bohringer 2002).
With the launch of theXMM-Newtonand Chandraobservatories high resolution and sensitivity
observations became available which lead to improvemardstermining the X-ray properties of
galaxy clusters and the relations between their X-ray olabdes (e.g. Ettori et al. 2004; Pratt &
Arnaud 2005; Zhang et al. 2006, 2008, 2010; Vikhlinin et 802a,b).

In this chapter, | will give an introduction in the X-ray phgs in galaxy clusters. In Sect. 3.1,
| will describe emission processes and observational peters) such as temperature and surface
brightness which are crucial to calculate the total clustass. For a comprehensive description
of the basic knowledge of the X-ray physics in galaxy clusterefer to e.g. Rybicki & Lightman
(1979), Sarazin (1988) and Reiprich (2011). In Sect. 3.2l imroduce scaling relations between
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X-ray observables and cluster mass as cosmological apphica hereby, | will focus on the most
important scaling relations which will also be investighte this thesis.

3.1 X-ray observables and cluster properties

3.1.1 Definition of observational parameters

TheX-ray flux fx, is the amount of energykdthat is emitted through an area elemeAtgbr unit

time o
dE

fx = ——.
X~ dAdt
It is usually expressed in cgs unit, thul] = erg st cm™. By integrating over a spherical sur-

face with radiusD,, which refers to the luminosity distance (Sect. 1.2.3), Wwtaim theX-ray
luminosity

(3.1)

Lx = dE _ AnfyD? (3.2)
dt
which is the energy that is emitted isotropically ib dHere, we directly used the luminosity
distance because the galaxy clusters studied in this werlitaxosmological distances. The wave-
length interval we observe is redshifted since it was ehittem the source at redshitwherefore
we have to apply &-correction (e.g. Oke & Sandage 1968; Kim et al. 1996).
Since galaxy clusters are extended X-ray sources, we imtsthesurface brightnessS,
which is given by the flux measured under a solid aifyle

(o0

1
Sy = fx/Q= —— [ ed. 33
x = 47r(l+Z)4f6 (3:3)

—00

The surface brightness is proportionalDﬁ/Df = (1 + 2~ because at cosmological distances
the cosmological surface brightness dimmigets in. The angular diameter distance enters via
Q = AD,% In Eq. (3.3), we introduced themissivitywhich is defined as the energy that is
emitted unit time from a given volumey

_ dLy
-5
If the emissivity is considered as a function of frequengythis equation becomes =
dLx /dV/dv which is defined by the emission processes that will be intted next. Hence, the
emissivity determines the spectrum of an X-ray emittingrseu Thus, from the X-ray spectrum
of a cluster we gain information on the emission processaistdike place in the plasma, such as
thermal bremsstrahlung or line emission from elementgingia suitable emission model to the
spectrum allows us to derive the plasma temperakyravhich is given in keV, and density. More

details on spectra and temperatures will be provided inahewWing sections and Chapter 7.

€ (3.4)

3.1.2 Emission mechanisms

At temperatures okg T > 2keV and ICM metallicities ot 0.1 — 1Z, thermal bremsstrahlung
emission (free-free emission) is the dominant process.notegion “metals” includes all elements
that are heavier than He and for reasons of convenienceahirdances relative to hydrogen are
given in units of the solar abundangg. Bremsstrahlung is emitted because the charged particles
are accelerated during close encounters. In an electroplsma, electrons are the prime emitters
because the relative acceleration is inversely propatitmthe mass that is accelerated.
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Figure 3.1: X-ray spectra emitted by plasma with tempeestof 1 keV (black), 3keV (red) and 9 keV (green) including
free-free, free-bound and bound-bound emission- AtkeV and~ 6 keV line emission, especially from the iron L and
K shell, becomes more pronounced than at higher tempesatiarem httpywww.astro.uni-bonn.dereiprichyacygcs .

Assuming that all electrons have the same velogityie emissivitye™ is proportional tos*
and to the number densities of electrons and iopsand n;, respectively. Thus, for a thermal
plasma in which the electrons have a Maxwellian velocityritigtion, the emissivity with respect
to the electron frequenoyis given as (e.g. Sarazin 1988)

hy
ff T-1/2 _
€, < NeNiTe exp( Te) , (3.5)

wherebyv o« Té/ 2. The kinetic energy of the electron has to be at least equileteenergy of

the emitted photon, i.e./2mev? > hy. The non-relativistictotal emissivityof the plasma can be
obtained by integrating over all frequencies,

r 5reb 27k
o = f et = oo |G Znnge (Z T TS, (3.6)

wherebyZ is the ion charge andg ~ 1.2. This value is obtained from averaging the Gaunt
factor g¢ over all frequencies. The Gaunt factor is of the order ofyuaitd its dependence on
temperature and frequency is weak.

Further emission mechanisms are synchrotron radiatiommenttegarged particles with ~ ¢
emit synchrotron radiation while gyrating along the magnéeld lines of the plasma, and the
inverse Compton féect, in which low energy photons gain energy by penetratimyedium of
energetic particles. But compared to bremsstrahlung, dméy play a minor role in the X-ray
emission of galaxy clusters in the 0.5 — 10 keV energy band which almost covers the energy
range that is used in this work.

Besides bremsstrahlung, recombination and line emissinibecome important. Line emis-
sion (bound-bound) can occur especiallyTat < 2 keV, where the emission is approximately
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e « T;%n2. At these temperatures, hydrogen is ionised and some hesdeiaents are ionised as
well depending on their energy levels and the plasma temyreralhe free electrons can collide
with such partly ionised elements and excite them. The dbeak to the previous state follows
immediately. Observations of line emission in an X-ray $pea provide information on the metal
abundance and their ionisation states. Thus, hot gas idyntaimposed of H and He but polluted
by non-primordial elements generated in star formationsamrnovae explosions. Among these,
iron (Fe) is the element that preferentially contributesirte emission with its emission from the
L- and K-shells, others are e.g. Si, O and N. The metallicitgalaxy clusters is peaked towards
the centre which indicates that the metals are generatée iceintral cluster galaxies or sink down
to the potential well centre (Qin & Wu 2001).

3.1.3 Universal temperature distribution for galaxy clusers

From the X-ray spectrum of a galaxy cluster, its temperatonetallicity and gas density can be
derived using a combination of models for bremsstrahlungsgion of hot, difuse gas with line
emission from typical elements and the absorption from &Gialdydrogen. Besides the absorption
by gas, i.e. mostly hydrogen, along the line-of-sight, oae to account for instrumentaffects
that can distort the measurement, such as ffextive area of the telescope-detector system as
a function of energy and detector position, and the smeasfrgpectral features due to finite
energy resolution. Such corrections are usually incotpdrén the model by response-files for
XMM-Newton Yet, the best fit ofTx depends on the detector. Especially, if the plasma has two
temperature components, the measured temperature wilhdegn the energy range in which the
detector is most sensitive and in which it has the largsttve area. But if the plasma has only
oneTe, as one assumes for small, deprojected annuli, all detestwuld measure the sarhig
within statistical errors.

As long as a cluster is not merging and unless the temperista measured in the cluster
outskirts where the gas density is low, it can be assumedTthat Tgas because the mean free
paths of electrons and ions are of the scale of galaxies Z{at888),

Tgas 2 Ne -1
Ade= A = 23kpc(1ogK) (1Or3cm—3) . (3.7)
Thus, the ICM is non-collisional on smaller scales.

For all galaxy clusters, the temperature drops with radacabse the potential well becomes
shallower and the gas is less compressed. According to theurements at small radii, the tem-
perature profiles can be used to broadly divide the clustéosciool-core (CC) and non-cool-core
(NCCQ) clusters (e.g. Fabian 1993; Bohringer et al. 199%)ol&€ore clusters, have a temperature
drop towards the centre and a low central entropy while NG@s high entropies and high central
temperatures. Since merging disturbs the X-ray emissioheofCM, it is more likely that regular
clusters have cool cores than mergers as also indicateahuiagions (e.g. Burns et al. 2008). Out-
side of the core region, the temperature profile of galaxgtehs has a universal shape as studies
of the temperature distributions indicate (e.g. Markévigt al. 1998). For example, Zhang et al.
(2006) found that the temperature profiles of the REFLEX-Déinple are nearly self-similar us-
ing high-qualityXMM-Newtondata with an almost constant temperature up.80sgy (Fig. 3.2).
The conclusion of the universal temperature profile is &tast among recent studies in observa-
tions (e.g. Markevitch et al. 1998; Vikhlinin et al. 2005;atty et al. 2006) and simulations (e.g.
Borgani et al. 2004). The universal behaviour of the tentpegaprofile in the cluster outskirts
was intensively investigated and confirmed by Leccardi & éaoli (2008) using a sample of 50
clusters at low to intermediate redshiftsi(& z < 0.3). In addition, George et al. (2009), Reiprich
et al. (2009) and Simionescu et al. (2011) studied the temtyper profiles out to the virial radius
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Figure 3.2: Left: Averaged temperature profile of the REFLEX-DXL clusters apsho (Zhang et al. 2006) which

is compared to the universal temperature profiles from Maidde et al. (1998) and Vikhlinin et al. (2005) shown as
the grey hatched and the grey filled areas, respectivelymibang et al. (2006) Right: Weighted average of all
temperature profiles of the sample from Leccardi & Molen@i0&). The profiles were rescaled Bysg andkTy. The
dotted lines show the one-sigma scatter of the values arthendverage. Beyond2R, g0, the averaged temperature
profile declines and towards small radii the temperaturesidue to the presence of cool core clusters. From Leccardi
& Molendi (2008).

for individual clusters witlSUZAKU All these authors found that the temperature profile drops
beyond 02r;g0 with a slope that is similar to those from hydrodynamicaligitions.

3.1.4 ICM density and surface brightness

The intracluster gas contributes15% to the total gravitating cluster mass, which is much more
than the combined mass of all cluster galaxies. The ICM igmessed and heated by shock waves.
Typical central densities are 10— 10°* atoms cm? which is still less than the best vacuum that

can be achieved in laboratories on Earth.

Simulations have shown that galaxy clusters can be comrsides one-dimensional objects
(spherical cow approximatigrwhich is a good approximation to determine the bulk prapsiof
most clusters (Kaiser 1986). One assumes that the densitysiér galaxies can be described by
a King profile (King 1962) and that their velocity distriboni is isotropic. The gas density profile
is then described bygmodel,

21-38
PR =p(0) 1+(£)] , (3.8)

whereR; is the core radiuswhich is introduced to avoid that the density attains indilgithigh
values in the centre ang(0) is the density withirR; which is assumed to be constant. The slope
B = ymocr\z,/kBT is the ratio between the kinetic energies of the gas and tlagiga. The3-model

fits the gas density profile of galaxy clusters well (e.g. Qawa & Fusco-Femiano 1976; Sarazin
& Bahcall 1977) and it is widely used becaysés correlated with the gas temperature. For hot
clusters, typically slopes aref< 8 < 0.8.
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In the energy range of.0 - 2 keV, the emissivity is independent of the cluster tempeeat
(e.g. Zhang et al. 2007) and furthernZ o péas Integrating Eq. (3.3) along the line-of-sight d
gives the projected surface brightness at the projectedndier from the cluster centre,

2
1+ (L)
le

wherer. is the projected core radius.

Fitting Eq. (3.9) to the observed surface brightness pofileldsg, r¢, and the normalisation
So. Inserting these parameters into Eq. (3.8) provides thalgasity profile, with which the gas
massMgas can be obtained by integratings(r) over a spherical volume. Here, one assumes
spherical symmetry and that the ICM is isothermal with cansietallicity.

1
-38+3

&mxfﬁm:% , (3.9)
r

3.1.5 Hydrostatic mass estimates

Since the ICM is gravitationally bound to the cluster pownit traces the dark matter which
contributes the main fraction to the cluster mass. By assgispherical symmetry and hydrostatic
equilibrium, the cluster mass can be inferred from the gmatgdi of gas density and temperature
distribution. Theequation of hydrostatic equilibriurfor a gas of density and pressur® in a

gravitational potentia® can be written as
1dP do
o il (3.10)

To derive an expression for the total cluster mass, we usielétad gas equation of thermodynam-
ics, PV = NkgTgas in which N is the number of particle$/ the volume anghgas = umyN/V the
gas density with = 0.62 as the mean molecular weight per hydrogen atom whichgyield

1dP  keTgadr) [dIn(pgadr))  dIn(Tgadr))
pdr = ampyr dn(_ | din@® |

(3.11)

where we usedxi= xdInx. The right-hand side of Eq. (3.10) relates the gravitaligmaential
to the total mass densifyo Via the Poisson equatioW?® = 47Gpyr and the Gauss divergence
theorem. Integrating over a spherical volume yields

do _ GMtOt(< r)

a2 (3.12)
By combining Eq. (3.11) and Eg. (3.12) we obtain tyalrostatic mass equation
 keTgadn)r [dIn(pgadr))  dIn(Tgadr))
Mot (< 1) = - Gumy ann_ t T ano | (3.13)

To the ICM temperaturd gas we henceforth refer to as the X-ray temperafilige which can be
obtained from the spectra, and kb as the X-ray hydrostatic maddy. With the gas density
profile (Eq. 3.8) and the temperature as a function of radiestotal hydrostatic X-ray mass can
be re-expressed as ,
r

Gumy,
whereT (r) is the function that models the temperature profile (Se2tl). Thus, the mass depends
primarily on the gas density and temperature gradientsttandas temperature.

Mx(< r) =

P, dkBT(r)] |

3.14
r2+r2 dr (3.14)
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The hydrostatic mass equation still provides unbiased mstimates if clusters are not ex-
actly spherical. It was shown in N-body plus hydrodynamgiedulations (e.g. Schindler 1996;
Evrard et al. 1996) and via gravitational lensing (Ogurile@10) that the unbiased mass esti-
mates have a scatter of less than 30% between measured amdass of non-merging clusters.
For mergers, however, the assumption of hydrostatic dugjiuifin is violated but still within 30%
scatter (Rasia et al. 2012).

With Eq. (3.14), the mass inside any given radius can be et In X-rays, hydrostatic
masses are usually calculated withjgg, r1000 andrsgo which correspond to the cluster overden-
sitiesA = 250Q 1000 and 500. Assuming spherical symmetry, the overdenaitybe expressed
as

_ 3M(<r)
Al<r) = —47Tr3,0cr R (3.15)
where
pcr(2) = pero E*(2) (3.16)

is the critical density at the cluster redstaftor a flat universe.

3.1.6 X-ray background components

For accurate photon statistics one has to account for theti@d that does not come from the
galaxy cluster itself but also from the cosmic backgroundher instrument by reactions with
high-energy cosmic particles. Following Snowden et al0O@0and Zhang et al. (2009) | will
briefly discuss the most important background components.

1. Quiescent and fluorescent particle background (QPB & FXB)

The quiescent particle background is a continuum emissianis produced by the interaction of
high energy particles that penetrate the detectors. Thisiatludes the fluorescent X-ray back-
ground (FXB) which is produced by the flux from particles thath the metals the detector is
made of. For the MOS-detectors XMM-Newton(Sect. 4.4.1), the fluorescent X-rays are dom-
inated by lines, such as AlKatE ~ 1.49keV and Si k atE ~ 1.75keV, additional to higher
energy lines from elements, such as Au, Cr, Mn, Fe, Ni, Zn. ddminuum QPB dominates at
energies>2 keV andsl1.2 keV.

According to De Luca & Molendi (2004), a simple renormalisatof the QPB using only
the high energy band (8 12 keV) may produce systematic errors in both the continunchthe
line contribution of the spectrum. Zhang et al. (2009) fotimak this problem can be solved by
including lower energies, i.e.- 310 keV.

2. Soft proton background (SPB)

Protons with energies less than a few 100 keV travel downdlesdope light path and deposit
their energy directly in the detectors producing undesgeents. This fect is highly variable
and significant peaks in the lightcurve are cakbedt proton flaresThe spectrum of these protons
varies in magnitude and slope of the light curve and be desdrby a power law. By inspecting
the light curve of the data, these flares can be excised (£dc2).

3. Cosmic X-ray background (CXB)

The cosmic X-ray background is a superposition of Galagtigssion from multiple sources, the
Galactic halo and probably from even more distant sour¢ediffuse thermal spectrum governs
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the energy range below 1keV and is dominated by emission lines. This emission i&liig
variable over the whole sky and it becomes dominant witheiasing radial distance from the
cluster centre where the cluster emission becomes low. Hesetreasons, the CXB should be
estimated by statistical means from the cluster outsKittsere is stficient area for good photon
statistics.

The unresolved emission of the CXB is from the superpositiboosmological objects like
e.g. AGN (Hickox & Markevitch 2007), which dominates at hégtenergies, and Galactic stars
with only small contribution at lower energies (e.g. KuntzS&owden 2001). The average spec-
trum of the cosmological emission is predominantly a polaercontinuum with a typical index
~ 1.4 and possible change in slope at lower energies. A true coganiation of magnitude on
the sky is further assumed but there is also the obviousti@riaaused by the excision of point
sources to various levels.

Zhang et al. (2009) showed that the CXB can be well describea@ lbombined model
“mekahk-wabs*(mekalpowerlaw)” where the power-law accounts for unresolvechpsources,
“wabs” models the absorption by Galactic hydrogen while Kaiémodels the CXB thermal emis-
sion. A description of these models will be provided in S&cR.1 where we will discuss the
spectral analysis.

4. Solar wind charge exchange emission (SWCX)

This type of emission is produced by solar wind flows in whidghly ionised atoms interact with
neutral material in the solar system coming from the Localu@l(Lallement 2004) or exospheric
material at the magnetosheath of the Earth (Robertson &0sa2003). The SWCX causes line
emission at energies less thafh.3 keV from G, Ovi, Ovin, Nex and Mgk in the MOS energy
band. Magnitude and line strengths of the SWCX are strongliakle.

3.2 Scaling relations

Since the X-ray emission of galaxy clusters is tightly clatied with their total mass, they can be
used for cosmological studies in which cosmological patanseare constrained via the cluster
mass function or to study the large-scale structure. Fermthipose, scaling relations between the
X-ray observables related to the total gravitating mass babe calibrated. Since the correlations
between X-ray observables and mass can only be as prectsesasabservables can be estimated,
the errors of the scaling relationffect the accuracy of cosmological parameters. Hence, an accu
rate calibration of scaling relations is crucial for clustesmology.

All clusters share self-similar structure. In other wolttiey appear the same after normalised
to their characteristic scales (erggg) and masses (Kaiser 1986). Such scaled profiles of X-ray
properties probe the regularity in galaxy clusters becthusg allow us to study the cluster struc-
ture, its morphology and thermodynamics as well as the &wvolwf the ICM-properties. If the
scaling relations deviate from the self-similar predicipnon-gravitational mechanisms, merging
or substructures may be responsible for that. The struétuneation on various scales is corre-
lated due to the large-scale environment dependence ofygidemation and evolution. In turn,
galaxy feedback féects the evolution of the large-scale environment which lmanvell investi-
gated with galaxy clusters. This also allows us to study thectire formation history via scaling
relations (e.g. Haines et al. 2009; Smith et al. 2010; Ded.etial. 2011).

In general, scaling relations are parametrised by a powerYa= YyX”, and some may
evolve as a function of redshift (e.g. Voit 2005). Accordtoghe hierarchical structure formation
scenario, halos form via gravitational collapse when a@natterdensity exceeds the critical den-
sity at that redshift. Due to cosmic expansion, the crititeisity is high towards high redshift. As
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a consequence, gravitational collapses at higher reddtafipen at higher densities. The redshift
evolution correction (Eq. 1.16) accounts for the redshéfpehdence of scaling relations.

Scaling relations were mostly studied for clusters at lodshéfts (e.g. Arnaud et al. 2007;
Vikhlinin et al. 2006; Zhang et al. 2007, 2008). For studiefigher redshifts mostly relaxed,
homogeneous samples were used (e.g. Maughan et al. 20@), Z@@ling relations likely deviate
for clusters with irregular morphology. In this thesis, gwaling relations for an inhomogeneous
sample of non-regular clusters at higher redshifts willlvestigated and anyfiiérences from the
well-known behaviour will be discussed.

3.2.1 Mass-temperature M: — Tx) relation

The Miot — Tx relation scales aMlior o« Tf;/ 2, because of the correlation of mass and radius from
the spherical collapse modé¥ly; o 13, and the correlation between mass and temperature from
the virial theoremTx o< Mot/r. This behaviour was confirmed observationally for nearbgtelrs
by e.g. Arnaud et al. (2005). Thd,; — Tx relation is sensitive to merging clusters, while it has
low scatter for relaxed ones (e.g. Zhang et al. 2008). Farigi;m cosmology, mass-observable
relations with low scatter are preferred. For example, ther®nog is dominated by the scatter
of the Mt — Tx relation (Pierpaoli et al. 2001). The calibration of mabsearyvable relations with
reliable mass measurements is crucial for constructingltigter mass function (e.g. Stanek et al.
2010).

Zhang et al. (2007) found no evident evolution in tg; — Tx relation for the pilot lbCuSS
sample compared to the higher redshift samples (e.g. Etal. 2004) or low-redshift samples
(e.g. Arnaud et al. 2005) within the scatter.

3.2.2 Luminosity-temperature (Lx — Tx) and luminosity-mass (x — M) relation

Only if a suficiently large number of X-ray photons are detectedl(® — 10%), cluster masses
can be inferred with Eq. (3.14), because good statisticseapared to calculate temperature and
gas density profiles. Yet, with 10! — 10? photons, the X-ray luminosity can be measured with
satisfying accuracy. Since the surface brightness scatbs(W+ 2)~*, long exposure times are
required for clusters a> 0.5 with the currently available detectors.

Using scaling relations, the observallg (but alsoTx), can give an estimate of cluster

masses that are not accessible from shallower exposurestoDyassoo o« ng/ 2 and Msgg o rgoo’

the relation between luminosity and temperature is expectscale as x « MéasTi/ nggo oc T>2<.
Since the gas-mass fraction of the ICM depends on the cltgtgverature, this relation becomes
steeper l(x « T>2(-6) as found in observations (e.g. Neumann & Arnaud 2001). Eogliy, the
mass scales rather withg,s T)%-S. For nearby clusters, thex — Ty relation has already been
intensively studied (e.g. Markevitch et al. 1998; Reipr&iBohringer 2002; Ikebe et al. 2002;
Chen et al. 2007). With dee¥MM-Newtorimaging spectroscopic data Zhang et al. (2007) found
that theLx — Tx relation shows no strong evolution compared to those sanglespite their

deviation from the self-similar predictiony o T>2<.

The luminosity-mass relation scales las o« M133 because oM o T)3(/2 andLy o TZ.
Using the observed scaling relations from Reiprich & Biber (2002),Lo.1-24kev o T%¢ and
Lpol o T598, this givesLoi-2akev o« M3 and Lpo o« MiL°, respectively (Zhang et al. 2007).
Here, the bolometric luminositiy is the luminosity which is emitted by a source in thé 6
100 keV energy band. THex — M relation of the loCuSS sample at ~ 0.2 sample agrees with
those of the nearby HIFLUGCS samplezat 0.15 (Reiprich & Bohringer 2002; Chen et al. 2007),
the REXCESS sample (Pratt et al. 2009) and the more distaRL RE-DXL sample (Zhang et al.
2006). Thus, this relation shows no strong evolution athiftdsbelowz ~ 0.3 (Zhang et al. 2007).
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Since these samples are too close with respect to theirifisdahd the smallness of their
redshift bins, an evolution of the scaling relations cardlydbe observed. For this reason, samples
at higher redshifts and with a broader redshift range suttiessample that is analysed in this work
are expected to reveal evolutioffects in the mass-observable scaling relations. Calilydkia
Lx — Mt relation can help to understand scatter and sources ofnsgiteerrors that should be
included in the cluster luminosity function (Stanek et &1Q). This would allow to use the global
luminosity as cluster mass indicator (e.g. Reiprich & Biger 2002).

3.2.3 Weak lensing and X-ray masses

Since some X-ray observables, e.g. the temperature, abalgyoauto-correlated with the X-
ray hydrostatic masMy, the calibration of the scaling relations using the X-rayad@one can
be biased. With mass estimates from approaches that angeindent from X-ray, such as e.g.
weak lensing masséd,,, this bias can be cross-checked. Those independent masatestfur-
ther allow us to check other systematics in cluster masmasts and the normalisation of the
mass-observable relations (Wu et al. 1998; Mahdavi et &l828hang et al. 2008, 2010). The
comparison between X-ray and weak lensing mass estimatelsecdfected by the assumptions
made in both approaches. Investigations of small clusteipks atz ~ 0.2 with Tx > 3.5keV
(e.g. Smith et al. 2005; Bardeau et al. 2007; Hoekstra 208&nd et al. 2007, 2008) indicate that
the scaling relations with weak lensing and X-ray masseseagithin their scatter and that the
morphology dependence is stronger using lensing massesigitey X-ray masses. Furthermore,
the scatter of those scaling relations-ig times larger if weak lensing masses are used instead of
X-ray hydrostatic masses.

Since the X-ray emission can only be measured upsge with the current instruments,
masses are better compared only out to this radius. At laeght, the X-ray hydrostatic mass
estimate is derived by extrapolation. Recent studies atdian &set betweeMyx andM,,,. For
instance, Zhang et al. (2008) foumdi,/Mx = 1.09 + 0.08 for rsgg and the agreement between
both mass estimates improves towards higher overdenéitiesg et al. 2010). Considering indi-
vidual clusters, the scatter betwellx and M,y can be large because lensing masses are sensitive
to projection &ects (Pratt et al. 2005; Zhang et al. 2005).
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Chapter 4

Sample and data preparation

In this chapter, | will discuss known characteristics of gadaxy clusters which are analysed in
this thesis and describe the used data. The cluster sampleoduced in Sect. 4.1. Section 4.2
describes the high-resolution space-based data that wddasmeasure source ellipticities. | will
briefly outline telescope properties, data reduction and tiee dfective mean source redshifts
were obtained from these data. Section 4.3 follows the samense for the multi-colour data
from ground facilities that were used to estimate the phetoimredshifts for MS0451-:60305.
The XMM-Newtondata for three clusters of the sample are described in Sdct. 4

4.1 Cluster sample

The cluster sample consists of three high- and two interatededshift clusters. They were orig-
inally selected to study the kinematics of cluster galasied their evolution with respect to the
ICM (Ziegler et al. 2003; Jager et al. 2004). For this reasbase clusters exhibits striking and
interesting properties (Table 4.1) which makes the samitdactive for a thorough comparison
between weak lensing and X-ray masses. Here, | describeisvkiabwn from previous observa-
tions.

4.1.1 CL0015.9-1609

CL0015.9-1609 atzy = 0.541 is one of the most studied galaxy clusters. It was obdeirve
different wavelength ranges, such as in the optical (Tanaka20@b), radio (Giovannini & Fer-
etti 2000), and in X-rays wWitlROSAT(Neumann & Bohringer 1997) andMM-Newton(Kotov

& Vikhlinin 2005; Worrall & Birkinshaw 2003) among others.uRher studies were performed
by Bonamente et al. (2008) using the Sunyaev-Zeldovitgceand by Clowe et al. (2000) using
weak lensing measurements from ground-based data.

The HST-image in Fig. 4.1 shows that the cluster can be ifiedtby three bright galaxies
aligned from northeast to southwest. Because of theseigalake light in the central part of
CL0015.9-1609 has elliptical isophotes such that the major axis sfeHlipse coincides with the
connection line of these galaxies (Clowe et al. 2000). Irreutar area around the BCG, which is
the luminous galaxy in the middle of this bar-like structuadarge number of fainter galaxies are
distributed with a slight overdensity to the West of the BCG.

Optical observations revealed that CLO0X5L809 is embedded in a large filamentary struc-
ture extending over 20 Mpc from North to South and anothemi@at in east-west direction
(Tanaka et al. 2005). A strong radio halo indicates that Q5081609 is in the process of merg-
ing (Giovannini & Feretti 2000). Evidence for merging wasafound by Solovyeva et al. (2007)
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Figure 4.1: HST-mosaic of CL0015+2609 showing & 3!5x 3.0 zoom into the cluster centre which can be identified
as the diagonal bar-like structure in the middle of the image

who detected temperature perturbations of the cluster gasduminosity ofLx = (51 + 1) x
10*ergs? in the 0.3-4.5keV band witMM-Newton This luminosity is two times brighter
than predicted from théy — Tx relation but consistent withy = 146 x 10*ergs? in the
0.3-3.5keV band usinginsteindata (Luppino et al. 1999) arldk = (19.6 + 0.3) x 10*ergs?
in the 0.1-2.4 keV band usinghandradata (Ebeling et al. 2007)Chandrastudies show that
CL0015.9-1609 is among the hot clusters becausd pf= 9.3’:8:2 keV (Balestra et al. 2007),
Tx = (9.4 + 0.3) keV (Ebeling et al. 2007), and more recenlly = (10.5 + 0.6) keV (Bonamente
et al. 2008).

4.1.2 CLO0413-6559

While CL0015.9-1609 is the most studied cluster in the sample, CLO4B%9 located aty =
0.51 is the least studied one. In the literature it is also knawrFT1557.19TC. It has a high
fraction of spiral galaxies and no red sequence (Zieglel. @083). This is untypical for galaxy
clusters because according to prevalent theories of gédamation, cluster galaxies lose their gas
due to encounters with other cluster members and mergeipticzll galaxies (Sect. 1.4.1). The
low X-ray luminosity Ly = 0.11x 10*ergs? in the 0.3-3.5keV band measured fre*DSTA
data (Smail et al. 1997) also indicates a shallow gravitaligpotential and less rich intra-cluster
gas which provides evidence that this cluster is still inghecess of forming.

Cl0413-6559 is the only cluster in our sample that does not exhibingt lensing features.
Figure 4.2 shows an HST-image of the cluster in which thetefuntre is between the two bright
stars and the luminous spiral galaxy in the foreground.

4.1.3 MS0451.60305

The galaxy cluster MS0451-©305 is the most X-ray luminous cluster of the Einstein Madiu
Sensitivity Survey (EMSS) residing af = 0.55. As an X-ray source, this cluster is known since
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Figure 4.2: HST-mosaic of CL0O418559 showing a 3.0 x 2/5 zoom into the cluster centre. The cluster is between
the two bright stars and the luminous spiral galaxy in thereeof the image.

Table 4.1: HST data properties: Coordinates are in the J298@m. The number densitys given in sourcgarcmirt.
FOV is the field-of-view, andDys/Ds) and(zs) are the mean distance ratios affiiéetive mean source redshifts, respec-
tively. The values for thefeective mean source redshift do not depend onlyndout also on the cluster coordinates.
References for coordinates and redshifts: (1) Stocke €1291), (2) Ellis et al. (1997), (3) Gioia & Luppino (1994).

Cluster @32000 032000 Z Exptime[s] n FOvV (Dgs/Ds)  (z)

CL0015.9+1609 00:18:33.3 16:26:36 0.5 2240 43 805 x6.95 0.398 1.725
CL0413-6559 04:12:54.7 -65:50:58 0.5® 2596 73 1705 x7.05 0.463 1.880
MS0451.6-0305 04:54:10.9 —-03:01:07 0.5 2036 82 22x 22 0.383 1.645
MS1008.1-1224 10:10:34.1 -12:39:48 0.30% 2232 55 75 x7.05 0.603 1.644
MS2137.3-2353 21:40:12.8 -23:39:27 0.318 2240 59 705 x7.0%5 0.598 1.665

1989, which is why its name is based on the coordinate systetf5®. Thus, its current right
ascension deviates from the former value as given in its rfiantkree minutes due to precession.
It was during the mission of thginsteinsatellite that MS0451-:60305 was identified as a galaxy
cluster (Stocke et al. 1991).

The luminosity was measured to bg = 19.98 x 10* ergs? in the Q3 — 3.5 keV band with
Einsteindata (Luppino et al. 1999). Usinmghandradata, more recent results for luminosity and
temperature arex = 8.87x 10*ergs™ in the Q1 - 2.4 keV band and’x = 10.6*}5keV using
“wabstmekal (Donahue et al. 2003)[x = 8.2")4keV (Balestra et al. 2007).x = (16.8 +
0.6) x 10*ergs?! andTx = (7.5 + 1.0)keV in the 01 — 2.4 keV band (Ebeling et al. 2007) and
Tx = 9.9"9%keV (Bonamente et al. 2008).

The cluster centre is indicated by a large bar of galaxiesnehihg from northwest to south-
east (Fig. 4.3). In the middle of it is the BCG. Due to a lumisapiral galaxy in the foreground,
it is not the brightest object in this region. Clowe et al.@Pobserved that the X-ray emission
traces the bar-like structure of galaxies, but less extntiéost galaxies either are located near
the southeast or the northwest of the BCG.

1The spectral model “wabsnekal” will be explained in Sect. 7.2.1.
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Figure 4.3: HST-mosaic of MS0451-6305 showing & 7.0 x 6.0 zoom into the cluster centre. The cluster centre is
indicated by a large bar of galaxies extending from northwesoutheast.

4.1.4 MS1008.:1224

With 112 cluster galaxies, the EMSS galaxy cluster MS10082P4 is a rich strong-lensing clus-
ter atzg = 0.301 with a low X-ray luminosity ofLy = 4.49 x 10*ergs' as measured from
Einsteindata in the B— 3.5 keV band (Luppino et al. 1999). Lensed arclets were foumthraond
east near the cluster centre which is defined by the centrglatéxy, but no giant arcs have been
detected so far (Le Fevre et al. 1994). The galaxies arelilistd approximately circular around
the cluster centre but with an elongation in the north-salitbction (Fig. 4.4, Mayen & Soucall
2000). To the North of the cluster centre, a further clumpadégies is located (Gioia & Luppino
1994).

Observations in X-ray and optical light as well as the wedalsileg mass distribution reveal
substructures that indicate merger processes (Athreyh 20@2). Thus, the ICM may not be
in hydrostatic equilibrium with the cluster potential. WiTyx = 7.3j(1):§ keV determined from
ROSATobservations (Lewis et al. 1999), or more receiitly= 5.8j8:§ keV (Balestra et al. 2007),
MS1008.1-1224 is moderately hot.

MS1008.1-1224 is an excellent example for cluster-cluster lensinghréya et al. (2002)
detected a lensed background cluster at redshif0.9 with an image position of 30southwest
from the central cD-galaxy. Since this background clustenagnified due to gravitational lensing,
MS1008.1-1224 allows to study this high-redshift cluster in more deta

415 MS2137.32353

The strong lensing cluster MS2137#23353 atzy = 0.313 was detected withinstein(Stocke et al.
1991). Exhibiting several arclets, a radial and a giant arbexided in the halo of the bright cD-
galaxy (Fort et al. 1992), it has the most impressive strengihg features in the cluster sample.
Further strong lensing observations of this cluster wertopmed by Gioia et al. (1996), Hammer
et al. (1997) and Gavazzi et al. (2003) among others. Melteh €2009) analysed the cluster
combining strong and weak lensing.
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Figure 4.4: HST-mosaic of MS1008:1224 showing & 3.0 x 3.0 zoom into the cluster centre. The bright peak in the
centre of the image is the cD-galaxy which is surroundegtatklly distributed cluster galaxies. The major axis aéth
galaxy distribution is aligned in North-South direction.

The luminous cD-galaxy dominates the cluster centre (Fi§) 4nd contributes much to
the high X-ray luminosity oLy = 1562 x 10*ergs™ in the Q3 — 3.5keV band measured from
Einsteirdata (Luppino et al. 1999). WitGhandra the cluster was observed by Allen et al. (2001)
who measured’x = 5.56"345keV and more recently by Balestra et al. (2007) and Ebeliraj. et
(2010) who measuretly = (4.96+ 0.11) keV andTx = (4.67 + 0.43) keV, respectively. Despite
its high luminosity [x = (111+0.4)x10*ergs? in the Q1-2.4 keV band, Ebeling et al. 2010),
the cluster is not moderately hot.

The mass distribution is elliptical and matches the etigdtdistribution of both optical light
and X-rays wherefore MS2137%2353 is likely relaxed (Hammer et al. 1997). Furthermore, th
dark matter density profile is much flatter than those of tteibleé matter which implies large
magnification &ects (Hammer et al. 1997).

4.2 HST-data

421 Theinstrument

To investigate the lensing properties of the cluster saymmeaused high-quality from the AQ&FC
detector of the Hubble Space Telescope. The HST is a 2/24nRitchey-Chrétien Cassegrain
telescope named after the famous US astronomer Edwin Hulibiégjointly operated by NASA
and ESA at an altitude of 590 km from the ground taking 96 neisuyder orbit. Although it was
launched in April 24 in 1990, it still provides splendid inemgfrom deep space.

The Advanced Camera for Surveys (ACS) was installed duhiagdtd Servicing Mission in
March 2002. It consists of three detectors that cover a sgi@ange of 120011000 A in total. Its
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Figure 4.5: HST-mosaic of MS2137%2353 showing & 3'5x 3/0 zoom into the cluster centre. The bright peak in the
centre of the image is the luminous cD-galaxy.

purpose is to study the formation of planetary systemsgcgalauclei and to perform deep imaging
surveys of galaxy clusters. The cluster data was taken téth\tide Field Channel detector (WFC)
which has a resolution of 0.05 arcgaizel’. With 202" x 202’ it has the largest field-of-view
(FOV) and the highest sensitivity of all HST-detectors. Timlling light is collected by two
thinned and backside-illuminated CCD-chips with 2048096 pixel (6.8%3.46 cnf) which are
sensitive in the spectral range 35001000 A (Fig. 4.6). To make sure that the CCDs remain flat,
both are mounted on a thick ceramic hofder

Except for MS0451.60305, all clusters were observed as 4-pointing mosaics anfith
ter F606W as part of the GO-program #10635 (Pl: Bodo Zieglekychival data from pro-
gram #9836 (PI: Richard Ellis) forming a 41-pointing mosaixserved in F814W was used for
MS0451.6-0305. The filter curves and the total throughput are showrign4-6.

4.2.2 Data reduction and galaxy selection

The ACS data reduction and weak lensing catalogue creat@grdane by Tim Schrabback (Schrab-
back et al. 2007, 2010). Thus, we only summarise detailsantdor our analysis.

The data reduction pipeline employs a customised versidtubtiDrizzle (Koekemoer
et al. 2002) for cosmic ray removal, distortion correctionl &tacking. It also features optimised
bad pixel masking and weighting, as well as a careful refimgroé shifts and rotations. The
shape measurements are based on the Erben et al. (2001niempéeion of the KSB formalism
(Kaiser 1995; Luppino & Kaiser 1997; Hoekstra et al. 199&)e F606W-data was reduced with
the Schrabback et al. (2007) pipeline, which employs a |hbgery of stellar-field PSF templates
to model the temporally and spatial varying ACS Point Spifeaiction (Sect. 2.2). Schrabback
et al. (2010) implemented a revised version of this intexoy scheme for F814W based on
a principal component analysis, which was utilised for th8a451.6-0305 data. For all clus-
ters parametric corrections for spurious ellipticitiesised by charge-transfer-iffieiency were

2The details of the telescope and the ACS-camarea are takerhfitp;/acs.pha.jhu.edu
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Figure 4.6: The broad-band filter set of the ACS camésett Filter transmittanceRight Total system throughput.
The shear catalogues are taken in the filters F606W and F8ag®vating in the red and IR, respectively. From
httpy/acs.pha.jhu.edinstrumenffilters .

used (Schrabback et al. 2010). Also, the shear estimatisedban image simulations from the
STEP-project (Heymans et al. 2006; Massey et al. 2007) veadibeated. Following Hartlap et al.
(2009), a mean calibration correction (7%) combined withsawvative galaxy selection criteria
(S/NKSB > 2 3) was used, whereby/8*SB includes the KSB weight function (Erben et al. 2001),
for the F606W-data. An updated signal-to-noise-ratio ddpat correction has been derived by
Schrabback et al. (2010), which was employed in the anabj$$S0451.6-0305. This allows to
include noisier galaxies (818 > 2.0).

The SN-cuts were done flierently, because for F606W the sky background is higher imyma
of the exposures than for F814W. Since the brightness ofkhdackground is a function of the
ecliptic latitude and longitude of the observations dueddiacal light, the number densityof
background sources and theifextive mean source redshifts) vary among the clusters. For
instance, CL041:36559 has a highan and a largeKzs) than CL0015.91609 (Table 4.1), which
is not only due to the longer exposure time but also to thedrighliptic latitude. Furthermore, the
simplistic 2-position dither pattern that was used for t6@&W observations leads to the presence
of some uncorrected hot pixels in the stacked image, whicteases the noise.

Both pipeline incarnations have been successfully apptiembsmic shear data (GEMS and
COSMOS), with substantially stricter correction requiests for weak lensing shape systematics
than the weak lensing cluster analysis in this thesis.

4.2.3 Mean distance ratios

As a geometric measure, the strength of the weak lensinglsigmpends on the angular diameter
distances between observer, lens and sources. Therdfereedshift distribution of the source
galaxies must be accurately determined. If no photometdshifts are available for the studied
cluster fields, the redshift distribution must be deriveahfrexternal fields.

To estimate the redshift distribution from the magnitudgriiution of our sources, we used
the magnitude-dependent parametrisation by Schrabbadk(@007) from the GOODS-MUSIC
photometric redshift catalogue (Grazian et al. 2006) fa ¢husters observed in F606W. For
F814W, we used the Schrabback et al. (2010) parametrisatiarh is based on the COSMOS-30
photometric redshift catalogue by llbert et al. (2009).

It is convenient to parametrise the redshift distributisi{e@g. Brainerd et al. 1996)

ol

For this thesis, the extended versions of this equatiomdiyeSchrabback et al. (2007) for F606W
and those given by Schrabback et al. (2010) for F814W were. Udee parameters andg were

z

p(2) « (g)a exp (4.1)
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fitted with a linear relation between the magnitude and rétdeha galaxy. The source magni-
tude distribution of an observed field has a characterisiips. Hence, one can easily derive the
corresponding redshift distribution.

For F606W, the redshift distribution is (Schrabback et @072

el e

with («,8,a,b) = (0.563,1.716,0.299, 0.310). The linear relation between the magnituages
measured in F606W and the median redshifof a background source is given as

P(Z is06) =

Im =1Zg = a(igos— 22) +b. (43)

Here, r(a, 8) was calculated from numerical integration of Eq. (4.2),ickhgives the redshift
probability distribution for a galaxy with magnitudgs.

For MS0451.6:0305 which was observed in F814W, we used a modified versi&u of4.2)
which reproduces the galaxy redshift distribution for thexos-field better than Eq. (4.2),

p(z ig1a) (E)Q exp| - (E)ﬁ +cuf exp[— (E)y] (4.4)
R P 2 x)|)’ '
with («,8,¢,d,y) = (0.678,5.606,0.581,1.851,1.464) ang max|0, (ig14 — 23)] (Schrabback

et al. 2010). To account for the correlation between retsiniflig; 4, the magnitude-redshift dis-
tribution is subdivided into two magnitude bins:

0-4466814 - 23) +1.235 22< i814 <23

! i i . 4.5
Y. aj(is14 — 23)/4]! 23 < igra < 27, (4.5)
j=0

20:

with (ao, . ..,a7) = (1.237, 1.691 -12167, 43591, —76.076 72567, —35.959 7.289).
With the parametrisations in Egs. (4.2) and (4.4), the méstartce ratio for a lens redshift
Z4 can then be calculated from the magnitude distributionk wit

D (24.¢2)) _ [Das Das(Zd, 2)
D((zs>) _< > f() D2 dzH(z- z) . (4.6)

Here, Dys(zg4, 2) is the angular diameter distance between the lens and aygatiaedshiftz and
Ds(2) is the angular diameter distance between the observeménddlaxy. The Heaviside step
function indicates that sources with- zy are lensed. To reduce the contamination by foreground
galaxies, we select faint (and preferentially backgrougaliaxies with magnitude cuts. These cuts
have been chosen at the F606W (F814W) magnitudes from Sulalet al. (2007) (Schrabback
etal. 2010)jgo6 (ig14), Wwhere the median (medium) redshift equals 0.4 for thenméeliate redshift
clusters and 0.6 for the high-redshift clusters, respelstii-rom Eq. (4.6) we determined the
effective source redshifizs) which is indicated by puttings in angular brackets on the left-hand
side. Mean distance rati@éBys/ Ds) and dfective mean source redshifis) are listed in Table 4.1.
The redshift distributions normalised fgw p(2dz = 1 are plotted in Fig. 4.7.

Our magnitude cuts exclude bright galaxies disregardingtiadr they are foreground galax-
ies or not. Furthermore, small and faint cluster and foregdogalaxies may possibly be inter-
preted as background galaxies by the pipeline. For thesmmsaour HST-catalogues will not
exclusively be composed of background galaxies.
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Figure 4.7: Estimated redshift distributions for the cbustample normalised tﬁo p(2)dz = 1. While the redshift
distributions of the four clusters observed in F606W onfjediwith respect to their amplitude, the shape of the redshift
distribution for MS0451.60305 difers notably.

For MS0451.6-0305, we create two catalogues which will be analysed inllgar&or both
the magnitude selection has been applied: (1) In MSR4SWve used the féective mean source
redshift(zs) = 1.645 as inferred from Eq. (4.6) for all sources. We used thialague to directly
compare this cluster to the other clusters. (2) In MS@g¢®db we included photometric redshifts
for those galaxies to which we could assign them and cakeyig}t for galaxies without photo-

z We used this catalogue to study theet of using individual source redshifts compared to
an dfective mean source redshift for all sources. The photomegdshift estimation will be
discussed in Sect. 4.3.3.

4.3 Multi-colour data

For MS0451.6:0305, multi-colour data from two ground-facilities wereedsto estimate the
photometric redshifts of the HST-data, to remove foregdoand background galaxies and to
demonstrate thefiect of using photometric redshifts in the weak lensing asialgompared to
using a mean redshift for all sources. In particular, dadenfMegaPrime@CFHT and Suprime-
Cam@SUBARU both seated on Mauna Kea, Hawaii at an altitud@@® metres above sea level
(Fig. 4.8) were used for this stutlyIn this section both data sets will be briefly introduced- Ta
ble 4.2 gives a technical overview.

4.3.1 MegaPrime@CFHT

The Canadian-France-Hawaii Telescope (CFHT) is a 3.6estepe consisting of several op-
tical and infrared instruments for wide-field imaging or sjpescopic purposes among others.
MegaPrime is a wide-field optical imaging facility which wisilt by CEA* in France. Since

3The details of the telescopes and instruments are taken fritp;/www.cfht.hawaii.edu and
httpy//www.www.naoj.org for CFHT and SUBARU, respectively.
4Consumer Electronics Association
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Figure 4.8: The CFHT telescopaper panél and the SUBARU telescopéo(ver pane) both on top of Mauna Kea,
Hawaii in 4200 m above sea level. From hitpww.cfht.hawaii.edu and httfgwww.www.naoj.org .
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its field-of-view is T x 1°, MegaPrime is able to observe a large number of faint obgotsl-
taneously. It has a resolution ofi87 arcsefpixel which allows to sample properly the seeing
at Mauna Kea which has a median value 670 The instrument has ax@4 CCD-array with
2048x 4162 pixelgCCD. At the time when it was launched in January 2003, it waslangest
astronomical CCD-mosaic ever built. Since then and for masayrs that followed, MegaPrime
represented a major upgrade of the telescope upper-end.

In a period of 15 to 18 days centred on the New Moon, MegaPripeeades at a temperature
of —120°C in five broad-band filters*yd’, r’, i” and 2. Except for u, all filters were designed to
match the SDSS-filters of the Apache Point telescope. ShreeJV-extinction on Mauna Kea is
smaller than on the Apache Point, thefilter was designed in addition and is therefore denoted
with an asterisk.

Gain and quantumficiency vary among the CCDs with a dispersion of 0;A®U. The
zero point magnitudes arise from photometric frames whierevprocessed by the data reduction
pipeline Elixir (Magnier & Cuillandre 2004) including corrections for deatd light on the
order of 0.1 mag. Furthermore, the zero point magnitudesa@maalised during flat-fielding such
that the exposure is uniformly shaped, but this has the disadge that the detection limit varies
over the CCDs due to flerences in quantumfficiency and read-out noise. The transmission
curves and the mean quantum CCfiaency are shown in Fig. 4.9.

The data were calibrated and processed by Thomas ErbenheittaBoDS/THELI image
processing pipeline (Erben et al. 2005). The quality of theges was thoroughly checked against
the Sloan-Digital-Sky Survey (SDSS) and already publit©fégd CFHTLS data products. More
details of the data reduction can be found in Erben et al.qR00

MegaCam filter set and average CCD quantum efficiency
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Figure 4.9: Transmission of the MegaCam-filters and theaeeCCD quantumficiency [%] dashed ling From
httpy//www.cfht.hawaii.edu .

4.3.2 Suprime-Cam@SUBARU

Suprime-Cam is mounted on the 8.2m SUBARU telescope on Mdaaat an altitude of 4139 m
near the CFHT. It is an optical instrument consisting af5CCDs that cover an area of’3427
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comparable to the size of the full Moon. It has a resolutiof.202 arcsefpixel. The large pixel
size of the instrument and light gathering power of the primmairror produce high count rates
per pixel. Since even at high Galactic latitudes a numberighbstars is always present in the
large field-of-view, a saturation of pixels is inevitable.

SUBARU is the only 8m-class telescope in the world on whicinatrument can be mounted
at the prime focus. This allows to perform deep imaging ofrgdaarea of the sky because the
shorter focal length of the prime focus provides a field-efav which is five times wider than
the Cassegrain focus. Apart from the wide-field imaging déxga clusters, the instrument is
an dfective tool to detect small objects at the outskirts of tharssystem, study the birth and
evolution of galaxies, and probe large-scale structuresiofJniverse.

Observations of MS0451-®305 were carried out in the broad-band filters B, ¥, R and
Z'. The data reduction was done by Mischa Schirmer usin@dBeDS/THELI image processing
pipeline (Erben et al. 2005), but with some deviations wlaoh given by Schirmer et al. (2010)
in more detail. Here, we only list the most important: Whee tibservation was performed in
2001, Suprime-Cam had one broken CCD and individual gatingst Lateron, the broken CCD
and three others were replaced and the gains were homoderkise our data, all chips had to
be adjusted to the same gain. Area lost due to blooming caulegtovered because the images
were taken with two dferent sky position angles. Without extensive dithering lobtpmetric
standard fields, a correction of scattered light in the fildfimages was not possible for this data.
Furthermore, only parts of the data were taken in photometinditions with relative zeropoint
variations up to A mag. Fig. 4.10 shows the SUBARU I-band image overlaid with HST
mosaic pattern.

Table 4.2: The multi-colour data used to estimate the phetoaredshifts of MS0451-60305: We show observational
properties such as limiting magnitud4;,, derived from apertures of’3seeing and the total exposure time (Exptime)
as well as the central wavelengttof each passbandV;, are the limiting AB magnitudes (50% completeness level)
for 100 point sources and are 0.8 mag brighter for extended objects. For more details, sher8er et al. (2010).

Filter Instrument Exptime [s] seeing M, A [nm]
u MegaPrime 5215 ‘B7 257 374
g MegaPrime 3400 ‘B5  26.0 487
r MegaPrime 14852 Trl1  26.2 625
i’ MegaPrime 1280 ‘a1 237 770
z MegaPrime 1440 ‘a0 224 882
WJB (B) Suprime-Cam 12240 ”82  26.7 446
WJV (V) Suprime-Cam 5040 "4  26.0 548
WCRC (R) Suprime-Cam 11400 "84  26.6 653
WCIC (I¢) Suprime-Cam 4920 "®2 259 795
WCZ (Z) Suprime-Cam 4380 "g6  25.1 904

4.3.3 Photometric redshifts

The photometric redshifts for MS045%6305 were determined with the public coBleyesian
Photometric Redshifts (BPZ, Benitez 2000). The code is based on an SED-template fitting
with a prior, which carries information about the spectraémgy distributions of six types of
galaxies in redshift. Thu8PZ estimates the most likely redshift of a galaxy using the nitades
measured in a set of passbands according to the prior infimma

Comparing to the analysis using externally calibratedhigddistributions (Sect. 4.2.3), the
one using individual redshift estimates has two advantagesriving weak lensing masses: First,
it enables the selection of individual background galaxigsose shear estimates can be weighted
according to their geometric lensinfieiencies to boost the signal-to-noise (Sect. 2.3.2). Skcon
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Figure 4.10: Optical image of MS045%.6305 in the I-filter of Suprime-Cam (WCIC) overlaid with thentours of the
HST-mosaic (solid magenta lines) to demonstrate the cgeesfboth data sets. The black circle indicates the central
cluster region inside which the diagonal bar of galaxieslwaidentified with the cluster centre. The field-of-view is
~ 39 x 34.
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it allows for a robust removal of foreground and cluster gigs which have otherwise to be ex-
cluded by a magnitude cut, but this is less accurate sincaytatso remove luminous background
galaxies and keep faint foreground galaxies. If there igaromation from foreground galaxies,
the shear signal is diluted and those galaxies can be renstatstically. Imaging data of similar
depth using this filter set yield excellent photometric teftis for bright galaxies wittz < 1.3
(Hildebrandt et al. 2012).

We used the phota-catalogue from by Schirmer et al. (2010) based on the metfiods
Hildebrandt et al. (2009, 2012) in which photometric refishivere selected according to:

o if Zynoto < 0.4, only CFHT-redshifts,

if Zphoto > 0.7, only SUBARU-redshifts,

if 0.4 < Zynoto < 0.7, the average of CFHT- and SUBARU-redshifts weighted byetitena-
tion confidence (ODDS-parameterBRZ),

Zphoto from CFHT or SUBARU, whichever has the higher ODDS,

all photometric redshifts are limited to those with moratl88% confidence (ODDS 0.8).

Schirmer et al. (2010) found that these criteria well seheenhulti-colour data of MS0451.6
—0305 because: (1) The PSFsin the CFHT- and the SUBARU-d&tavgrying fluxes for a galaxy
observed in similar passbands, e’@nd R. (2) The CFHT-data are shallower than the SUBARU-
data. They show 2-3 times as much scatterzfor 0.6 as SUBARU and fail for fainter galaxies,
because of marginal depth in tHeand Z-band, but provide better constraints for galaxies at lower
redshifts. In contrast, the SUBARU-data yield more ac@uratshifts for distant galaxies, but are
highly unreliable forz < 0.3 due to the lack of u-band data. Without the u-baBRY assigns a
significant fraction of lensed galaxies to the foregrour). TThe SUBARU-data show scattered
light in the flat-field images and thus the photometric zesgipis not continuous over the image
with a variation of 0.1 mag. Schirmer et al. (2010) left thigeet uncorrected, because it was not
possible to model it. For details see Schirmer et al. (2010).
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Figure 4.11: Left panel: Photometric redshifts of MS0451.6305 plotted versus the spectroscopic redshifts from
DEIMOS@Keck-1l from Moran et al. (2007Right panel:Histogram of the estimated photometric redsh(ftashed)
and of the spectroscopic redshifsolid) in bins of d&z = 0.05. The vertical line az = 0.6 distinguishes between
foreground and background galaxies.
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The photometric redshifts were calibrated against 156 ttepscopic redshifts taken with
DEIMOS@Keck-II (Fig. 4.11left). These spectroscopic redshifts were originally used indaw
field survey by Moran et al. (2007).

We defined outliers with a cut of

Zphoto — Zspec
1+ Zgpec

Az= > 0.15 4.7)

and the outlier rate is the fraction of galaxies withz > 0.15. The standard deviation of Eq. (4.7),
o2, IS a mean error of the estimated photometric redshifts.lyhpgp ODDS > 0.8 andAz < 0.15
gaveo, = 0.035 andy = 1.57%.

The histograms of photometric and spectroscopic redsaitigplotted in the right panel of
Fig. 4.11. The number of spectroscopic redshifts is sm#iken the number of available phatp-
because the spectroscopic redshifts are limiteid4023.0. We used the spectroscopic redshifts
to calibrate the zero-points and templates in the plaastimations (Schirmer et al. 2010). The
consistency between spectroscopic and photometric fezishiggests reliable photoestimates
for the nearby and bright galaxiez € 1.2) with less tharo-, = 0.035 scatter. We used the
photometric redshifts for distant galaxiesd1< z < 2.2) only if we could estimate them with
more than 80% confidence.

We defined background galaxies as those &, > 0.6. This cut is more conservative
than the redshift of MS0451-®305,z4 = 0.55, plus the scattetr, = 0.035, because-, arises
from the comparison of photzs with the spectroscopic redshifts for bright galaxies 23.0).

The HST-data is deeper than the ground-data. GnBf6 of the sheared sources located at
the bright end of the HST-magnitude distribution have phwtic redshifts, after applying the
magnitude cut az = 0.6. Figure 4.12 shows histograms of the HST-magnitudes megso
F814Wig14 of all sheared sourceteft) and of those 5% of sources which have also photometric
redshifts fight). The distribution of the latter has its peakigity = 28 which is two magnitudes
brighter than the magnitude distribution of all HST-sostc&or the remaining galaxies we as-
signed an ffective mean source redshift (Sect. 4.2.3) and their traatmil be further discussed
in Sect. 6.2.3.

For a larger coverage of photometric redshifts for the ddégper observations would be
required.
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Figure 4.12:Left panel:HST magnitude distribution of all our lensed background-ees.Right panel:HST magnitude
distribution those 5% sources which have photometric rifidshin both histograms, “magnitude” is the magnitude
measured in the F814W-filtéfy4.
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4.4 X-ray data

441 XMM-Newton

The X-ray Multi-Mirror Mission XMM-Newton from ESA was launched by an Ariane 504 on
December 10th 1999. The satellite carries three high-tirput X-ray telescopes with the largest
effective area up to dateXMM-Newtoncan take imaging spectroscopy and grating spectroscopy
simultaneously.

The European Photon Imaging Camera (EPIC) was designedftomesxtremely sensitive
observations over a whole field of view ef 30’ in diameter in the energy rangel8 — 15 keV.
EPIC has a spectral resolutionBfAE ~ 20— 50 and an angular resolution which is of the size of
the Point Spread Function (3Pwith a full width at half maximum of 8. EPIC consists of three
X-ray CCD cameras. Two of these cameras are Metal Oxide $enductor CCD-arrays (MOS1
and MOS2). Since they are installed behind the X-ray telgsesuch that the light has to pass
the gratings of the Reflection Grating Spectrometers (RGS) foinly 50% of the incident flux
reaches the MOS camefagEach MOS camera consists of seven front-illuminated C@bs;h
are mounted in the focal plane of the cameras. The central GGID the focal point on the
optical axis of the telescope while the outer six are stepgpedrds the mirror by 4.5mm to
follow approximately the focal plane curvature, which iroyes the focus for f6-axis sources.
The physical imaging area of one CCDN2.5 x 2.5 cn? which corresponds to a 28 coverage
of the total focal plane. The readout register is split imo sections with readout nodes, such that
the full CCD image can be read out using either one readowt nothoth nodes simultaneously,
which halves the readout time. The quantufiiceency of the MOS-cameras is reasonably good
from 0.2- 10 keV (Fig. 4.13) for observations. Below 700 eV, the enegpponse is low, because
of absorption in the electrode structure. To provide a deteegion with a high transmission for
very soft X-rays that would otherwise be absorbed by thetmldes, one of the three electrodes
has been enlarged to occupy a greater fraction of each pindlholes have been etched through
this enlarged electrode to the gate oxide.

The third EPIC instrument is composed of twelvex 3 cm pn-CCDs (pn) with a physical
area of 6< 6 cn? which cover~ 97% of the field-of-view on a single wafer and has an undigtdrb
beam. The CCDs are arranged for reasons of redundancy imf@arants. The three pn-CCDs
in each quadrant can be operated in parallel. Since’@énime sensitive area are outside the FOV,
they are used for background studies. X-rays hit the detéaim the rear side and interact with
the silicon atoms such that the generated electron and hotbers are proportional to the energy
of the incident photon. The average energy required to eraatelectron-hole pair is 3.7 eV at
—90°C. To provide a recombination of electrons and holes, pnistensf strong electric fields that
draw charges to the electrodes. Due to its largixctive area, the number of counts in pn is two
times larger than for one of the MOS detectors for the samesxp time.

All EPIC CCDs operate in photon counting mode with a fixed, exdépendent frame read-
out frequency. The data is read-out into event lists, whightables with one entry-line per re-
ceived event that lists their energy, time and position dtkvthey were registere?.

4.4.2 Data reduction

The galaxy clusters CL0015:9609, MS0451.60305 and MS2137-32353 were observed with
XMM-Newton We usedChandradata for MS1008.21224 because nEMM-Newtondata was
available. This data was reduced by Helen Eckmiller andrkfloee refer to Eckmiller et al. (2011)

SAfter taking structural obscuration into account, actyalily ~ 40% of the incident flux reaches the MOS cameras.
5The details o’KMM-Newtonand the instruments are taken from htgnm.esac.esa.int .
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Table 4.3: Overwiev of the archival X-ray data we used forahalysis of our cluster sample. We list the instrument
with which the data was taken, exposure times, observdtlihavho was Principal Investigator Pl and the date at
which the clusters were observed.

Cluster Instrument Exptime [s] OBSID PI obs. date
CL0015.9+1609 XMM-Newton 28372 0111000101 M. Watson 20002 - 29
CL0413-6559

MS0451.6-0305 XMM-Newton 22253 0205670101 D. Worrall 206409- 16
MS1008.11224 Chandra 44740 926 E. Ellingson 200006- 11
MS2137.3-2353 XMM-Newton 11311 0008830101 S. Allen 206104 - 29
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Figure 4.13:Upper left: One of the MOS cameras inside the cryostat. The camera t®we$iseven CCDs covering

a field of view of~ 30 in diameter in the energy rangel8 — 15 keV. From http/xmm.esac.esa.intLower left: The

quantum @iciency of MOS. From Turner et al. (200)pper right: The pn camera consisting of twelve CCDs. Since
its effective area is larger than that of MOS, the number of counmiis ~ 2 times larger than for one of the MOS

detectors for the same exposure time. From Himm.esac.esa.infLower right: The quantum &iciency of pn. From

Strider et al. (2001).
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for details of the reduction. For CL0448559 currently no archival X-ray data are available,
except for a 20 kROSATPSPC-observation with 70 source counts which are notfcient for
our purpose. Details of the data are summarised in Table 4.3.

The observations were carried out with the European Phataigihng Camera (EPIC) in full
frame (FF) mode for MOS and extended full frame (EFF) for pimisDives a fraction of 2.32% of
out-of-time (OOT) events for pn. For all three detectors,ttiin filter was used. We performed the
data reduction using thEMM-NewtonScience Analysis System (SAS 8.0.0). We used
FLAG = 0 andPATTERN< 12 for MOS andPAT T ERN< 4 for pn, because larger thickness
of pixels leads to higher sensitivity to the particle flux.

The data reduction of this work follows that of CLOO247 (Zhang et al. 2005). For pn we
created an OOT event file to statistically remove the O@&oct. Since theféective area is low at
photon energies above 10 keV and 12 keV for MOS and pn respsgtthe particle background
dominates at that energies. Therefore, we used these haggyebands to excise periods with
high flux from high energy protons as follows. We binned thlghticurve in the 10- 12 keV
(12 - 14 keV) energy range for MOS (pn) with a 100 s interval. Sirwrd are also protons at
lower energies, we further used th& 6 10keV energy range to exclude such soft proton flares
(e.g. De Luca & Molendi 2004). Here, we binned the light cumith a 10 s interval to provide a
similarly photon statistic as that of the hard band {102 keV for MOS and 12 14 keV for pn,
respectively).

From each light curve, we determined the average and variafy fitting a gaussian to the
count rate histogram. We defined Good Time Intervals (GT8ghase intervals, where the count
rate is below 3o above the quiet average and then created GTI events files s¥dethose GTI
files to clean the data from proton flares both in the hard aeddft band, respectively.

The vignetting correction toffective area for fi-axis observations and the bad-pixel correc-
tion were performed with theAS-command “eviweight”.
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Chapter 5

Simulations for MS0451.6-0305

To estimate the quality of scientific results, simulatioas be used. Since MS0453@305 is spe-
cial in this thesis due to its photometric redshifts, isshasare not of interest for the other clusters
have to be considered. In this chapter, two simulationsheilperformed to estimate the gain of
using photometric redshifts in a weak lensing analysis. éntS5.1, the accuracy with which
photometric redshifts can be obtained from the multi-coldata (Table 4.2) will be estimated.
This simulation will serve as an independent cross-chedalitbrating the photometric redshifts
against the spectroscopic redshifts from DEIMOS@Keckbian et al. 2007, Sect. 4.3.3). In
Sect. 5.2, we will simulate thedfect 5% photometric redshifts have on the errors on the pdesse
of our mass models which will be introduced in Sect. 6.2.

5.1 Simulations for photometric redshifts

To cross-check the photometric redshifts estimated BRth(Sect. 4.3.3), simulations withtuff
1.19 —throughout this paper denotedSTJFF — andSkyMaker both developed by E. Bertin were
performed and are discussed in this sectiSTUFF generates galaxy catalogues with a realistic
galaxy population in redshift, without errors in magnituetel redshift, andkyMaker produces
the corresponding fits-images from which magnitudes anid ¢neors can be measured. The sim-
ulations were done for both idealised data, for which themitades are measured without errors,
and mock data generated with the properties of our multwgodlata (Tab. 4.2).

5.1.1 Photometric redshifts for idealised conditions

Under idealised conditions the photometric redshifts éinatestimated from th&UFF-simulation
are expected to be very accurate, Zfioto ~ Zstur- 10 €Stimate photometric redshifts from gener-
ated data without magnitude errors cross-checks whetbesgectral templates for galaxy types,
filter curves and extinction iISTUFF andBPZ are equal. This test further allows us to study the
effect that filters of the CFHT- and SUBARU-data have on the phetac redshift estimation. We
combined the filter sets of both instruments befeP& is run, because we do not have to account
for varying fluxes due to dlierent PSFs or scattered light in the flat-field images as we toathe
real data (Schirmer et al. 2010).

We created catalogues for the CFHT- and SUBARU-filters foeld fof 2048x 2048 pixel us-
ing STUFF and fed both int@PZ separately. In addition, a third catalogue comprisingedllftlters
was generated from which the photometric redshifts weimagtd. The same spectral templates,
filter curves and extinction céiécients were used for bo$TUFF andBPZ. An illustration of the
spectral templates of the galaxy types useBPg is shown Fig. 5.2.
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Figure 5.1: Photometric redshiftgno VersusSTUFF-redshiftszy, for different filter combinations and ODDS0.8.
We show the results for the CFHT-filters, @, r, i’and Z(upper left panél the SUBARU-filters B, V, R, |, Zpper
right pane) and for both filter setdgwer pane). The UV-filter improves the agreement betwesgi, andZsy.

According to Sect. 4.3.3, only photometric redshifts witbreathan 80% estimation confi-
dence (ODDS> 0.8) were used for the further analysis. We did not calculatéesdractionn and
scattero, for this simulation because this simulation only quaktely checks the combination of
the CFHT- and SUBARU-filters.

The results of these simulations are plotted in Fig. 5.1. sTigure shows that we have
Zphoto ® Zstur at 0 < Zsyg < 2 for the CFHT data and at® < zgyr < 1.4 for the SUBARU data,
respectively. The redshift range for whigkhot ~ Zsua is smaller for the SUBARU filters because
it has no UV-filter. Without this filter, elliptical galaxiest low redshifts will be assigned to higher
redshifts because the 4000 A-break of elliptical galaxtdeva redshifts would be misinterpreted
as Lyw-break of spiral galaxies at high redshifts.

Since there is no useful IR-data availaldgot # Zsur at 2 < Zsws < 3.5 because the 4000 A-
break moves from the optical into the IR. Combining bothfitets provides a smooth distribution
of redshifts from 0< zyug < 2.2, which corresponds to the redshift range of the multi-aoliata
for MS0451.6-0305. Thus, we can ignore the broad scatter at 2.2 due to the lack of the
IR-filter.
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Figure 5.2: Templates for fierent spectral galaxy types in the local Universe that aed UsBPZ. Early-type galaxies
are faint at short wavelengths, since they consist of olthstgopulations and a small gas content. In contrast, statb
galaxies have a dense sequence of strong emission and tinsdinges in their spectrum because of their high gas
content, and a large amount of young and massive stars (Mebatal. 2007).

This simulation qualitatively shows that the given set ofHIFand SUBARU filters can
produce accurate redshifts within the rangg &g < 2.2 which is the redshift range for which
we have photometric redshifts for MS04523805. In the next simulation, we will investigate
how accurate the photometric redshifts are with respedtagtoperties of the multi-colour data
which are given in Table 4.2.

5.1.2 Photometric redshifts for realistic conditions

In this simulation, mock data with the properties of the mcdiour data such as exposure time,
seeing, limiting magnitudes etc. (Table 4.2) were gendritem aSTUFF-catalogue comprising

all ten filters usingSkyMaker. To make the images comparable and to account for seeing that
affects the magnitudes, the images in all bands were corredtedaspect to the image from the
V-band which has the worst seeing as follows. Seeing chatigebrightness distribution of an
object and it is assumed to be Gaussian with widtl-or worse seeing, the width is larger. If the
seeing has the widthr; for the observation with smaller seeing aag for the observation with

the worse seeing, i.ex» > o1, the convolution of both Gaussians gives = 0'% + o-g which is

then the seeing to which we correct our images.

The source magnitudes were determine@i®tractor (Bertin & Arnouts 1996) with re-
spect to the’rband. This filter is a good compromise between the drop-bobjects in filters
operating at shorter wavelengths and a high sky backgrotiodger wavelenghts which prohibits
the detection of faint objects. We defined objects as neigtibg pixels with DETECTMINAREA
> 3 and DETECTTHRESH > 2. To account for individual objects shapes, we extracted th
isophotal magnitudes MAGSO which were determined [8Extractor and fed them int@PZ.
The parameter MAGSO defines objects as a set of pixels with isophotal mageguwehich fulfil
DETECT.MINAREA and DETECT.THRESH. Alternative magnitude definitions are the aper-
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Table 5.1: Outlier fractiom; and scattew-, for ODDS > 0.8 andAz < 0.15 for CFHT, SUBARU, CS and their
combination, C§ectaccording to the criteria for the real data (Sect. 4.3.3).

CFHT SUBARU CS CSect

all n 4.92 3.16 2.99 3.42
o 0.0438 0.0374 0.0363 0.0376

z<06 7 2.46 1.93 1.76 2.10
o 0.0390 0.0319 0.0320 0.0372

z>06 7 1.76 0.53 0.53 0.57
o 0.0480 0.0395 0.0391 0.0386

ture magnitudes MAGAPER which defines objects fulfilling the criteria DETEGIINAREA
and DETECTTHRESH within fixed apertures and MABGUTO which uses flexible elliptical
apertures.

Similar to Sect. 5.1.1, we ruBPZ over the CFHT- and SUBARU-filters separately and over
both filter sets together. To these samples, we refer as CEGHBARU and CS, henceforth. In
addition, the photometric redshifts of CFHT and SUBARU thatre estimated separately were
combined according to the criteria in Sect. 4.3.3. We rajdhis sample as G§eci henceforth.
We do not expect a significantftirence between CS and &g.tbecause compared to the multi-
colour data the simulations are free of the problems diszlgs Sect. 4.3.2 and Schirmer et al.
(2010). For this reason we used &Gi&to cross-check systematics in the selection of photometric
redshifts for the real data. The results are plotted in Fig.fér Az < 0.15 and ODDS> 0.8
and listed in Table 5.1. Figure 5.4 shows the histogramseptiotometric redshifts for CFHT,
SUBARU and CS. The redshift distributions for those thresesashow only marginal flierence.

We qualitatively analysed the simulated objects with resp® galaxy type, magnitude and
Zsut for Az < 0.15 and ODDS> 0.8 whereby we discriminated between foreground and back-
ground galaxies by < 0.6 andz > 0.6, respectively. This redshift cut conforms to the magretud
cut for MS0451.60305 (Sect. 4.2.3). We have3% fewer outliers and 4 20% higher scatter for
background than for foreground objects. With the availditiers, ~ 68% of all outliers are late-
type galaxies such as spirals and starburst galaxies lecangpared to elliptical galaxies they do
not have a well-defined colour-magnitude sequence whichrigpronounced for elliptical galax-
ies due to their old stellar population. In late-type gadaxiin contrast, there is still star formation
which causes more absorption and emission features inghedtra (Fig. 5.2). Yet, spiral galaxies
have a smaller spread Bnoto than elliptical galaxies, because theirdsine is more significant
than the 4000A-break of the elliptical galaxies.

We list outlier fraction and scatter for the photometricgieifts estimated from CFHT, SUB-
ARU, CS and C&ectin Table 5.1 and plogheto VErsuszsyr in Fig. 5.3. Due to its higher depth
compared to the CFHT data, the SUBARU data provid@% fewer outliers and- 15% less
scatter. Photometric redshifts for CS ands§egiproduces 3- 17% less scatter andl¥ — 1.93%
outliers 0< Zspec < 2.5 (Table 5.1) compared to using only either the CFHT or the SRIB fil-
ters. CS has.@3% fewer outliers and 3% less scatter thandeS Thus, our simulation confirms
that the CFHT and SUBARU data are better for foreground acéidraund objects, respectively.

From the simulation, we expect 2% and 1% outliers in the fanegd and background galaxy
population, respectively, with a scatter®f ~ 0.037 ando, ~ 0.039 for each.

5.1.3 Comparison with the multi-colour data

We compared the simulations with the multi-colour data, imclv the estimated photometric red-
shifts were calibrated against 1561 spectroscopic redsdhifm DEIMOS@Keck-Il (Moran et al.
2007). With ODDS> 0.8 andAz < 0.15 we obtainedr, = 0.035 andy = 1.57% (Sect. 4.3.3).



5.1. Simulations for photometric redshifts

75

BPZ z_photo

BPZ z_photo

X X
CFHT %
.
X
X
X
X s/
x X:XX
« X #
XX
X X x
X
XX; 5 X ><X
%, X fﬁ:“
X 5
Xxk
% X
%
| |
1 2
z_stuff
X
>X<><><
XX
CFHT+SUBARU 2

z_stuff

BPZ z_photo

BPZ photo—z

SUBARU

z_stuff

\
x CFHT
x SUBARU
x CFHT+SUBARU

z_stuff

Figure 5.3: Photometric redshifts,o estimated wittBPZ versusSTUFF-redshiftszs,s for ODDS > 0.8 andAz < 0.15.

We show the results for the CFHT-filterspper lef), the SUBARU-filters @pper righ), CS (ower lef) and CSeect
(lower right). The black, red and green data points forsGes denote photometric redshifts from CFHT, SUBARU
and CS due to the selection criteria in Sect. 4.3.3 accotdimghich CFHT-galaxies and SUBARU-galaxies are also at

Zphoto > 0.4 andzpneto < 0.7 depending on their ODDS.
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Figure 5.4: Histogram of photometric redshifts from the @iations. The solid black, dashed red and dashed-dotted
blue lines show they,e-distribution for CFHT, SUBARU and CS, respectively.

The outlier fractions for foreground and background gaaxre both- 1.60%. For the real data
n is ~ 0.5% lower for the foreground galaxies ard1% higher for background galaxies than
in the simulation. Most outliers of the real data are assigioezynoe < 1.6. Compared to the
simulation, there are only few objects ind0z < 0.2. At the redshift of the cluster, there is further
a cumulation of objects in the real data.

We findn ando, consistent with the simulations. The scatter is only 6% &b higher for
foreground and background galaxies, respectivelyraisdonly ~ 0.6% lower for the foreground
and~ 0.4% higher for the background. Thus, our simulations pregiitite precisely the outlier
fraction and scatter of the photometric redshifts whicheaestimated for MS0451-®305.

5.2 Simulations for Weak Lensing

To estimate how individual source redshiftegt a weak lensing analysis, we generated a shear
field with the properties of MS0451-6305. We conducted@-minimisation and determined the
lo-errors of the fit parameters (Sect. 6.2.2) with respect tb bo dfective mean source redshift
and the inclusion of 5% of photometric redshifts.

5.2.1 Shear field generation

We created a shear field of 22 22" with a random galaxy distribution and a number density of
n = 82 galaxieg@rcmir? (Table 4.1). The galaxies have random intrinsic ellipésit® drawn
from a Gaussian distribution centred at zero and an intrie8ipticity dispersion ofo-. = 0.3.
We used Eq. (2.17) to define the complex ellipticities, bseathis definition accounts for strong
lensing dfects. We sheared the galaxies with an NFW-lens (Sect. @GaRz})= 0.55 withrpgg =
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2239 kpc andtygp = 3.5 from the best fit NFW-model for MS045ds (Table A.3). We did not
apply a boost-correction as for the real data (Sect. 6.Be®)ause we simulated only background
galaxies.

Unlike for real data where the superposition of intrinslipéLities ) and the distortiory is
directly obtained from measuring the shear, the reducegktaial sheag; has to be decomposed
into both quantities by inverting Eq. (2.17),

X + 2g + gy

= . 5.1
S T 2Re(gyF) 6.1)
Here, the measured complex ellipticities can be expressed a
) (14 - gB) + 201 (1+ gaxd)
1+19P +2(gurs” + gaxs))
(s) 2 o2 (s)
X (1-07+0;) +202(1+9wv
X2 = Im() = /(126 + )+ 21+ Gy

1+192 + 2 (gt + g2xY)

The components of the reduced tangential shear were calduleth Eq. (2.11). The reduced
tangential sheay; and its cross componegt, were calculated vig1 andy, by decomposing
Eq. (2.22) into its components.

We created three catalogues: Catl has 82 galaxiegarcmir? and all galaxies atzs) =
1.645 (Table 4.1) similar to MS044¢s. Cat2 has = 77 galaxiegarcmir?, 5% individual source
redshifts drawn from the redshift distribution of MS04510305 and 95% of galaxies &) =
1.647 similar to MS045%n0to (Table 4.1). Cat3 has = 77 galaxiegarcmirf and(zs) = 1.645 to
investigate theféect of a smaller number density on the errors.

The analysis of the three catalogues was carried out as f@4blxcs and MS0451.hoto
in Sect. 6.2. For Cat2, we scaled all redshiftszte= 1.647 with Eq. (2.31) and calibrated the
sources with anféective mean source redshift on the sources with individedshifts according.
This process will be described in Sect. 6.2.3. As for the dagd, we fitted NFW- and SIS-models
to the catalogues and studied how the errors on the free p&eesn,gg, Coo0 and oy, change
with respect to number density, photometric redshifts dffernt numbers of fit parameters. We
expected the largest errors for Cat3 because it has no phtiomedshifts and a smallerthan
Catl and Cat2.

5.2.2 Results

The tangential shear profiles of the three simulated cala®gre plotted in Fig. 5.5 and the fit
parameters are listed in Table 5.2, wherélys is truncated atogg from the NFW-model. We
plot the likelihood contours of the fit-parameters and thegémtial shear profiles for the three
catalogues in the upper and lower panel of Fig. 5.5, resfagti

Catl predictsArgo/r200 & 5%, ACxpo/Co00 & 12% andAoy /oy ~ 3% for MS045}¢s.
This is consistent with our weak lensing analysis althoughérrors orcygg are~ 15% for the
NFW-profile (Table A.3). For MS0453nq the predictions from Cat2 ar&ropo/r200 = 8%,
ACo00/Co00 = 20% andAoy /oy = 5% which is consistent with Table A.3. The errors @pare
~ 4 times larger for Cat2 than for MS045.t because we did not simulate an SIS-lens. Cat3
predictsArgo/r200 & 5%, ACxp0/C200 & 13% andAo /oy ~ 3% if only the number density would
drop.

The model parameters and their errors are consistent wathetsults for MS0454s and
MS045Lpnoto(Sect. 4.1.3 and Table A.3). Thus, the simulation confirmsesults for MS0454cs



78 Chapter 5. Simulations for MS045+.6305

Table 5.2: Results of the weak lensing simulation.

Catl Cat2 Cat3
NFW:
I200 [KpC] 2206;18‘1’ 221&};3 2195382
Co00 4.6j8;g 3. ng;g 4.6j8;g
M200 [10*Mg] 22.453;83 2276f§:§2 22. 12§§§2
SIS:
oy [km/s] 1295:33 1182533 1287;33

Mgis[10%Mp]  17.207700 143972 16907192

and MS0453hoto The errors on the fit parameter of Cat3 and Catl are consistémfind only
marginal diference in the expected errors if photometric redshiftsreleded because the smaller
number density compensates tliieet of the 5% of photometric redshifts. To make a meaningful
statement about thefect of photometric redshifts on mass uncertainty in a weaitg analysis,
photometric redshifts for a larger fraction of sources widug required.
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Figure 5.5:Upper panel: Likelihood contours for the NFW-models of catl, cat2 anBdat the best-fit parameters
I00 andcyoo. We show the 1-,2-,3- andvdconfidence regionsLower panel: Tangential shear profiles of catl, cat2
and cat3 for the NFW- and the SIS-model assuming an NFW-Rmrsreasons of visualisation the tangential shear was
binned which is shown as the black data points with the etvars which are the standard deviationgpin each bin.
The crosses with the thin, dotted error bars display thesaromponenty,.. Due to the high number density of sources,
the error bars are small. As for MS045108305, we cut out the innermost’L7



80

Chapter 5. Simulations for MS045+.6305




81

Chapter 6

Weak lensing analysis

In this chapter, | will present the weak lensing analysistifier cluster sample studied in this work
and discuss the results with respect to the cluster pregestich as dynamical state, morphology,
projected 2d-morphology and merger processes as well &sutdts from previous studies. Sec-
tion 6.1 describes how the aperture mass statistics (S&ct) are applied to the cluster centre. |
will define the cluster centre as the position at which thekeasing signal-to-noise ratio reaches
a maximum, (BN)max and confirm its position and amplitude with simulations.ill @so show
that this centre is consistent with the BCG position andaaptand X-ray centres from previous
studies. In Sect. 6.2, the mass models used in this studyhaircetror analysis will be introduced
(Sects. 6.2.1 and 6.2.2, respectively) and | will discussitbe issues such as the contamination of
cluster galaxies and the influence of large-scale-stradibect. 6.2.3). In Sect. 6.3, | will present
and discuss the results.

6.1 Signal-to-Noise and surface mass density

6.1.1 Detection significance

The aperture mass signal-to-noise ratibl §£qg. 2.30) depends on the position of the apertéigre
and the number of objects inside the aperture raglipsts amplitude depends also on the cluster
redshiftzy and mass as we will see in the following. For a cluster witlegimass, redshift and
number density of lensed sources, howevé @ries only with respect to the grid position and
Oap. At the position of the cluster centre, it reaches a maxim(®N)max, because ideally the
shapes of the source galaxies are tangentially alignedhdraunass concentration.

To determine the significance of a mass concentration, thegwap must be optimised. We
calculated N on a finite grid as a function @k, For the grid constant we choge= 18" which
is a good compromise between coarse grids and long computtitnes. The aperture radius
has to be chosen carefully: Smad,, reduce the measuredNsdue to ignoring galaxies at larger
projected distances from the centre of the aperture whiltleatry a significant lensing signal. On
the other hand, largé,, may include regions where the lensing signal is depletecbiseror even
influenced by cosmic shear from the LSS. Thy8\ 8s a function ob,, increases with aperture
radius and drops after attaining its maximum valuidNj@ax. To find (§N)max, We increasedyp
by 30" and around a maximum by’3o determine (8N)max more precisely. We refer to the grid
position of (3N)max as the @N-peak or the weak lensing cluster centre.

Significances, aperture radii and coordinates of the pe@kBsted in Table 6.1. Figure 6.1
shows 9N as a function ofap for the cluster sample. We determinedN$nax for both MS045hcs
and MS0453,h010 (Sect. 4.2.3) to investigate how the inclusion of photoroadshifts &ects
the signal-to-noise ratio. For MS045koto (SN)max is 4% higher than for MS045%s which
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Figure 6.1: Weak lensing signal-to-noise ratio as a fumctibaperture radiug,.

is much smaller than predicted by Bartelmann & Schneide®12@ue to the small fraction of
sources with photometric redshifts. /KRBmax is correlated with cluster mass and redshift as well
as with the number density of the background galaxy population. Thus/NEnax decreases
towards higher redshifts and increases with mass.

A more detailed discussion will follow for each of the cluste

6.1.2 9N- and Surface Mass Maps

Having SN calculated for each grid position/M-contour maps can be constructed. With weak
lensing mass reconstructions the projected mass distnibuicould be constructed (Sect. 2.3.3).
The morphology of the surface mass distribution can disisigrelaxed clusters from merging
systems. The mass reconstruction was provided by Holgael|svho applied a freely available
codé based on the Seitz & Schneider (2001) finite-field methodfeHST-data. The dimension-
less surface mags= X/ was calculated on a regular grid with15” mesh siz& A Gaussian
smoothing filter with a full-width at half-maximum of 855Rs accounting for all sources within
the scale radiuRs=1" was used for the shear field. We lefunnormalised because we are only
interested in the comparison with théNScontours.

The resultingk-contours and the/SI-contours are plotted for each cluster in Figs. 6.2— 6.6.
Both YN and« agree for each cluster. Starting aNS 1, we plot the @N-contours in steps of
A(S/N) = 2 for MS0451.6-0305 andA(S/N) = 1 for the other clusters as the thin, orange curves.
The SN-peak is denoted as the orange cross. Starting=a0.02, we plot surface mass contours
in steps ofAk = 0.02 as the thick, green curves. We show the contours for both49%cs
and MS0453noto to investigate whether the mass distribution and the sitgrabise ratio are
sensitive to the inclusion of individual source redshifisie morphology in the-maps agrees
with the SN-contours with respect to the peak positions.

The SN- and k-contours will be interpreted using former studies of thekesters in the
following.

Iwww.astro.uni-bonn.demischadownloagmassrec.tar
2The actual mesh constants vary betweeti784and 1495, because the code demands an integer number of grid
cells.
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Figure 6.2: Weak lensing Signal-to-Noise andontours of CL0015.81609. We plot the Sl-contours from @N= 1
in steps ofA(S/N) = 1 as the thin, orange curves and surface mass contoursfroM02 in steps ofAx = 0.02 as the
thick, green curves. The/lS-peak (orange cross) has a significance.68# (Table 6.1).

CL0015.9+1609

The SN andk-contours are plotted in Fig. 6.2. The orange cross whicloisnthe gN-peak is
close to the diagonal bar of galaxies which defines the dptinater centre (Sect. 4.1.1).

The radio study by Giovannini & Feretti (2000) and the X-ranalgsis by Solovyeva et al.
(2007) indicate that CL0015+1609 is a merger. The double-peak structure inineap in the
North-East may thus be interpreted as infalling galaxiesnfia filament. This structure is also
close to the edge of the field-of-view where thiNSs afected by noise. To find out whether
this structure, shown in the/lS-map as elongated contours, belongs to a true mass costbemtr
one requires data that cover a larger field-of-view than ®igting data. In the Northwest, the
contours indicate another filament which is not visible ia §N-contours. According to Tanaka
et al. (2005), the cluster is embedded in a filament extenfitmg East to West and in another
extending from North to South. Our observation gives ewedefor the filament in East-West
direction.

CL0413-6559

CL0413-0305 is a low-mass cluster (Girardi & Mezzetti 2001; Sma#hletl997), wherefore the
S/N- andk- peaks are less distinct than for the other clusters. Fosdiee reason, our detection
significance 840 is low for space-data which would be typical for ground-lohdata.

In the Southeast and Southwest of the CL0O48559, we detected twan2peaks, which can
be associated to the cluster according to #hmap (Fig. 6.3). Since the high fraction of spiral
galaxies indicates that the cluster is still in the procds®mning (Sect. 4.1.2), the- and 3N-
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Figure 6.3: Weak lensing Signal-to-Noise andontours of CL04136559. We plot the Sl-contours from fN= 1 in
steps ofA(S/N) = 1 as the thin, orange curves and surface mass contoursfeoi.02 in steps ofAx = 0.02 as the
thick, green curves. The/lS-peak (orange cross) has a significance.8fi4 (Table 6.1).

contours may give evidence that these peaks are low-matsrsysvhich are merging with the
cluster.

MS0451.6-0305

The contours of MS0451-8305 are nearly circular around thgNSpeak but are elongated in the
Southeast towards larger projected distances to the clositére. Since this cluster is supposed
to be massive (Sect. 4.1.3) and due to its high number defEatyle 6.1) we measure a high
detection significance of 1800 and 15240~ for MS0451xcs and MS0453n0t0 respectively. In
the central region, the-contours are approximately circular as well.

Since only 5% of the background sources have photometrghitts, the N-peak ($N)max
of MS045%Lphot0 is ONly 4% higher than the one of MS04&E. Furthermore, the inclusion of
photometric redshifts does ndfect much the 8- andx-contours (Fig. 6.4).

Apart from that, the 8N- and«-contours do not indicate that this cluster is associatedher
structures such as filaments or small groups of galaxiesglenifraction of photometric redshifts
would reveal if and how strongly the contours afteeted by individual source redshifts.

MS1008.1-1224

The galaxy distribution of MS1008-1.224 is elongated from North to South (Mayen & Soucail
2000) which is also reflected in thgNs and k-contours, because the cluster galaxies trace the
dark matter distribution and thus they roughly reflect thaltmass distribution. The significance
of 12000 is high because the cluster is massive and at an intermedidghift g = 0.301).
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Figure 6.4: Weak lensing Signal-to-Noise andontours of MS0454s (upper pangland MS0451;n0 (Iower pane).

We plot the $N-contours from BN= 1 in steps ofA(S/N) = 2 as the thin, orange curves and surface mass contours
from k = 0.02 in steps ofAk = 0.02 as the thick, green curves. ThiNSeak (orange cross) has a significance of
14.600 for MS0451ics and 15240 for MS045L 010 (Table 6.1).
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Figure 6.5: Weak lensing Signal-to-Noise andontours of MS1008:11224. We plot the Sl-contours from N= 1
in steps ofA(S/N) = 1 as the thin, orange curves and surface mass contoursfeoM02 in steps ofAk = 0.02 as the
thick, green curves. The/lS-peak (orange cross) has a significance 0002 (Table 6.1).

Thek-contours indicate an associated filament in the East whoels dot appear in thel$-
contours. Since this structure is extended over a largeitaigekkely not caused by noise.

MS2137.3-2353

Previous observations (e.g. Hammer et al. 1997) indicatteMIi$2137.3 2353 has spherical sym-
metry and is relaxed. This agrees with the nearly circktaand $N-contours (Fig. 6.6). Only
in the outskirts, the BI- andk-contours deviate from circularity. Themap indicate filamentary
structures in the North and in the Southeast which wouldaépihy both the 8\- andk-contours
show distortions in the cluster outskirts.

Although this cluster is less massive than MS0450805 and the mergers, O max iS high
because of the geometry and the dynamical state of the clasteell as because of the cluster
redshiftzg = 0.313.

6.1.3 Monte-Carlo simulation of the amplitude of the $N-peak

In lensing, the image shapes of background galaxies arentiatly aligned, but they attain a
random orientation if they are not distorted by a mass cdanatgon and thus the estimator of the
aperture mass vanish&dflap = 0.
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Figure 6.6: Weak lensing Signal-to-Noise andontours of MS2137:32353. We plot the Sl-contours from N= 1
in steps ofA(S/N) = 1 as the thin, orange curves and surface mass contoursfroM02 in steps ofAk = 0.02 as the
thick, green curves. The/lS-peak (orange cross) has a significance.22® (Table 6.1).

The amplitudes of our (8l)max Were cross-checked using a Monte-Carlo simulation. The
absence of lensing was modelled by assigning random apglego the ellipticity components

€12
_ 2 2 2
€1 = €lrand = /€] + € COS(2prand)

w/6% + E% sin(2¢rang) » (6.1)
of each source.

We calculated the aperture mass at the grid positions/bi§Sy for n = 10° randomisations.
The randomised ellipticities provide a Gaussian distrdsudf the aperture mad#aprang around
zero, with a standard deviatiar This yields an independent estimate for the signal-teaoi

ratio
Map (S/Nma)
Maprand
Here,Map (S/Nmay is the aperture mass calculated on the grid coordinategdj{g (Sect. 6.1.1).
The deviationAs)n| between ($N)vc and (3N)max is given in Table 6.1. IdeallyAs/n| = O, in
practice|As/n| = 1% because our measurements gN)®ax included theQ-filter which weights
the galaxies depending on their projected distance frontltieter centre (Sect. 2.3.1). The ori-
entation of those galaxies is randomised which, howevgcts the AN. The results from the
Monte-Carlo simulation agree with our measurements froot. $el.1.
[As/n| is 0.3% smaller for MS0454n0t0 than for MS0453¢s, because the shear estimates of
the galaxies with photometric redshifts were weighted etiog to the geometric lensingdfeien-
cies. Except for MS2137-32353, we obtained the smalldaisy| for MS0451.6-0305 because

€2 — €2rand

aprand*

(S/N)mc = (6.2)
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Table 6.1: Results from the weak lensing analysis. The doatelse;000anddsocoare given in world coordinatesy,

is the aperture for which we measure thaleak (3N)max in kpc. The number densityis given in sourcgarcmir?.

For MS0451,n0t0 N is smaller than for MS045%s because we removed faint and small foreground galaxieg usin
photometric redshiftgAsy| is difference between (8)max and ($N)wc from the Monte-Carlo simulation in [%}ryes

is the radial uncertainty of the/l[S-peak from bootstrapping. We also list the projected dista to the BCGAgcs, and

to the optical and X-ray centres from previous analyggs,andAx_ray, respectively. The small numbers in brackets
refer to the following references: Gioia & Luppino (1994),(Lewis et al. (1999) (2), Smail et al. (1997) (3), Allen
et al. (2008) (4).

Cluster Oaplkpc] N (S/N)max  1Agnl 32000 032000 Opos  Ascc  Aopty Ax-ray
Cl0015.9-1609 1708 43  7.59 145 00:18:329 16:26:11 50 94 549,799
Cl0413-6559 855 73 434 0.70  04:12:49.9-65:50:25 213 206 1270
MS045%cs 2347 82 1460  0.81 04:54:11.2-03:00:55 83 86 54W, 1220
MS045Lphoto 223 77 1524 050 04:54:11.2-03:00:55 89 86 541, 1220

MS1008.1-1224 1049 55 12.00 1.03 10:10:32.5-12:39:36 92 17’5 19'9W, 5/3@
MS2137.3-2353 1011 59 9.22 0.40  21:40:15.2-23:39:35 92 5'0 440 570@

this cluster has the highest number density of backgrounctes. |Asn| of MS2137.3-2353 is
only the lowest because this cluster is spherically anceelavhich is in contrast with the highest
uncertainties for the merging clusters CLO0151809 and MS1008:41224.

6.1.4 Bootstrapping to confirm the cluster centre

Since 3N (Eq. 2.30) is also a function of position and number dengiity cluster centre varies
between neighbouring grid positions foffeérentt,,. Though this &ect is small using large aper-
tures, the position of (8l)max can only be located up to an uncertainty which is of the ordéne
grid constant, i.e. a few arcseconds.

This uncertainty was estimated with a bootstrap-simutatiowhich the source catalogues
with a total number olN galaxies were randomised by choosiNggalaxies with replacement.
We simulated 1®mock catalogues and we determined the position M )& Which varies due
to the diferent constellation of galaxies for each. The significarufebe simulated SN-peaks
have mean values that deviate0.50- from our measured (8)max With a standard deviation of
~ lo. For each simulated/S-peak we calculated the distance to the “true” peak pas#iovhich
(S/N)max Was measured. The discrete distribution of all simulateakperound the “true” peak
has a standard deviatiaryos Which we interpreted as the uncertainty with which the posiof
(S/N)max can be located.

In the last two columns of Table 6.1, we compare the positib(SiN)max With the BCG
position, optical centres (Gioia & Luppino 1994; Smail et 8997) and X-ray centres (Lewis
et al. 1999; Allen et al. 2008). Except for MS10081R24, which is a merger, the projected
distance between BCG andNspeak is equal or smaller thar,,s The same holds for at least
one published X-ray or opitcal centre for each cluster. €heih deviations of more thampos
can be explained as follows: The X-ray centre of MS100&8224 (Lewis et al. 1999) is 15’
from the optical centre (Gioia & Luppino 1994) because ofuargh of galaxies north to the centre.
Our centre is closer to the X-ray centre than to optical enkor MS0451.60305, the X-ray
centre (Lewis et al. 1999) filers from the optical centre (Gioia & Luppino 1994). This isedu
to multiple peaks and elongations in NS- and EW-directiointhe X-ray emission (Lewis et al.
1999). For this cluster, our centre agrees better with thieamne than with the X-ray centre. For
MS2137.3-2353, the ffset to the centres from Gioia & Luppino (1994) and Allen e{2008) is
smallest because the cluster is relaxed.

3The number density of MS0451:6305 is larger because offilirent selection criteria for F814W and F606W and
the diferent sky background (Sect. 4.2.2).
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From the above, we concluded that th&l$eak can define the cluster centre well. This is
also expected since the tangential alignment is maximisednd the centre of a mass concen-
tration. We found that large (8)max values have smattyos values and thatpes increases with
cluster redshift.

The systematic uncertainty in the cluster centre will béuded in the mass error by centering
our tangential shear profiles at the X-ray and optical cergsewell as the BCG positions. We will
show later that all those mass estimates fiedgnt centres are consistent.

6.2 Mass modelling

6.2.1 Models for gravitational lenses

By assuming a spherically-symmetric mass distributiompée models for describing the lens-
ing properties of a galaxy cluster can be considered. In&se of spherical symmetry, the lens
equation reduces to one dimension, because the projectssl disribution is axially symmet-
ric. Therefore, the following mass models provide immegliathe tangential component of the
reduced sheag;, while its cross component vanisheg & 0).

The Singular Isothermal Sphere (SIS)

The Singular Isothermal Sphere (SIS) is a zero-order magtaddscribing the lensing properties
of galaxy clusters. It is motivated by the flat rotation cweéspiral galaxies, which are embedded
in a dark matter halo with a density profile of

o

2nGr2’
For an SIS-lens, the only free parameter is the velocityet@pn o, of the cluster galaxies.
Equation (6.3) is a special solution of the equation-ofedta= pkg T/mfor a set of self-gravitating
particles of masmthat behave like an ideal gas with temperaflirdo solve the equation-of-state,
the equation of hydrostatic equilibrium and the mass caoittirequation have to be employed.

With the Einstein anglég = 4n (0'\2,/C2) Dgs/Ds, the reduced tangential shagifor a galaxy
at radial distanc@ can be expressed in termsaf,

p(r)= (6.3)

_ @ (20 T
-1
= (L - 1) . (6.4)
2”0'\2/Dds/Ds
We calculated the cluster mass by integrating Eq. (6.3) re8pal polar coordinates
202
Msis(r) = ?Vr- (6.5)

The Navarro-Frenk-White profile (NFW)

Since dark matter halos are the result of a generic diseidatis collapse of spherical overden-
sities, they are assumed to be virialised with an overdemgiich is 200 times above the critical
density (Sect. 1.3.2). In N-body simulations, Navarro e{H#96) found that the density profile
of such halos has a universal shape, given adffié/-density profile

Sctper (24)
(r/re) (L +r1/rg)?

p(r)= (6.6)
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Here,per (Z4) = 3H?(z4)/87G is the critical overdensity at the halo redstzft(Sect. 1.2.2) and.,
is thecharacteristic overdensitgf the halo defined. It is related to tleencentration parameter
C200 = I'200/1's Dy

200 300

"3 In (L + Ca00) — C200/ (1 + Ca00)

The concentration parameter is a dimensionless measutbgdaxmount of mass concentrated
towards the centre andqg is the radius inside which the mean density of the halo is 8b0Qo;.
Bothrygp andcygo can be treated as free parameters or an externally calitneltgion can be used
to reduce the NFW model to afffective one-parameter model (Sect. 6.2.1). At the scaleisagli
the NFW-profile changes its slope according to

(6.7)

cr =

-1
r r<r
p(r) o { . ) (6.8)
r r>rg.
Thus, the NFW-profile is on large scales steeper than therglSkaallower on small scales.
Assuming an NFW-model, the total cluster mass is defined as

Moo = 43”@00200% (za) . (6.9)

The lensing properties of NFW-mass distributions are dlesdby Wright & Brainerd (2000)
in the thin lens approximation via convergencand tangential sheat. By integrating Eq. (6.6)
along the line-of-sight, the surface mass denSigy can be inferred. Dividingnrw by the
critical surface mass densiBg, provides the convergence for an NFW-lens

Vi-x2 1+x
knew () = A{ 2 x=1 (6.10)

2 2 [x-1
m[l—marctan ﬁ] x> 1.

Here, we defined\ = rsdcrocr/Zer andx is the projected distance to the cluster centre in units of
the scale radiusy = R/rs. Due to spherical symmetry, the tangential shear is

ﬁ[l— 2_ arctanh 1;X] Xx<1

8 arctanh,/ £X 4 " 5 4arctanh,/ 1%
Ve T Fall (E) + (-1) + (2-1)(1-x)
ynEw (X) = A 1—30 + 4In(%) x=1 (6.11)

—1 —1
8arctan, /3= 4 arctan,/ £ w1

4 X 2
—ver TN 7 e

Xx<1

and thuggnew = ynew/ (1 — knpw) €an be calculated.

Truncated NFW

The NFW-profile well describes the mass distribution of galalusters withinrogo while its use-
fulness beyond that scale is debated (Takada & Jain 200Bmmibey & Tremaine 2008; Oguri &
Hamana 2011). Sources with projected distances>of g from the cluster centre might distort
the result when they are fitted by an NFW-profile.

Since therygg of CL0413-6559 and MS0451-60305 are inside the field-of-view, we tested
with both clusters how well the NFW-model can be applied belythis radius by comparing the
results of the NFW-profile to a simplified truncated NFW-deo{NFW&PS, henceforth). The
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Figure 6.7: Observed cluster concentrations and virial

100 T ] masses of the 62 galaxy clusters from Comerford & Natara-

[ 1 jan (2007). The middle black solid line denotes the best-
fitting power law for which Eqg. (6.13) was employed
and the outer two solid black lines denote the dcatter
A(logc,iy) ~ 0.15. Comerford & Natarajan (2007) com-
pare their results with the simulations from Bullock et al.
(2001) (dashed red line) and Hennawi et al. (2007) (dotted
blue line) but they point out that a direct comparison is not
possible because offtiéring systematics. From Comerford
& Natarajan (2007).

1 RPN N I 5 NN |
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latter is defined such that far < ry00 the NFW-model applies and far > ryoo the reduced
tangential shear behaves as for a point mass lens,

rzoo)2

gprs(0) = Inrw (B200) (T (6.12)

with all mass insideqq.

NFW&PS serves only as cross-check because it is not a plhysadel. Israel et al. (2010)
found only marginal dference between NFW and NFW&PS for the galaxy cluster CL8Q8Q8.
If there is a significant discrepancy between the two modeés.expect to find it at least for
MS0451.6-0305 because this cluster has the largest field-of-viewregee

Mass-concentration relation

The concentration parameteryg is poorly constrained by the NFW-model for merging clusters
For two such clusters, CL0015:2609 and MS1008-11224, we obtainedo = 1.2'19 (Ta-
ble A.1) andcygg = 2.2f8:§ (Table A.4), respectively. To check any systematic caugepoorly
determined concentrations, we also applied an NFW-profitle fixed concentratioreygw (Mc-
model, henceforth) to the tangential shear profiles. Inrtioslel,roqp is the only free parameter.
The fixedcyrw Were calculated according to Bullock et al. (2001) who foandempirical
relation between mass and concentration using humeritallaiions for dark matter halos,

cnFwo [ M2go\”
l+zg\ M, |

CNEW = (613)
with M, = 1.3 x 10¥h~1M,. Comerford & Natarajan (2007) fitted a sample of 62 galaxgtels
with given masses and concentrations and obtatyed,o = 145 + 6.4 anda = -0.15+ 0.13
(Fig. 6.7). We calculatenrw With EqQ. (6.13) using Eq. (6.9).

Since this relation is based on the scenario of hierarchileetering, low-mass halos are
expected to be more compact than high-mass halos, becayshabe collapsed at earlier times
when the Universe was denser. Thus, the concentration depsnthe assembly history of a
cluster as well as on the redshift and @ (z3), wherefore it provides an important probe of the
mean density of the Universe at the time the cluster has fdrme
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This relation is, of course, a mean relation for a large saroplgalaxy clusters. Individual
clusters may deviate significantly from Eq. (6.13) duefte@s of halo triaxiality, substructures
along the line-of-sight or merging. In Sect. 6.3, we willttdss efect for our merging clusters, for
which Eq. (6.13) provides too high concentrationge(y ~ 7) and consequently too low masses.
On the other hand, the mass-concentration relation previdevith reasonable concentrations for
relaxed clusters, e.g. MS213#23353.

6.2.2 Likelihood parameter estimation

The free parametensgg, Cxo0 ando, and their uncertainties were estimated by minimising the
merit function

[Gmodel(6) — i (6)]?
: . 6.14
XmOdEI Z 2(1 |gmodel(9) |2)2 ( )

Here, o is the intrinsic ellipticity dispersion (Eq. 2.21) amghogel is the assumed mass model
(Sect. 6.2.1). The second order term-(Gimogel (6) |%) takes into account how the noise depends on
the shear itself and it thus improves the estimate of the eriadividual shear estimates (Schnei-
der et al. 2000).

We used Eq. (6.14) to fibgo andcogo for NFW and NFW&PS (Fig. 6.8). For CL0015:9609
and MS1008.21224, the best fit values for NFW and NFW&PS are the same becgajgss fitted
outside the field-of-view. For MS1008:1224, also the likelihood contours of both models agree
with each other which may be due to thagy exceeds the field-of-view by almost 1 Mpc, while it
is only 200 kpc for CL0015.81609. The contours of MS2137%3353 are likely the same for both
models because this cluster is spherical and relaxed. Hezatices between both NFW-models
show the strongest deviation for MS04g% and MS0451,n0t0 respectively, but only with respect
to the position and not to the shape of the contours.

For the case of using the SIS-model or tie-model, we only fittedr, or rogo. The best
fit parameters are the maximum likelihood values for which BdL4) reaches a minimum. The
reducedy? . X3 fOF the best fit parameters, will bg, ; < 1, because in the mass-less case
(Imodel = 0) we have

N

1< e (9)

oot = N Z : (6.15)
i=1 6

due too? = (02 + 02)/2. Any model that minimises Eq. (6.15) will provide a bettértdi the
data withy3 < 1.

The errors on the model parameters were estimated atotHevél which isAy? = 1.0 for
the one-parameter models SIS avid, and atAy? = 2.3 for the two-parameter models NFW and
NFW&PS. Sincerygg andcygg are correlated with each other, we had to determine theseofor
each parameter with respect to the other. Thus, we caldulateupper and lower errors oo
(C200) by fixing Co00 (r200) and integrated over the corresponding area for whigh= 2.3.

This method allows us to estimate the errors of our fit parareeind their interdependence
in arbitrary o-intervals simultaneously. This has the advantage ovémditools which require
start values and approach the minimum iteratively, like thg Levenberg-Marquardt method.
Especially for the NFW-model this is important because titerdependence betweesy, and
Coo0 provides poor constraints orpqg if estimated with the iterative approach of conventional
fitting tools.
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Figure 6.8: Likelihood contours for the NFW-model and thentrated NFW (NFW&PS) for the best-fit parameters
andcygo. We show the 1-,2-,3- ands4confidence regions. For MS1008.1224 and MS2137-3353, the contours of
both models are the same.
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Figure 6.9: Radial profiles of the number density of galaxi€ee dashed horizontal line denotes the mean number
densityn (Table 6.1). For CL04136559 and MS2137-32353,n is constant within the statistical errors, except the
inner bin and in the case of CL0418559 also the outmost bin. The droproh the inner two bins of both is caused by
bright objects in their central regions and the drop of the outer bin of CL0413-6559 results from few objects iatth
area. The excess imcaused by cluster galaxies is modelled with a linear raidtio CL0015.9-1609, MS0451.60305

and MS1008.11224.

6.2.3

Issues for mass modelling

Contamination by cluster galaxies

Due to lack of redshift information, we cannot reliably diguish lensed sources from cluster
galaxies for distant clusters. Our weak lensing pipelinddsigned for small and faint galaxy
images, while it excludes bright and very extended ones tht®reason, the low-mass and low-
luminosity end of cluster members may contaminate the brackgl galaxy catalogue and dilute
the lensing signal.
To account for this, we used a statistical approach, whiabstsothe observed tangential
shear by a factor of  fcy(6). Here, fg is the estimated fraction of cluster galaxies at projected
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angular distancé from the cluster centrebpost-correction Hoekstra 2007). We calculated the
radial profile of the source number densityin 10 radial bins for the clusters with 4-pointing
mosaics and in 30 bins for the 41-pointing mosaic of MS045Q3®5. Here, we accounted for
both the masked areas and borde&s. If the lensing catalogue is not contaminated by aluste
galaxies, the number density in each radial bin is condistéh n from Table 6.1. If the catalogue
is contaminated by cluster galaxiesncreases towards the cluster centre. The radial prafilgs
are plotted in Fig. 6.9 with their statistical errors. Weyonbrrected for cluster galaxiesifr)
shows an excess towards the centre.

We fit fcg(f) = a + b to CL0015.9-1609, MS0451.60305 and MS1008-11224 because
the excess is approximately linear. For MS04&d: the excess is significantly smaller compared
to that for MS045)cs, because we excluded cluster galaxies using the photanretshifts.
Since for MS0451.60305 we are already in the cluster outskirts at 6’ (~ rogg), we apply the
boost-correction only up to that scale which leaves us 1heB80 bins from the full field-of-view.

We did not apply a boost-correction to CL04%559 and MS2137-32353, because at
small radiin is significantly @ected by two bright stars and a luminous foreground galary fo
CL0413-6559 and by the bright cD-galaxy of MS21372853. For both clusters there are only
a few background sources in the central regions. The droprothe outer bin of CL04136559
is also due to too few objects in that area.

Modified mass models for MS0453ynoto

Only 5% of the source galaxies from the HST-data of MS0450305 have photometric red-
shifts (Sect. 4.3.3). We took those 5% of galaxies with pmatwic redshifts as the sub-sample
henceforth and the other galaxies as the main-sample aifwlatalthe main-sample on the pho-
tometric redshifts of the sub-sample. Thereby, we resdaleellipticities of the sub-sample with
Eq. (2.32). For the main-sample we introduced an additipaeametetr which substitute& (z;)

in the y2-minimisation for MS04535noto

o NE 17261 gmode®) — et (6)]2 (6.16)
i=1 0'? (l - Z(Z&i)2|gmodel(9)|2)2
N Nzmean [a/gmodel(e) — & (9)]2

= 02(1- 02gmodel®)P)

Here, Nzphoto refers to the number of galaxies in the sub-sample ldngkanto the number of
galaxies in the main-sample.

This approach was applied because the sub-sample corfsistghi source galaxies. Thus,
we could not extrapolate their magnitude distribution tost of the main-sample. Instead we
used an approach which is motivated as follows: The meaardistratio of the main-sample
(Dgs/Dsy = 0.384* provides us with a mass profilér) that is defined except for its amplitude.
Since the amplitude depends DBgs/Ds, we can better determine the surface mass deBsily=
k(rNZ¢ using photozs than an ffective mean source redshift.

Since the main-sample consists of 95% of all sources we expelose toZ({(z)) = 0.658
with (zs) = 1.647 which is the ffective mean source redshift of the main-sample. This value i
slightly higher thanzs) = 1.645 for MS045)cs because we removed foreground galaxies from
the data.

4(Dgs/Ds) for the main-sample of MS0454 is slightly higher than that of MS044ds ((Dgs/Ds) = 0.383)
because it does not include the bright galaxies to whichgshetric redshifts could be assigned.
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Table 6.2: Large-scale-structure error for MS045D805. The first column gives the error dhfor an NFW-profile
with fixed concentration and second and third column givestiners onM andc,q for a two-parameter NFW-model.
The errors orM are given in units of 18M,.

om (Coofixed) om0y
LSS only 0.20 0.27 0.70
total 0.34 043 159

We founde = 0.698 + 0.054 which is consistent witd({(zs)) = 0.658. Thus, we can also
directly useZ({zs)) for the main-sample.

Large-scale structure influence

At r > 10 from the cluster centre, the large-scale structure (LS&}ssto dominate over the
lensing signal and reduces the accuracy of weak lensingam&gsinducing noise (e.g. Hoekstra
2003). Furthermore, the weak lensing signal is sensitivanyp matter along the line-of-sight.
Hoekstra (2003) showed that uncertaintiesMpgg and oo are ~ 2 times larger, depending on
cluster mass, when distant large-scale structure is nehtako account in the error budget of
weak lensing masses. MS04510305 is the only cluster for which we can measure the tangenti
shear profile out te- 16'. We thus consider LSS-errors for this cluster. We did nobant for
LSS-influence for the other clusters because with our datia ghear signal is only measurable
outto~ 5.

We estimated the error from large-scale-structuyes for MS0451.6-0305 from Hoekstra
et al. (2011) who determined the LSS-error on mass and ctratien for a simulated cluster with
virial massMy;; = 10°M,, at Q05 < z < 0.6 inside annuli of 10and 25. Hoekstra et al. (2011)
assumed a two-parameter NFW-model and an NFW-model withed fimncentration. Because
our field-of-view is~ 16" we used the mean of the errors for Hdd 25 as crude approximation.

Since Hoekstra et al. (2011) used a default mass, we addpdsd errors for a cluster as
massive as MS0451-©305. In our analysis, MS045%6305 has 15 10*My, < M < 35x
10'“M,, (Table A.3) depending on the mass model and whether we iadlptiotometric redshifts.
For an optimistic estimate for MS045%6305 we assumed that the error only depends on LSS,
while for a conservative estimate the total error limitslti&S-errors reasonably. Thus, we use the
total errors in Table 6.2 as second upper and lower erromslfgg andcygg in Table A.3. We used
om from the one-parameter NFW-model also for the cases use§itB-model and/c.

6.3 Results

The weak lensing cluster masses centred on tNepfeak are consistent with those for the optical
centres (Gioia & Luppino 1994; Smail et al. 1997), X-ray cest(Stocke et al. 1991; Lewis et al.
1999) and the BCG position which is shown in Fig. 6.0ver leff. We show the tangential shear
profiles centred on the/S-peak in Figs. 6.11-6.15, where we also plot the cross-comptg,. .
We fitted the mass models to all sources and calculated tha taagential shear with the same
binning as in Sect. 6.2.3. For each cluster we excluded therinost arcseconds individually. In
the following, we only focus on our results centred on tfid-Beak, but we summarise all results
in Tables A.1-A.5 in the appendix. We refer to the best fit adehe mass model centred on the
S/N-peak which gives the smaIIQﬁof compared to the other mass models.

We compared our mass estimates with those from previougstudhich have a large overlap
with our sample and are most recent (Fig. 6Ib@er right) to check for possible systematics in
our method because our mass estimates centredfenediit cluster centres are obtained with the
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same method. The consistency between the mass estimatiffidoent cluster centres confirms
that the @N-peak can be used as an alternative definition of the clastaire. Yet, this does not
give rise to systematics. Our cluster masses are also tamisisr diferent mass models except
the SIS-model for MS0451-8305 (Fig. 6.10upper panels

Most clusters have already been analysed with several m&theng. X-ray observations
(XRAY), dynamical estimates (DYN), where the line-of-sigrelocity dispersion of the cluster
galaxies is measured, or Sunyaev-Zeldoviffea (SZE) observations, which consider the energy
gain of CMB-photons due to scattering with the ICM. Some teltsswere already studied with
weak (WL) or strong (SL) lensing approaches. If the cosmiegsed in previous analysestdr
from our ACDM (Q, = 0.27,Q, = 0.73 andh = 0.72), we transformed their results to our
cosmology and listed them in Table 6.4. We compared thetsesam other studies at our best fit
ro00, €xcept for XRAY and SZE where we compared the masseg@indr,soginstead because it
is too unreliable to extrapolate themrg (Table 6.3). Compared to these previous studies done
with different methods, our results using the same method are memblsuior mass calibration
studies. For a detailed comparison with hydrostatic massates, X-ray masses obtained with
the same method for all clusters would also be more suitablthn& same reason.
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Figure 6.10: Mass ratios for CL0015:9609 (1), CL04136559 (2), MS045ics (3), MS045kno0 (4),

MS1008.11224 (5) and MS2137-32353 (6).Upper left: Cluster masses for fierent mass models versus the best fit
model centred on the/S-peak.Upper right: The same as in the upper left panel but the masses are nathtdishe
cluster radius of the best fit modelower left: Best fit cluster mass centred on th@&$eak versus cluster masses of
the same mass model at other cluster centresier right: Best fit cluster masses centred on the SN-peak versus cluster
masses from the literature. Our mass is calculategh@hndr,sqo for those studies who give masses at those radii.

6.3.1 CL0015.91609

The tangential shear profile centred on thi-peak is plotted in Fig. 6.11 and the masses and pa-
rameters are summarised in Table A.1 in the appendix. Thyetdial shear profile is disturbed due
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Table 6.3: Masses for CL0O015:2609, MS0451.60305 and MS2137-32353 compared at the radii of those previous
studies which used higher overdensities, i.e. Allen etG012A01), Donahue et al. 2003 (D03), Bonamente et al. 2008
(B08) and Mantz et al. 2010a (M10). The masses from the NF¥fiterand the truncated NFW/nrw and Myrweps,
respectively, are the same for CLO0151%09 becauseq, exceeds the field-of-view. For MS0451@305, we neglect
the contribution from large-scale-structure for reasdrsraplicity.

r [kpC] MnEw [1014M@] Mpr&ps [1014M@] MMc [1014M@] MSIS [1014M@]

CL0015.9-1609 507 2197283 219728 1.0672%8 1.37918
14709 1109383 11093631 45907 30705
MS045%cs 1319°%9) 14.40+281 16.26'395 13.19+140 9.11+928
526899 4.81°1% 4.94°95% 4.96232 3.6321
1310M10 14.30°25° 1613392 1311158 9.052%
MS045% 500 1319°%) 15.91+2°7 17.61+2% 14.26+130 8.03922
526°% 5.16%¢ 5.27'052 5.29'51 3.20°1
131010 1579439, 174784, 141712 7.981043
MS2137.3-2353  46(°°Y 1.43:0%2 1.4410%2 118919 1.441014
1060M10 25700 25907 221031 3.31:23

Table 6.4: Literature masses for the cluster sample. Alteal.€2001) and Bonamente et al. (2008) calculated their
masses atzso, Donahue et al. (2003) and Mantz et al. (2010a)s@t We compared our results to the radii of these
studies and transformed the masses from the other studies tadius of our best fit model.

Cluster Method rkpc] M [10%My] C200 oy [kmsT] Reference
CL0015.91609 DYN 1208 3871 984T  Girardi & Mezzetti (2001)
WL 2083 3757128 11647153 Hoekstra (2007)
XRAY&SZE 507 33+04 Bonamente et al. (2008)
XRAY 1470 165+ 25 Mantz et al. (2010a)
CL0413-6559 XRAY 040+ 0.69 Smail et al. (1997)
DYN 861 3367287 68125  Girardi & Mezzetti (2001)
MS0451.6-0305 DYN 1625  1583% 1317122 Girardi & Mezzetti (2001)
XRAY 1319 12.15 Donahue et al. (2003)
XRAY&SZE 526 38+ 05 Bonamente et al. (2008)
XRAY 1310 115+ 15 Mantz et al. (2010a)
MS1008.1-1224 DYN 1639 110273 103315 Girardi & Mezzetti (2001)
WL 500 319+ 0.69 900 Athreya et al. (2002)
MS2137.3-2353 XRAY&SL 460 189702 Allen et al. (2001)
SL&WL 1890 77204 1173958 Gavazzi (2005)
XRAY&SL 1410 44+03 8754 Donnarumma et al. (2009)
XRAY 1060 47+ 0.6 Mantz et al. (2010a)

to merging, and infalling galaxies from filaments may be oesible for it. Because of merging,
CL0015.9-1609 is not highly concentrated towards the centre. Cooredipgly, we measured a
low concentratiortaoo = 1.2793.

The SIS, which is steeper on scates r,go/C200than the NFW-profile, and the one-parameter
NFW-maodel with fixed concentratiovic, which overpredicts the concentration witlw = 6.8,
do not provide good fits to the shear profile. For a relaxedetugith the same mass and redshift,
CnFw Can be appropriate, but it provides a too smgdh. With oy = 762j§gkm st andMgs =
5.38"07% x 10*My, insiderzoo, the SIS underpredicts the cluster mass. The velocity diape
from DYN is measured from galaxy spectra but infalling géaxcan show large line-of-sight

velocities. On the other hand, is a poor estimate of the tangential shear fitted to an SIS.

The NFW-model fits best withoo = 1993827 kpc, C200 = 1.2°95 andMago = 16.3973114 x
10'*M,. Large errors omygo and subsequently olqg are due to: (1) the cluster is a merger and
(2) raoo is outside the field-of-view. Because of the latter, our itsdior NFW and NFW&PS are

identical.
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Figure 6.11: Tangential shear profile for CLO0151809 centred on the/S peak. We fitted the two parameter models
NFW and the truncated NFW (NFW&PS) and the one parameter &8 and thevic-model to the tangential shear
of all sources. We cut out the innermost’14Mote that the shear profile is not very steep and disturbedalefects of
merging.

Our best fit model is consistent with previous studies (FigO6ower right, Tables 6.4
and 6.3).

6.3.2 CL0413-6559

The tangential shear profile is plotted in Fig. 6.12 and theses and model parameters are sum-
marised in Table A.2 in the appendix.

Our detection significance.84o is low for space-based data. Sinc#NSs correlated with
mass we inferred a small total mass that is not highly comatat towards the centre. Tiéc-
model does not fit the cluster profile well althougy#w = 10.5 is reasonable for an average cluster
with this mass and redshift. The SIS-profile also does nohditduster profile well because it is
steeper on small scales compared to the NFW-profile.

The truncated NFW (NFW&PS) models the tangential shearlprafth rooo = 8397131 kpc,
Co00 = 25715 and Mago = 1.1870828 x 101M,, better than our other models although the NFW-
parameters do not fier much from NFW&PS. The low,go values we obtained with both our
NFW-maodels and the disturbed shear profile suggest thavltést is still in the process of form-
ing. This is also supported by the high fraction of spirabgas and low X-ray luminosity which

indicates a shallow gravitational potential and less nithei-cluster gas (Sect. 4.1.2).

Our NFW&PS (Table A.2) is not consistent with the literatfég. 6.10, Table 6.4). We
cannot say whether our results agree with Smail et al. (1%@Cause their mass is from the mass-
luminosity scaling relation without quoting a value for areacdensity radius. The mass inferred
by Girardi & Mezzetti (2001) from DYN is three times largeathours which may be a result of
the forming process of this cluster because some galaxéesiated to the cluster may not be in
dynamical equilibrium which can cause high velocity dispans.
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Figure 6.12: Tangential shear profile for CLO4B559 centred on the/S peak. We fitted the two parameter models
NFW and the truncated NFW (NFW&PS) and the one parameter In@&@I& and theMc-model to the tangential
shear of all sources. Note the flatness of the shear profiléhatdlisturbances appear pronounced, which is because
CL0413-6559 is a low mass cluster.

6.3.3 MS0451.60305

The tangential shear profiles are plotted in Fig. 6.13 andrtheses and model parameters are
in Table A.3 in the appendix, where the second lower and upp®rs of Moo and cypo are
from Table 6.2. The shear profile of MS045deto is smoother than that of MS04&ds due to
the photometric redshifts. Givengy well within the field-of-view, we observed a significant
difference between NFW and NFW&PS. From thejf,, NFW&PS withraoo = 2432°122kpc,

Coo0 = 2.9737718 and Magp = 300872534043 1014M@ for MS0451cs is the bettelrsz%lt A
truncation of the NFW-profile seems reasonable if the daterca large area around the cluster.
More observations are required to further test this. Ourr8tlel witho, = 1220ffgkm st
provides a lower mass than the best-fit modebgs. With cyew = 4.6, theMc-model agrees with

the NFW-model fit.

The masses for MS043ds and MS0453,h0t0 Show a spread among theférent mass mod-
els, but are consistent with each other after normalisingde = 2432 kpc except for the SIS-
model. The masses are also consistent @ittandraobservations by Donahue et al. (2003) and
Bonamente et al. (2008) (Fig. 6.10, Tables 6.3 and 6.4). WWeddigher masses for MS045ot0
than for MS045)cs, yet both are consistent with each other.

Xﬁof is higher for MS0457,0t0than for MS0454cs due to the inclusion of individual source
redshifts. Yet, the results for both data sets are consistérough the masses for MS045doto
are higher and the concentrations are lower compared to BIR@4. The errors on our results do
not decrease for MS0450t0 for two-parameter models, but for the one-parameter mpaiigh
may be because of the interdependence betwggandc,go. To quantify this &ect further, more
photometric redshifts would be required.
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Figure 6.13: Tangential shear profile for MS04&4d (upper and MS045],01 (lower) centred on the 8l peak. We
fitted the two parameter models NFW and the truncated NFW (BIP8) and the one parameter models SIS and the
Mc-model to the tangential shear of all sources. The crosgéghé thin, dotted error bars display the cross component
0x. Due to the high number density of sources, the error barsraedl. We cut out the innermost ‘L7Note that for
MS0451,nq0 the first data point of), has a high negative value, wherefore it is not plotted whidheicause both plots

have the same axes limits for reasons of comparison.
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Figure 6.14: Tangential shear profile for MS1008L224 centred on the/N peak. We fitted the two parameter models
NFW and the truncated NFW (NFW&PS) and the one parameter In@&@I& and theMc-model to the tangential
shear of all sources. We cut out the innermost.2The shear profile does not approach zero in the outskirtseof t
field-of-view, becauseqo is 1 Mpc beyond the field-of-view.

6.3.4 MS1008.:1224

The tangential shear profile is plotted in Fig. 6.14 and thesesa and model parameters are in
Table A.4 in the appendix. Sinaggg lies beyond the field-of-view, NFW and NFW&PS yield
the same results. For the same reason, the tangential shesandt drop to zero at the edge of
the data field. The NFW-fit to the tangential shear is the bestdidel withrago = 2415335 kpc,
Co00 = 2.208 andMago = 22481322 x 10'M,. The errors ormaqp are large because it is 1 Mpc
beyond the field-of-view.

As MS1008.11224 is a merger, the tangential shear profile is disturbddranconcentration
is low. TheMc-model provides a too high concentratiarydy = 6.8) and fits the shear profile
worse than the two-parameter NFW-models. Our SIS-modetnmnedicts the cluster mass with
oy = 850735km s and Mg;s = 8.817351 x 10MM, because the profile is too steep towards the
centre for such a merging cluster. The best fit model agretssAtinreya et al. (2002) who fitted
an SIS-lens to the cluster and to dynamical estimates (@i€aMezzetti 2001, Fig. 6.10ower
right, Table 6.4).

6.3.5 MS2137.32353

The tangential shear profile is plotted in Fig. 6.15 and thesesa and model parameters are in
Table A.5 in the appendix. All four models trace the tangdrghear profile. The shape of the
tangential shear profile suggests that this cluster is eelaX he results for all mass models are
consistent (Fig. 6.1wer left Tables 6.3 and 6.4).

Sincerjqg is close to the border of the field-of-view, NFW and NFW&PSvpde similar
results, with high concentrations. Tivc-model fits the shear profile slightly better towards the

centre givingcnew = 7.5, 200 = 11237 83kpc andMazgg = 2.557981 x 10*M,, and agrees with
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Gavazzi (2005) and Donnarumma et al. (2009) but not withrAdeal. (2001) (Fig. 6.10ower
right, Table 6.3, Table 6.4).
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Figure 6.15: Tangential shear profile for MS21372353 centred on the/B peak. We fitted the two parameter models
NFW and the truncated NFW (NFW&PS) and the one parameter i&8 and thévic-model to the tangential shear
of all sources. We cut out the innermost’3'Not the textbook-like behaviour of the tangential sheacsithis cluster
is spherically relaxed.
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Chapter 7

X-ray analysis

This chapter describes the methods and results of the Xaalysis for those three clusters which
are based oXMM-Newtondata and for one which is based Ghandradata.

In Sect. 7.1, | will describe the data preparation such astfsoiurce detection, determination
of the flux-weighted X-ray centroid and background subioact In Sect. 7.2, | will discuss the
data analysis on how the surface brightness and tempernatofiees were derived. From these
profiles, the mass profiles will be calculated. The massddwitompared to previous studies at
rsoo androspo. Global properties such as temperature, metallicity armdrosity will be presented
and discussed in Sect. 7.3.

7.1 Data preparation

7.1.1 Point source detection

While the ICM emission is predominantly composed of therbramsstrahlung, the X-ray emis-
sion from point sources, such as from AGN in the central elugalaxies, is non-thermal. Point
sources are hard to identify when their emission is supe@gth the X-ray emission peak of
the clusters. Especially for cool-core clusters, peakgalgeoling cores and central point sources
such as AGN are flicult to distinguish (e.g. Zhang et al. 2006). Since they aammhate the spec-
tra, point sources have to be removed from the data.

We used theSAS command “edetecthain” to detect point sources following Zhang et al.
(2006). This command generates a list of bright point sauncehe field-of-view and carries out
the point source detection simultaneously for all threedets in the energy bands 0.3-0.5keV,
0.5-2keV, 2-4.5keV, 4.5-7.5keV and 7.5-12 keV. Therebyiitacts for the out-of-time events
for pn. We used cut4b radii of 25” for most point sources and 4dor the bright point sources
which is comparable to thEMM-NewtonPoint Spread Function cutforadius of~ 45”. These
radii were chosen such that they encles80% flux of the point sources. In total, we detected 65
point sources in the field of CL0015-2609, 81 for MS0451.:60305 and 27 for MS2137-2353.
The point sources were subtracted from the events listsdgfe proceeded the analysis further.

The point source subtraction for MS10081224 was done by Helen Eckmiller with the
Ciao-tool “wavdetect” which searches for “Mexican hat’-shapedvelets following Hudson
et al. (2006). This tool detects point sources and defingsefi around them. The major and
minor axes of those ellipses are 3 times the standard dawiafithe Gaussian of the wavelet. The
point source list was manually checked for bad detectionstan small cut-& areas. Thus, 59

Ihttpy/cxc.harvard.edigiao4. Zthreadgndex.html
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point sources were detected and removed from the eventTisesholes in the images were filled
with the averaged emission from a surrounding area thatimestlarger than the ellipses.

7.1.2 Determination of the X-ray centroid

For relaxed clusters the peak of the X-ray emission can be asepproximation of the cluster
centre. The determination of the X-ray centre becomes mamglicated for clusters which are
disturbed by e.g. merging or AGN heating.

We used the method of Zhang et al. (2010) to determine theAkighted centroid iteratively
from the flat-fielded X-ray images in the 0.7-2 keV band. Thiergy range is chosen because
the cluster emission in this band is almost independentefjis temperature. The algorithm is
initialised by centering an aperture of radit®h the X-ray emission peak. Within this aperture the
initial flux-weighted centre is determined. Then, the flugighted centre is iteratively re-derived
in an aperture which is’larger than the previous one and which is centred on the quishi
determined flux-weighted centre. We continued this promedutil the coordinates of the flux-
weighted centre do not vary anymore which usually takes tless 10 iterations (Zhang et al.
2010¥. Thereby, the flux-weighted X-ray centroid was defined astimedinates of the final flux-
weighted centre. As error for the position of the flux-weaghiX-ray centroid the position angle
error of XMM-Newtonwhich is 8" was used. For th€handracluster, the PSF which is negligible
with 0’5 was used as uncertainty.

The flux-weighted X-ray centroids and the X-ray emissionkgeare listed in Table 7.1. We
compared both positions to the X-ray centres of Lewis etl&®99) and Allen et al. (2008) in the
last column of Table 7.1. Except for the relaxed cluster M&23-2353, our flux-weighted X-ray
centroids are not consistent with the X-ray centres of tistisgies because they used the X-ray
emission peak as centre. Comparing our X-ray emission p&akhewis et al. (1999) and Allen
et al. (2008), we found consistency for CLO01:51%$09, MS0451.60305 and MS2137:3353.
For MS1008.1:1224, we observed arffset which might be due that the X-ray emission is slightly
asymmetric (Lewis et al. 1999).

Figure 7.1 shows the X-ray and weak lensing signal-to-no@&ours and the respective
centres. The projected distances between fhef@ak (Table 6.1) and the flux-weighted X-ray
centroid are denoted as,,_, and the projected distances between tfi¢-Seak and the X-ray
emission peak are denoted &g, wi. The SN-peak and the flux-weighted X-ray centroid agree
for the relaxed cluster MS21372353, but the other clusters havisets that are larger than the
uncertaintyopos from bootstrapping (Sect. 6.1.4) plus the instrumentakuamties. This can be
due to that CL0015:01609 and MS1008:11224 are mergers. For MS0451@305, the X-ray
emission is slightly elliptical in the centre while the wdaksing signal-to-noise contours are not
which might explain the fiiset for this cluster. The X-ray emission peak and tfd-Seak show
better agreement, i.Aem-wi < 0pos FOr MS1008.11224, the @fsetAem-wi = 171 smaller than
Anw-wi = 2074 but still larger tharrpes + 05.

7.1.3 Background subtraction

While for low-redshift clusters the cosmic X-ray backgrduf€XB, Sect. 3.1.6) has to be esti-
mated from external fields, we can use the cluster outskirtsdr clusters to statistically estimate
the local CXB. We used an annulus oRthog— 1.5r200 Wherebyr,gg is from the best weak lensing
fits (Sect. 6.3). This annulus was chosen because it is ndammamated by the cluster emission
and not too close to the borders of the field-of-view, whestriitment &ects can bias our mea-
surements.

2For high-redshift clusters, the algorithm converges eastef.
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Figure 7.1: X-ray (blue) and weak lensing signal-to-noisorcontours (orange). The orange box denotes the weak
lensing centre and the yellow star is the flux-weighted Xaemtroid. Except for MS2137-2353, the flux-weighted
X-ray centroid is not in the centre of the contours becausg show the X-ray emission which has its maximum at the
X-ray emission peak.

Table 7.1: Comparison of fierent cluster centres. RAand Deé" are the coordinates of the flux-weighted X-ray cen-
troid and RA™ De™ are the coordinates of the X-ray emission peak. Both coate@are given in world coordinates.
Asw-wi @nd Aemwi are the éfsets between the flux-weighted X-ray centrpid-ray emission peak and thgNspeak
from weak lensinggyes is the uncertainty of the/Sl-peak from bootstrapping (Sect. 6.1.4). The last colursis fihe
offsets to the X-ray centres of Lewis et al. (1999) (2) and Alleale(2008) (4), whereby the first value is thiset
using the flux-weighted X-ray centroid and the second onmi® fusing the X-ray emission peak.

Cluster RAY Decy RAST Dec" Atw-wl  Demw  Opos other

CL0015.9+1609 00:18:33.4 16:26:32 00:18:33.7 16:26:09 7”22 100 105 20°1,69@
MS0451.6-0305 04:54:12.1 -03:00:49 04:54:11.5 -03:00:56 152 5’6 8’3 105,103 @
MS1008.11224 10:10:31.9 -12:39:17 10:10:32.4 -12:39:53 204 17'1 9/2 180,214 @
MS2137.3-2353 21:40:14.9 -23:39:39 21:40:14.9 -23:39:39 42 5’3 9/2 7, 17®
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The background areas were scaled to the areas of the anrichi whre used to measure the
surface brightness and temperature distributions. Fowprgorrected for the out-of time events
(OOT) by a fraction of 2% (Sect. 4.4.2). The particle background was removed fhendata
as a step of the reduction (Sect. 4.4.2).

7.2 Results

7.2.1 Spectral analysis

The temperature profiles of galaxy clusters are useful tmkstudy the thermodynamical his-
tory of clusters. For temperature measurements wittb% uncertainty, we determined suitable
annuli centred on the flux-weighted X-ray centroid for theapal fitting following the method
of Zhang et al. (2008). We used the-Z keV band to obtain at least 500 counts per annulus in
MOS2 after background subtraction, which give®000 counts per annulus in total (Sect. 4.4.1).
The 2— 7keV energy range is sensitive to temperature measurernémsssive clusters with
Tx = 3keV (Zhang et al. 2007). To avoid that the bins weffe@ed by the instrument PSF, the
bins had to be at least® each. We obtained 4 temperature bins for CLOOL56®D9 and 3 for
MS0451.6-0305 and MS2137:3353, respectively, because these clusters are less extémd
X-rays. For MS1008.41224, spectra for the following annuli were created by Hétekmiller
following Eckmiller et al. (2011): 8- 0/5, 05— 1/0 and 10— 1'5. There annuli were chosen such
that we can compare the temperature profile of this clustir the XMM-Newtorclusters.

We regrouped the data with the “grppha”-command such thett ehannel consists of at
least 100 counts. This provides good photon statistics @ eaannel. The spectral fitting was
performed with the publicly availabBEASOFT software packag®SPEC 12.6.0 (henceforth de-
noted aXSPEC). We used the 0— 10 keV band for the spectral fitting because this guaranteds t
the hot clustersTx ~ 9— 11 keV) have significant counts at higher energies. We adeduor the
background by giving&SPEC the respective background files and for the detector regpoitk the
files generated with the tasks “rmfgen” and “arfgen”. Thecsfzewere fitted with “wabsmekal”
and are given in the appendix for tidM-Newtorclusters (Figs. B.1-B.3). The former is a one-
parameter model that models the absorption from neutraVigathe Galactic hydrogen column
number densityny which we fixed to the values from the LeidémngentingBonn Galactic bt
Survey (LAB-Survey, Kalberla et al. 2005). The “mekal” mbdescribes the emission spectrum
of hot, diffuse gas based on Mewe et al. (1985, 1986) and Kaastra (1992fre+L line emission
(Liedahl et al. 1995) and line emission from other elemestslzserved for the ICM of galaxy
cluster§. The “mekal” model has six parameters: (1) plasma tempera(@) hydrogen density
of the ICM, (3) metal abundance in solar units (Anders & Gssee1989), (4) cluster redshift, (5)
a switch parameter to decide whether the model spectrunatdr emperature will be fitted with
“mekal” or determined from a pre-calculated table and (@) tlormalisation which depends on
the electron and hydrogen number densities of the ICM ananigelar diameter distance of the
cluster. For each temperature bin, we determined temperametallicity and normalisation of
the “mekal”-model.

The spectra were fitted simultaneously for all three detectéor each annulus, temperatures
and metallicities of the dlierent detectors are consistent. The MOS data provide Iligigher
temperatures than pn because it is more sensitive at lovgieserThus, pn measurements are
affected by the soft band.

3We did not use MOS1 because this detector has broken CCD-chip
4The mekal model includes line emission from He, C, N, O, Ne,Mg, Al, Si, S, Ar, Ca, Fe and Ni merged into
one parameter.
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To parametrise the temperature profiles which are plottédgn7.2, we chose the model of
Zhang et al. (2006), a combination of a King model, a Gaussiaa constant (“Gauding+cons”)

21-3'+3 (r_r.
1+ (L) ’ (r fgc)
rc

+ Ty exp 552

Here,rc andpg’ are core radius and slope of the King-profile, respectivahd rqc is the
centre of the Gaussian with width. T1_3 are the normalisations of each model. Equation (7.1)
is not a physical model but follows the empirical shape ofuh&ersal temperature profiles of
galaxy clusters well due to its flexibility (Zhang et al. 20@D08). The temperature profiles were
approximated by Eq. (7.1) such that all data points in Fig.afe reasonably crossed. We list the
model parameters in Table 7.2. The temperature uncedsiftiashed curves in Fig. 7.2) were
approximated byA + rB) - T(r) following Zhang et al. (2006).

The third bin of the temperature profile of CL00151%509 is @fected by a hot region along
the southeast to northwest direction which was also regdrte Solovyeva et al. (2007). The
cluster emission is elongated along this direction. We ditlaxclude the hotter region in this
annulus because we are interested in the total temperastridwtion.

T(f) =T +T3. (7.1)
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Figure 7.2: Temperature profiles: The horizontal bars detio¢ bin size and the vertical errors are theekrors
from the spectral fitting witiXSPEC. The dashed curves are the incertainties off (r) which we approximated with
(A+rB)-T(r).
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Figure 7.3 shows the metallicity profiles. Except for MS045D305, they are similar. Met-
als are most abundant in the cluster centre because of f@ettioan AGN and supernovae in the
central galaxies. Thus, the iron abundance drops fra&8d.0< Z < 0.4Z;, in the central bin
to 0.2Z, < Z < 0.3Z, in the cluster outskirts. For MS045%+6305, the metallicity is low in
the centreZ ~ 0.2Z.), increases te- 0.35Z, and shows a slightly decreasing trend towards the
outskirts which may be due to that the this cluster is not idrbgtatic equilibrium which is also
indicated by the high temperature in that annulus (Fig. &) by Donahue et al. (2003). But the
low metallicity in the centre of MS0451-8305 may also come from instrumental artifacts due to
high signal-to-noise. For CL0015+2609 and MS2137:32353, the photon statistics do not allow
for metallicity measurements in the outer bins becausepeetsa become biased with noise from
the background which artificially amplifies the iron peak.r BEwse bins, the metallicity is fixed
to 0.3Z; in the spectral fit.

07 T T T T
CL0015.9+1609 ——
MS0451.6-0305 - - :
MS1008.1-1224 ————

06 MS2137.3-2353 ------- §

05F . .

Z[Z.]

0 0.5 1 15 2 25
r [arcmin]

Figure 7.3: Metallicity profiles: The horizontal bars demthe bin size and the vertical errors are theekrors from
the spectral fitting witfXSPEC.

7.2.2 Surface brightness profiles

Since the X-ray emission is almost independent of temperatuthe 07 — 2 keV energy range,
this range is ideal to determine the electron number dewtyibution of galaxy clusters. We
chose the surface brightness bins such that the signalise-matio in MOS2 for each bin iss3
higher than the background,

Nbin — Nback* A
_—_— VNpin > N -AV1+0.12
m bin back

S/Ngg = (7.2)

Npin — Npack* A
bin back \/m < Npack Am.
Nback‘ Am
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Here,Npin is the number of photons per annuldggckis the number of photons in the background
andA is the normalisation of the background area with respecheoatrea of the annulus. The
noise is either given by the statistical error of photons aemulus, vNpi,, or by the number

of background photons normalised to the area of the annilkgy- A V1 + 0.12, depending on

which provides the higher noise. The factefl + 0.12, thereby accounts for the particle-induced
background which varies by 10% compared to the target observations for most clustegs (e
Zhang et al. 2007). This provides us with a conservativeredé of background fluctuations 10%.

We applied the annuli obtained with this method to MOS1 andHam each detector, the flux
in each bin was measured and the surface brightBgssas calculated and fitted with Eq. (3.9)
to obtainSy, r. andB. Then, we normalised the surface brightness of MOS1 and MO %2
by multiplying Sp"/Sy'°%** and fitted Eq. (3.9) for all three detectors simultaneoulyereby,
the parameters;, and 8 change only marginally compared to fitting Eq. (3.9) indiadly for
each detector. Sincesr3gave too narrow bins with high noise for our clusters, the deds re-
binned by merging 5 adjacent bins for CLO0151809, 4 bins for MS0451:60304 and 3 bins for
MS2137.3-2353. The surface brightness profiles are plotted in FigaddB andr; are given in
Table 7.2. For MS1008-11224,r. andp were obtained from fitting Eq. (3.9) to the flux measured
in the ACIS-I detector which was determined by Helen Eclanilising theChandraanalysis
softwareCiao following Hudson et al. (2006).
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Figure 7.4: Surface brightness profiles after rescalingM@s fluxes to the normalisation of the surface brightness
in pn, Sg”. The horizontal bars denote the bin size and the verticatem@are the &-errors of the surface brightness
density.
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Table 7.2: Parameters for calculating the hydrostatic sms$he parameters of the temperature profile (Eq. 7.1) do
not have errors because we have more degrees of freedomatesapaints. In the last two rows the parameters for the
surface brightness profile (Eq. 3.9) are listed.

CL0015.9-1609 MS0451.60305 MS1008.21224 MS2137.32353

T, [keV] 3.69 0 0 0

re [kpe] 1966 - - -

B 2.31 - - -

T, [keV] 1.00 5.24 3.17 1.05

rec [kpc] 375 0 -119 271

o [kpc] 375 303 680 415

T3 [keV] 4.52 5.44 3.24 4.00

B 0.73+0.12 104+ 0.19 094 + 0.05 062+ 0.02
re [kpe] 318+ 35 361+ 33 170+ 15 52+ 3

7.2.3 Mass profiles

The mass profiles were calculated out to 3 Mpc in steps of 1 kiftky. (3.14) using the param-
eters in Table 7.2. Figure 7.5 shows the mass profiles fortinedusters whereby the data points
show the X-ray hydrostatic masses and their errors at thiefeadvhich the temperature profiles
were plotted (Fig. 7.2). The horizontal bars denote thedfiziee temperature bins and the vertical
errors are the &-errors onMx (< r) from Monte-Carlo simulation in which we generated mass
profiles from simulated surface brightness and temperatufdes using

Trand(r, X1)
Sx rand(ls X2)

T(r) + AT - x (7.3)
Sx(l’) + ASx - Xo.

Here, x; 2 are a functions that create Gaussian random values in teevahti—1, 1] andr is the
projected radius. Thesterrors which were measured for each temperature and sWfaghtness
bin in Sects. 7.2.1 and 7.2.2, are denotedh&sandASx, respectively. Hence, the simulated sur-
face brightness and temperature profiles vary within therewf the measured surface brightness
and temperature profiles. We simulated 100 temperaturewafats brightness profiles for each
cluster and fitted them with Egs. (7.1) and (3.9), respéelgtiv€he corresponding mass profiles
were calculated with Eq. (3.14). The standard deviatiotefrandomised mass profiles at radius
r are the errors on the true mass profile.at

Table 7.3 lists X-ray hydrostatic masseS#hx andraspgx calculated from the hydrostatic
equation (Eq. 3.14) and our best fit weak lensing masses. (&8tatrsoqx . We also list X-ray
hydrostatic and best fit weak lensing massesat, derived from the mass profiles of the best fit
weak lensing mass models, which are NFW for CLO0336809 and MS1008:41224, NFW&PS
for MS0451.6-0305 and theMc-model for MS2137.32353. For reasons of consistency, we used
the best fit weak lensing mass of MS0454 because we do not have photometric redshifts for
the other clusters. The X-ray hydrostatic massbsat rspox andrasogx Were compared to the
previous X-ray and X-ray&SZE analyses we also used for thakwensing mass comparison
(Table 6.4):

For CL0015.9-1609, we haveMy = (2.66 + 0.62) x 10 M, atr8% = 507 kpc from Bona-

2500

mente et al. (2008) which is 21% lower than thIE>S) = (3.37 + 0.4) x 10"*Ms. Our mass is

37% lower than that of Bonamente et al. (2008) at the samelewusity. Atr&'g"olo0 = 1470 kpc from
Mantz et al. (2010a), we hawdyx = (5.77 + 0.67) x 10** M, which is not consistent with their
Msgo = (165 + 2.5) x 104 M. The same holds if we compare our mass with that of Mantz et al.

(2010a) at the same overdensity.
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Table 7.3: X-ray hydrostatic and best fit weak lensing maasesox from X-ray andrsequ from the weak lensing
mass profiles and X-ray hydrostatic massessbx. The radii are given in kpc and arcmin, respectively.

CL0015.9-1609

MS0451.60305

MS1008.21224

MS2137.32353

Fsoax [KPC] 971 1026 1231 906
rsoox ['] 2’59 271 440 336
My [10*Mg] 474+ 0.46 565+ 0.45 744+ 0.56 301+0.38
Mu [10"Mg)] 6.17°755 1212221 10567728 1.99'932
Fsoaw [KPCI 1152 1488 1497 758
I'soqwi [,] 307 393 571 281
My [10%*Mg] 5.12+0.51 856+ 0.94 821+ 043 263+ 0.39
Mw [10%Mg]  7.91+102 1933362 1339:9%8 1.76/023
I'2500% [kpc] 435 491 620 414
I'2500% [/] 116 130 237 154
Masoax [10¥*Mg]  2.13+0.44 310+ 0.24 475+ 0.25 143+ 0.09
.l CL0015.9+1608 ol MS0451.6-0305 ]
s o
= =
CA EE ]
s s
o1 B 01 / E
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Figure 7.5: Mass profiles assuming hydrostatic equilibridrhe data points are taken from the temperature profiles
(Fig. 7.2) whereby the horizontal bars denote the bin sizkthe vertical errors are calculated from the Monte-Carlo
simulation.
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For MS0451.6:0305, we obtainedx = (7.48 + 0.60) x 10 M, atrpd® = 1319 kpc from
Donahue et al. (2003) which is 37% lower than their mass. Goimg both studies at = 500,
our mass is 52% lower than that of Donahue et al. (2003). Cdngpaéhe masses ggo =
526 kpc, ours is witiMx = (3.30 + 0.69) x 10* My, ~ 13% lower than that of Bonamente et al.
(2008). AtA = 2500, our mass is only 6% lower. Our results for MS0450805 show better
agreement with Bonamente et al. (2008) than our results f@0C5.9+1609 which may be due
to that the latter is a merger. Our massrif’ = 1310kpc from Mantz et al. (2010a) is with
My = (7.42+0.60)x 10'* M, 35% lower than their mass. If we compare both massas=a600,
our mass is 51% lower.

For MS2137.32353, we obtained/x = (3.31+ 0.61) x 10 M, atritt = 1060 kpc from
Mantz et al. (2010a) which is 30% lower than their mass. Atsttume overdensityy = 500, our
mass is 36% lower.

That our masses are lower than those of Donahue et al. (2BOBamente et al. (2008) and
Mantz et al. (2010a) may be due to: (1) Those studies usedtreisnal temperature to derive
the hydrostatic mass which is considered to give-Zb% higher masses than those using a tem-
perature profile (e.g. Zhang et al. 2005). (2) To determiegdimperature, Donahue et al. (2003)
did not exclude the core region where the temperature is (kgh 7.2). (3) The oldChandra
calibration with which the observations used by Donahuel.e2803) were performed biased
the temperature to high values (e.g. Snowden et al. 2008edadknces therein). (4) Mantz et al.
(2010a) derived their mass from the gas mass profile by asgummodel for the gas mass fraction
(Nagai et al. 2007; Allen et al. 2008).

The shapes of the mass profiles give evidence for clustereatration (Fig. 7.5). For in-
stance, CL0015:01609 is likely not in hydrostatic equilibrium and has a lowncentration.
The latter was also confirmed by our weak lensing analysist($€3.1), where we measured
a concentration ofyqg = 1.2f(1’2. Furthermore, CL0015491609 has a weird temperature profile
(Fig. 7.2,upper lef) which subsequentlyﬁéects the mass profile even if the Gaussian in Eq. (7.1)
is smoothed. Also, the mass profile of MS04510805 indicates non-hydrostatic equilibrium
which was also concluded by Donahue et al. (2003). For ther dtto clusters, MS1008:11224
and MS2137.32352, we obtained smoother mass profiles and we concludéhtis clusters are
in hydrostatic equilibrium although MS1008:1224 is a merger.

7.3 Global properties

7.3.1 Global temperature and metallicity

We determined the global temperatuiies and metallicitiesZ inside an annulus of.2 — 0.5r509
centred at the X-ray centroid following Zhang et al. (2007)this annulus, the temperature fol-
lows the universal distribution (e.g. Zhang et al. 2004;hlikin et al. 2005; Pratt et al. 2007 and
Sect. 3.1.3) for most clusters. At smaller radii, the scastearger among non-cool-core and cool-
core clusters and peculiarities due to the dynamical histach as boosted temperatures in the
case of merging clusters (e.g. Smith et al. 2005). For tlaisawr, the scatter in those X-ray scaling
relations that involvely is minimised when using the temperatures in tt#2-00.5r500 annulus.
Furthermore, the flierence between the normalisations of scaling relationsdok-core and non-
cool-core clusters ig 10% if this annulus is used to determine the global tempezafzihang
et al. 2007).

UsingXSPEC, we fitted “wabs-mekal” to the global spectra to obtain temperature and metal
licity Z with both ny fixed and as free parameter. The results are given in Table/Tfede the
global temperatures and metallicities using 9 0.5r50qw are listed as well. All global spectra
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are shown in the appendix (Figs. B.4-B.11). For MS1008224, the global spectra were created
by Helen Eckmiller following Eckmiller et al. (2011).

We found that global temperatures and metallicities aresistent whether we fixedy to
the LAB-survey or determine its value by fitting. Since thees onTy are smaller for fixeahy,
we used them for the further analysis because this will piewis with tighter scaling relations.
Furthermore, the global temperatures basets@y are lower than those based @gox because
r'soowl > soax Such that regions of lower temperatures are included.

We compared our global temperaturgs within 0.2 — 0.5rsggx and fixedny to those in
previous studies (Table 7.6) but those results can onlyesas\consistency check because they are
obtained with diferent instruments and withinfiéirent annuli ranges. Figure 7.6 shows the ratios
between our temperature and the literature values. Exoep$1008.11224, our temperatures
are consistent with Balestra et al. (2007). Furthermoreemperatures are also consistent with
those of Lewis et al. (1999) and Ebeling et al. (2010).

1.8 I I I I I I
Lewis 1999 ¢
16 L Donahue 2003 0 |
' Balestra 2007 W
Ebeling 2007
1.4 Allen 2008 [ ] T .
5 Bonamente 2008 /. -
= {5 Ebeling 2010 @& U
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T
e
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Figure 7.6: Comparison of global temperatures with21-00.5r500x and fixedny with the literature. The clusters are
labelled: (1) CL0015.91609, (2) MS0451.60305, (3) MS1008.21224, (4) MS2137.32353.

Table 7.4: Global temperatur@g and metallicitiesZ within 0.2 — 0.5r59qx and 02 — 0.5rspqu for both fitted and fixed
hydrogen column number density. The results for the fittedy are denoted with the subscrip sree.

CL0015.9-1609 MS0451.60305 MS1008.11224 MS2137.32353

0.2- 0.5]’50QXZ

Tx [keV] 9.25+0.36 811+037 746+ 052 499+ 0.36
Zy [Z5)] 0.19+ 0.06 020+ 0.05 029+ 0.10 019+0.11
Toee [KEV] 10.25+ 1.05 889+ 0.83 984+ 2.67 578+ 1.50
Zoyjree [ Z0] 0.20+ 0.07 021+ 0.07 035+ 0.15 006+ 0.16
0.2- 0.5]’50QW|:

Tx [keV] 9.24+0.36 688+ 0.28 789+ 0.79 482+0.28
Zy [Z5] 0.11+0.05 028+ 0.07 041+0.13 027+0.11
Toiee [KEV] 9.74+1.03 686+ 0.75 1044+ 2.63 527+ 1.05
Znysee [Z0] 0.11+0.05 028+ 0.07 054+ 021 019+ 0.14
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We summarise the studies to which we compared our resultdlas$: Lewis et al. (1999)
obtainedTy using ASCAobservations from Mushotzky & Scharf (1997). Their meesunt is
consistent with ours although there is no explicit inforimatof the area for which theifx was
measured. Donahue et al. (2003) measUredvithin 837 = 523 kpc with “wabs-mekal” using
the Q7 — 7.0keV energy band. The deviation to our temperature was shisclin Sect. 7.2.3.
Balestra et al. (2007) measuré&gd within 0.15- 0.3r;, with ry;; from Evrard et al. (1996) using a
mekal model. Ebeling et al. (2007) measuiiedwithin r1gg0 excluding the innermost 70 kpc but
they do not give the value farggo Allen et al. (2008) measured the deprojected temperdture
within ras0p = 479 kpc which is~ 0.5r50qx and consistent with ours although they did not exclude
the core region. Their overdensity was obtained from assgrttiat the gas density follows an
NFW-profile. Bonamente et al. (2008) determingéd within rosp9 = 507 + 19 kpc which is
~ 0.5rs500x. Their temperature is 14% higher than ours because we edlter < 0.2r500-
region. Mantz et al. (2010a) determinggl within 0.15 — 1rsgp wherebyrsgg was determined
as described in Sect. 7.2.3. Ebeling et al. (2010) obtaiped 4.7 + 0.4 keV using theXSPEC
“mekal” model withinrsgp = 1060+ 40 kpc which is~ 2 times larger than .Brsoqx. Yet, their
result is consistent with ours.

We compared our global metallicities obtained withiR-90.5r50qx for fixed ny to Donahue
et al. (2003) and Balestra et al. (2007). For MS045035, Donahue et al. (2003) obtained a
metallicity which is~ 2 times larger than ours which may be due to the@fndracalibration.
The global metallicities from Balestra et al. (2007) are-446% higher than our metallicities for
CL0015.9-1609, MS0451.60305 and MS2137-32353. Only for MS1008.41224 our metal-
licity is consistent with theirs. This may be due to that B#ile et al. (2007) used the emission-
weighted metallicity which is- 0.4Z; for clusters at B < z < 0.5.

Table 7.5: Global luminosities in the energy bands 0.5-2\) R.01-100 keV and 0.1-2.4 keV withir20- 1rsqo.

Cluster Los-2okev [10**ergs?]  Lpo [10™ergs?] Loi-oakev [10%ergs?]
CL0015.9+1609 513+ 0.23 2713+ 1.45 690+ 0.30
MS0451.6-0305 437 +0.44 2036+ 2.05 567+ 057
MS1008.+1224 137+ 0.14 605+ 171 176+ 0.08
MS2137.3-2353 151+ 0.30 478+ 0.95 194+ 0.39

7.3.2 Global luminosities

We used th&SPEC-command “lumin” to determine the global luminosities vintt.2 — 1rspqx
following Zhang et al. (2011a). The cool-core region wasleded because the luminosity can
be strongly &ected by cooling cores. With a “mekal’-model, we fixed allgraeters except the
normalisation, whereby we usé@ig; andZ and their errors for fixeahy (Table 7.4). The corre-
sponding spectra are presented in Figs. B.12-B.13 in therap We did not usespqw be-
cause for MS1008:41224, this radius exceeds tldandrafield-of-view. The global spectra for
MS1008.1-1224 were created by Helen Eckmiller following Eckmilleragét(2011).

The global luminosities are given in Table 7.5 for the foliogrenergy bands: the soft band
(0.5-2.0keV), the bolometric band (@1 - 100 keV) and th&kOSATFband (01 — 2.4 keV). Here,
the luminosities for th&XMM-Newtorclusters are the mean of the luminosities obtained for MOS
and pn and their error is the scatter of the luminosities oreagisin the three detectors with respect
to the mean value. For MS1008.1224, we estimated the error &g from the errors oy and
Z.

The global luminosities are not a good mass indicator fawgatlusters. The luminosity can
be boosted at lierent levels due to merging. Thus, CLO0151809 has a high luminosity, but
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the luminosity of MS1008.41224 is~ 3 times lower although both are massive mergers. This is
also indicated in the literature (Sect. 4.1).

The luminosities in th&ROSATband are not consistent with the literature (Table 7.6)chi
is due to that these luminosities were calculated at raslirsqq, i.€. r200 (Ebeling et al. 2007) and
1h~! Mpc (Donahue et al. 2003). Mantz et al. (2010a) calculatgd > 4 ev Within rsgp = (1060+
40) kpc and without excluding the cool-core region. We asstimt our luminosity is- 6 times
lower than theirs because the X-ray emission in the centhké3#137.3-2353 is contaminated by
the bright cD-galaxy in the centre (Luppino et al. 1999).

We did not compare our luminosities to the other analysest(3el) because they were
either measured in the 0.3—-3.5 or 0.3-4.5 keV band, andmdiiffierent annuli. Yet, we observed
a similar trend in our luminosities than those in th8 0 3.5 keV band (Luppino et al. 1999).

Table 7.6: Global temperatur@%, metallicitiesZ and luminositiedy from the literature. Column 5 lists the energy
bands in which the luminosities were measured. The lashuolists the references, i.e. Le99 Lewis et al. 1999, Lu99
Luppino et al. 1999, D03 Donahue et al. 2003, BO7 Balestrh 2087, EOQ7 Ebeling et al. 2007, A08 Allen et al. 2008,
B08 Bonamente et al. 2008 and M10 Mantz et al. 2010a.

Cluster Ty [keV] Z[Z:] Lx [10*ergs?] energy band [keV] instrument  ref
CL0015.9+1609 14.6 B-35 Einstein Lu99
9.3°33 0.33709% Chandra  BO7
9.4+03 196+ 0.3 01-24 Chandra  EO7
105+ 06 Chandra  B08
1184+ 0.67 bolometric Chandra M10
MS0451.6-0305 19.98 B-35 Einstein Lu99
106715 0.40+0.14 8.87 01-24 Chandra D03
8294 0.34+006 Chandra  Ba07
75+10 168+ 0.6 01-24 Chandra EOQ7
9.9'%8 Chandra  BO08
9.50+0.41 bolometric Chandra  M10
MS1008.1-1224 372 Chandra Le99
4.49 03-35 Einstein  Lu99
58703 0.30°%%7 Chandra  BO7
MS2137.3-2353 15.62 B-35 Einstein Lu99
496+0.11 035+0.03 Chandra BO7
565+ 0.3 Chandra  A08

4.67+0.43 111+ 04 01-24 Chandra M10
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Chapter 8

Weak lensing versus X-ray mass
calibrations

In this chapter, mass-observable scaling relations usingyXhydrostatic massddy and weak
lensing massedl,, from the best fit models (Sect. 6.3, Table 7.3) will be studiédavill also
discuss scaling relations using weak lensing massgs from our one-parameter NFW-model
with fixed concentrationNlc-model, Sect. 6.2.1) to cross-check how the systematicriaioty

of My, due to diferent concentration parametass)y affects the normalisation of the scaling
relations. | will compare weak lensing and X-ray hydrostatiasses in Sect. 8.1 and discuss
the mass-temperature relations with the global tempersititom Sect. 7.3.1 determined within
0.2 — 0.5r500x With fixed ny (To2-05r5,,) iN Sect. 8.2. In Sect. 8.3, | will discuss mass-luminosity
relations using the luminosities determined withi@ © 1r5oqx from Table 7.5 and the three dif-
ferent mass estimatddy, My, and Myc. Scaling relations not involving total cluster masses
will be discussed in Sects. 8.4 and 8.5, i.e. temperaturgalosity relations and the temperature-
metallicity relation, respectively. In Sect. 8.6, the swglrelations from this work will be com-
pared to simulations.

The scaling relations were fitted by a power &= YpX” with the Orthogonal Distance
Regression method (ODR, e.g. Feigelson & Babu 1992; Ak@&taBershady 1996) using the
software packagédrpack 2.01 (Boggs et al. 1987) following Zhang et al. (2008). This metho
uses linear regression and accounts for the errors on bobles which can be fferent for
each observation and each data point. The sjop&s fixed with well-established values from
large samples (Zhang et al. 2006, 2008, 2010) because @ igt@liable to fit the slope with four
clusters only. We used the four clusters to determine thmaligsationY.

To check the dependence of scaling relations on the evolaticcosmological parameters
due to LSS growth, the redshift evolution correction (E46) following Zhang et al. (2008) was
applied as follows:M - E(2) andL - E(2~. With this correction, the clusters are assumed to be
self-similar.

Slopes and normalisations of the scaling relations inalgity, My, and My, are listed and
compared to the literature in Table 8.1. Scaling relatioesvben the observables temperature,
metallicity and luminosity are presented in Table 8.2. &ele scaling relations are plotted in the
figures in the subsequent sections. The scaling relatiohd&icompared to previous analyses
and to simulations as far as they assumetiGDM-cosmology. For our cluster redshiftg(z)
using the redshifts of our sampleflidirs by less than 2% between our cosmology @nd= 0.3
andQ, = 0.7 (Markevitch et al. 1998; Ettori et al. 2004; Kotov & Vikhim2005; Maughan et al.
2006; Balestra et al. 2007; Borgani et al. 2004; Vikhlinirekt2009a; Zhang et al. 2006, 2008,
2010; Fabjan et al. 2011) and by less than 6% assuf?ijpg= 0.2 andQ, = 0.8 (Evrard et al.
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1996; Ikebe et al. 2002). The scaling relations from thiskweill also be compared to each other
with respect taVly, My, and Mc.

8.1 X-ray hydrostatic versus weak lensing masses

8.1.1 M,, from the best fit model

The comparison of weak lensing and X-ray hydrostatic mapsegides an important test of
the systematics in both methods. The mass ratios are pliottEdy. 8.1. To be consistent with
the mass-observable scaling relations, the redshift 8ealeorrection was also applied for the
comparison of weak lensing and X-ray hydrostatic massescoiigaredM,, and My at rspgx
from Table 7.3. We did not compare X-ray hydrostatic and wieslsing masses atoqw for
the following reasons: (1) Extrapolating the X-ray masdifgado rsopgw may cause uncertainties
in mass because X-ray hydrostatic masses are only reliaibl® osoqx. (2) Only one cluster,
MS0451.6-0305, hasgogg within the field-of-view of the HST-mosaic data. For MS21372353,
ropo Was fitted to the border of the field-of-view and for the two gess CL0015.91609 and
MS1008.1-1224, 590 was fitted well beyond the field-of-view. In additioozgg cannot be well
determined in weak lensing.

With the slope fixed ay = 1.0, the X-ray masses are 18% lower than the weak lensing
masses. The huge error bars on the weak lensing masses diisterg have two reasons which
were also discussed in Sect. 6.3: First, these clusters armging clusters (CL0015:609 and
MS1008.11224) and as a consequence their tangential shear profilgtustgbd. Second, these
clusters haveogg well outside the field-of-view.

this work

Zhang et al. 2008 -+ == == -

Zhang et al. 2010, all ===-
Zhang et al. 2010, relaxed -------
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Figure 8.1: Hydrostatic mass@8x versus weak lensing masskk, at rspox for our sample and the samples from
Zhang et al. (2008) and Zhang et al. (2010). To be consistéhttlae mass-observable scaling relatioB&) was also
applied for the comparison of weak lensing and X-ray hy@tismasses.
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Table 8.1: Parameters of the X-ray scaling relations fanéitthe power lawy = YyX” including total cluster masses
My, Mw and My.. To compare our results to the literature, we transformedsoaling relations to the notation of
Zhang et al. (2006, 2008, 2010). The results of By — My relation are compared to the total sample of Zhang et al.
(2010) and to their sub-samples consisting only of relaxetidisturbed clustersA¢,/Ac0)*°® is the density contrast
of a virialised halo with respect to the critical density lvihe analytical approximatiofy,, derived from the spherical
collapse model for a flat universe (Bryan & Norman 1998). Tihleraviations for the literature are: E04 for Ettori et al.
(2004), z06 for Zhang et al. (2006), BO7 for Balestra et a0@), Z08 for Zhang et al. (2008), VV09a for Vikhlinin
et al. (2009a) and Z10 for Zhang et al. (2010).

X Y Y vy Sample
Bl E(2) Y E@ 0.819+0.065 1.0 this work
(o} ©
Mue E(z) Y E(2) 1119+ 0155 1.0 this work
Mo Mo
0.781+0.096 1.0 Z08
0.91+0.06 1.0 Z10, relaxed
.06+ 0. . , disturbe
1.06+0.12 1.0 Z10, disturbed
0.990+0.070 1.0 710, all
—10'2;23500 M—z E@2) 101347006 15 this work
—2os0 = E@ 1013482006 1.59 this work
T M +0.
_krTxv W EQ@ 101357002 1.5 E04
0.1;23500 m_é (Ac,z/Ac,O)o‘5 E(2 1(1380<0.04 1.5 Z06
Toz 051500 M E() 101355002 1 499 08
To2 0350 W= E@ 10¢342:022 1.654+0.256 208,y fitted
To1s-0oggg M E() 10133002 15 V09a
—10'2;23500 ’\I\A/I_Vél E(2) 101337:015 1.5 this work
222 S W E(2) 1013372014 1.59 this work
:0 2;2\5;500 MM_V\éI)c E@2) 101347:017 15 this work
% T £(2) 101349:0.18 1.59 this work
02-05r509 Mwi E@2) 101357+005 1.59 708
keV Mo .
Toz 051500 Mu () 10125004 159 708,
= E@ W E(2)™* 1025112018 1.3 this work
”\\/l/l_; (Ac,z/Ac,o)O'S E@2 Lo.yz.ztmg%i'soo—zo,) (AC’Z/AC,O)—O.S E(Z)’l 1(P5.00:0.06 1.3 706
W E@ 2002 _Te00) E(z)-1 1(07588:0.13 1.3 this work
VEE@) Lal02 500 E(z)L 101823:016 1.814 this work
W E® Loallson) (7)1 107538002 1.33 E04
WEE@ Lb'r—(}w) E(2)? 101705:063 1.88+0.42 E04,y fitted
(01150020 - _
01— (Acz/Aco)’ E(2) % (Acz/Aco) *PE@D) 1053006 1.3 06
M_; E(Z) bol( érg;/é I500) E(Z)—l 1018.031005 1.814 708
W E@) £al0Z 25500 E (7)1 1010461039 2.325+0.701  Z08,y fitted
war E@ ~os2piel7 o0 E(7) ! 10p508:0.17 1.3 this work
'\’\/lll_\g E(Z) L0.172.4k2\r/£({05-'2—1f500) E(Z)_l 10p514=021 1.3 this work
% E(Z) Lo‘l-z‘Akg\r/g/Os-Zflfsoo) E(Z)fl 1(0P524:023 1.3 this work
Bl E(2) 02 Y500 (7)1 1(?563:016 1.3 this work
M () 62 Trs) g2 1071612022 1.572 this work
: .
“{A—ﬁ' E@2 L6 1z E@) 1018042028 1.814 this work
(] erg/s .
MM—“({;C E@?) LoolO2 T500) (7)1 17581025 1.3 this work
s E(2) Loa02- 1500 (7)1 1(PL772029 1.572 this work
Tl E(2) Leal0 Tl (7)1 101818:032 1.814 this work
’\’\/lll_\g E(2) LbOI(Oézr_zéerOO) E(Z)_l 1(PL59:0.05 1572 ZOS,V;&’)X
Ml E(2) Lo5-20kev(02-1rs00) ()1 102503:021 1.3 this work
Mo erg/s :
Muc Lo5-2,0kev(0-2-1r500) . ,13+£0.23 H
Nue £(2) Los20ieB2 100 (7)1 1075130 1.3 this work
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We compared our results to Zhang et al. (2008) and Zhang @l0). Zhang et al. (2008)
obtained theirM,, — My relation from 19 galaxy clusters of the LoCuSS-sample. Fhisple
consists of more than 100 low-redshift clusterd40< z < 0.3) selected from thROSATAIl Sky
Survey withLg1-24kev = 2 X 10*ergs®. The X-ray masses were obtained frofiM-Newton
data and the weak lensing masses were derived from CFHTbgd@ardeau et al. (2005, 2007).
Fory = 1, Zhang et al. (2008) found that the weak lensing massesyatensatically higher by
28 + 14% than the X-ray masses. They concluded that the ratiotbfipass estimates is biased
by the huge errors oM, for some clusters because the mass errors for each clustereaghted
individually. Our normalisation is 5% higher than, but cistent with theirs.

Zhang et al. (2010) calibrated tiv,; — Mx relation for 12 LoCuSS clusters observed with
XMM-Newtonand SUBARU. For a more detailed mass comparison, the samgsdalivided into
sub-samples with seven disturbed and five undisturbedectisfhang et al. (2010) assumed that
the X-ray masses for their disturbed sub-sample are 6% hitlaa their weak lensing masses
because of adiabatic compression and shock-heating thatoreestimate X-ray hydrostatic
masses. Our normalisation is 10% lower, but consistent thithnormalisation of their relaxed
sub-sample. It is not consistent with the normalisationheiirt disturbed sub-sample and their
total sample which are 23% and 17% higher than ours.

8.1.2 M, from Mc

The huge errors on the weak lensing masses of the mergingrdusay bias the derived weak
lensing to X-ray mass ratio because our fitting method adsdion the errors on both mass esti-
mates individually for each cluster. This bias can be cheéekiéh either simulations or using weak
lensing masses with smaller errors. The mass estinMgsrom the one-parameter NFW-model
with fixed concentration, for instance, provide a good ciadssck because for a fixed concentra-
tion the weak lensing mass-profile is more accurate and tloeseon weak lensing masses are
significantly smaller (Tables A.1-A.5). However, our weakding masses from thdc-model
can only serve to check the bias induced by huge error bamubedor disturbed clusters this
model underpredicts the cluster mass and does not provitkfge to the tangential shear profile
of such clusters (Sects. 6.2.1 and 6.3).

The Mpc — My relation is plotted in Fig. 8.2. The normalisatiomi37% higher than that of
the My — Mx relation. Our results agree best with the disturbed sulpkaot Zhang et al. (2010)
which has~ 6% lower normalisation than ours. Due to the large error ofrmumalisation, the
Mmc — Mx relation is also consistent with their total sample, butewisistent with their relaxed
sub-sample and Zhang et al. (2008).

The significant dierence to theM,-My relation may be due to: Thielc-model poorly fits
our mergers CL0O015:01609 and MS1008-11224. Furthermore, MS045%16305 is not fitted
well by that mass model as well. Only for MS21372853, theMc-model fits the tangential
shear profile best. Thud/x is ~ 12% higher tharMyc atrsogx. That theMc-model poorly fits
three of our clusters is also reflected in the error on nosattin which is~ 2 times larger than
that of theM,,; — Mx relation.

8.2 X-ray hydrostatic and weak lensing masses versus tempaure

The slope for theM — Tx relations was fixed gt = 1.5 according to Sect. 3.2.2 which is convenient
to compare to the REFLEX-DXL sample at~ 0.3 (Zhang et al. 2006). For thel,, — Tx and
Mmc — Tx relations we also fixed the slopeqyat= 1.59 to compare our results with Zhang et al.
(2008).
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Figure 8.2: Hydrostatic massédyx versus weak lensing masskhy. atrsgox for our sample and the samples from
Zhang et al. (2008) and Zhang et al. (2010). To be consist&htthie mass-observable scaling relatioB&) was also
applied for the comparison of weak lensing and X-ray hy@tistasses.

8.2.1 My versusTy

We compared our results to Ettori et al. (2004), Zhang et24l0¢), Zhang et al. (2008) and
Vikhlinin et al. (2009a). TheMyx — Tx relation is plotted in the upper panel of Fig. 8.3.

Ettori et al. (2004) used a sample of 28 clusters.4tz < 1.3 with luminosities between
10*erg/s < Ly < 1.2 x 10" ergs?. The sample was observed witthandrato study the evo-
lution of scaling relations. The emission-weighted terapges (3- 11 keV) were determined
from spectra in the 8 — 8.0keV energy band assuming a “mekal’-model. The radius withi
which the temperatures were determined was chosen indildtor each cluster to optimise
the signal-to-noise ratio in the®- 5.0 keV energy band because this energy band consists of
most of the &ective area ofChandra The masses withinsgg were derived from the hydrostatic
equation (Eq. 3.14) assuming an isothermal temperature.thEoredshift evolution correction
E(2 andAc; = 1872 + 82Qmz — 1) — 39@Qmz — 1)? were applied toMy. The latter is the an-
alytic approximation derived from the spherical collapsedel (Sect. 1.3.2) for a flat universe
andQn; is the matter density at redsh#t This factor accounts for the fact that their masses and
observables were obtained for an overdenaifywhich is 500 times the critical density at the
cluster redshiftz. Ettori et al. (2004) obtainetyx /My = 101321+003(T, /keV)1-98+0.03 With free
slope andMx /M = 101357002(T, /keV)-> with fixed slope. The temperatures were originally
normalised to 6 keV but we transformed the scaling relattonsur notation in Table 8.1. Our
mass-temperature relation fpr= 1.5 is 21% lower than theirs.

The REFLEX-DXL was constructed by Zhang et al. (2006). Itrnsuabiased, flux-limited
and almost volume-complete sample consisting of 13 X-rawidous clustersl{oi1 24kev =
5.9 x 10*ergs?) observed withXMM-Newton The clusters are a ~ 0.3 which is at the
lower redshift-end of our sample. Zhang et al. (2006) deiteeththe global temperatures within
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0.1 — 0.5r500 because the temperature profiles of their clusters showsieilfarity in this range.
BesidesE(2), these authors used(/Ac0)%° for the redshift evolution correction dfly to com-
pare their results with Ettori et al. (2004). We assume thanormalisation is not consistent with
theirs because they excluded a smaller core region and mmmgz/AQO)Q?

Zhang et al. (2008) determined global temperatures witl#ir 0.5rs59¢ and accounted for the
redshift evolution oMy only with E(2) which we adopted. Thus, our normalisation for the fixed
slopey = 1.5 agrees better with theirs for= 1.499 than with the normalisation of their previous
work (Zhang et al. 2006). The normalisation for ddx — Tx relation with slope fixed at = 1.59
is 13% higher than their normalisation of tNg — Tx relation with fitted slope = 1.654+ 0.256.

We also compared ouvly — Ty relation to that of the low-redshift sub-sample of relaxed
Chandraclusters from Vikhlinin et al. (2009a). This sub-sampl@&sists of 49 flux-limited clus-
ters (fos_20kev > 1.3 x 10 ergstcm2) from the 400 Square Degree ROSAT PSPC Galaxy
Cluster Survey (Burenin et al. 2007) with a mean redshift €f0.15. For theMy — Ty relation,
only 19 clusters from this survey were used because thoselased. The global temperatures
were determined within.@5 — 0.5r509 because their temperature profiles appear self-similar in
that range. The temperatures were normalised to 5keV shisdst approximately the median
temperature of the sample. A redshift evolution correck¢r) was applied taVlx. With the slope
fixed aty = 1.5, our normalisation is 17% higher than, but consistent wi#irs. Vikhlinin et al.
(2009a) extrapolated thigly — Ty relation of their low-redshift sample to clusters at higheul-
shifts using simulations of Nagai et al. (2007). Therebgythccounted for an increasing fraction
of merging clusters towards higher redshifts. These sitinms indicated a systematidfeet in
the normalisations oMy — Tx for relaxed and disturbed clusters because merging ctubtre
lower temperatures than relaxed clusters of the same madginin et al. (2009a) concluded that
the normalisations oMy — Ty relations difers by 7% for clusters a = 0 andz ~ 0.6. Our
normalisation is 17% higher but consistent with theirs.

8.2.2 M,, from the best fit model versusTy

To compare thévlx — Tx relation to theMy, — Tx relation, the slope for the latter was fixed at
v = 1.5. We show the scaling relation in the middle panel of Fig. &8r normalisation of the
Mw — Tx relation is 21% lower, but consistent with that of thk — Tx relation. The errors on
the normalisation are 2 times larger compared to usimdy.

To compare our results to Zhang et al. (2008) the slope wasfialsd toy = 1.59. Zhang
et al. (2008) used fixed slopes fiagpo and forr;%bx, where the superscriptyy, X" states that this
overdensity radius was derived from the— Yx relation becaus¥x = MgasT'x provides a good
mass proxy as found in simulations (Nagai et al. 2007). Ztetral. (2008) used this alternative
radial scale because some merging clusters in their saropkisting of 37 LoCuSS clusters in
total show significant fiset from the best fit scaling relations. Our normalisatioB7%6 higher
than that of Zhang et al. (2008) fospo and 31% lower than their normalisation @gbx.

8.2.3 My versusTy

The My — Tx relation is plotted in the lower panel of Fig. 8.3. The norisetion is consistent
with that of theMy — Tx relation and with that of thél,,; — Tx relation although it is 21% higher
than the latter. The errors on the normalisation are slidatfer than that of thif,,; — Ty relation
which may be because tiMc-model provides a poor fit to most of our clusters.
Our normalisation is consistent with those of Zhang et @lO&) forrsgg andr X

sop Which are
17% and 9% lower than our normalisation, respectively.
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Figure 8.3: X-ray hydrostatic massb (upper) and weak lensing masses from the best fit mddgl (middle and
from the Mc-model, My, (lower) versus the global temperatufg. All three scaling relations are compared to Zhang
et al. (2008) and th&ly — Tx relation is also compared to Ettori et al. (2004) and Vikinliet al. (2009a).
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8.3 X-ray hydrostatic and weak lensing masses versus lumisiy

We calibratedMy — Lx-relations for the luminosities in the soft bandys_2okev, the ROSAT
bandLg 1 24kev @and the bolometric luminosity,.,o With X-ray hydrostatic massedly, weak
lensing masses from the best-fit model and fromMwemodel, My, and My, respectively. For
all relations, the slope was fixedat= 1.3 which is convenient to compare to Zhang et al. (2006)
and close to the self-similar predictign= 1.33 (Sect. 3.2.2). To compare our results to Zhang
et al. (2008), the slope for thiglx — Ly relation was also fixed gt = 1.814 and the slopes of
the My — Lpor @and theMyc — Ly relations were fixed ay = 1.572. Zhang et al. (2008) used
y = 1.814 to check the self-consistency of thbli — Lugj relation Cpo oc T>729, My oc TE499 =

Lpol & M%81%) andy = 1.572 was used to compare their results to Borgani et al. (2004)

All mass-luminosity relations can have large scatter beedlie luminosity is not necessarily
correlated with mass or dynamical statg. can easily befdected by merging but also by cooling
cores wherefore it can be used to probe the evolution of co@sc Thus, to calculate global
luminosities, the core region is often excluded in the ditere.

8.3.1 My versus luminosity

We compared ouMy — Lg1 24kev relation to Zhang et al. (2006). Thdy — Ly relation was
compared to Ettori et al. (2004), Zhang et al. (2006) and ghetnal. (2008). OutMy — Lpgl
relations fory = 1.3 andy = 1.814 are plotted and compared to the literature Fig. 8.4.

Ettori et al. (2004) measured the luminosities of their semyithin rsqg. For a fitted slope,
they obtainedLyg(ergts) = 10-05063( My /M)188+042 and for a fixed slope they obtained
Looi(ergts) = 107538003(My /M)133. The results are already rescaled to our notation. Our
normalisations withy = 1.814 andy = 1.3 are not consistent with theirs for= 1.88+ 0.42 and
v = 1.3, respectively which may be due to that they normalised gwziling relation using,, i.e.
LoolE@) ™ o A7 IMXE@)] 3.

Zhang et al. (2006) applied\{,/A¢0)*° E(2) to Mx and Acz/Ac0) ®°E(2) ™ to Lo1 24kev
and Lpo. Lo1-24kev and Lpo were calculated withim = 20" and to account for cool core the
r < 0.1rsgg-region was excluded. Our normalisation of Mg — Lo 124 kev relation withy = 1.3
is 22% higher than, but consistent with theirs and our nasatbn of theMy — Ly relation with
v = 1.3 is not consistent with theirs. We assume that this is dug€itpOur luminosities were
determined within @ — 1rsqg instead of Qlrsog — 20" which gives lower luminosities. (2) Zhang
et al. (2006) usedA(;/Ac0)*%® in addition to account for evolutionfiects.

To calculate the bolometric luminosity, Zhang et al. (2008¢d the @ — 2.5r50¢ range to
account for cool cores. Luminosities and masses were fiedshiected withE(2)~! andE(2), re-
spectively. With our slope fixed at= 1.814, our normalisation is 37% higher than, but consistent
with theirs. We do not compare our normalisation¥ot 1.814 to the normalisation of their fitted
slopey = 2.325+ 0.701 because the slopes are tofiedent.

8.3.2 M, from the best fit model versus luminosity

The normalisations of thil,, — Lx relations withy = 1.3 are consistent with those of tivy — Lx
relations, except fokyg. Figure 8.4 shows that our scaling relation with slope 1.814 fits the
data better than that with slope= 1.3 which is close to the self-similar prediction= 1.33.
Comparing oumM,, — Lo relation to ourMy — Ly relation withy = 1.814, the former is 35%
higher than, but consistent with the latter.

Our normalisation of thévl,, — Lpg relation is 37% higher than, but consistent with Zhang

et al. (2008) for X andy = 1.814.
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Figure 8.4:Mx — Ly relations fory = 1.3 andy = 1.814 compared to Zhang et al. (2006) and Zhang et al. (2008).

8.3.3 My versus luminosity

We compared our normalisations of th,c — Lx relations to the mass-luminosity relations with
My and My to check the ffect of the errors on mass. Théyc — Lo relation is also compared
to Zhang et al. (2008).

The normalisations of th&ly. — Lx relations agree with those of thdyx — Ly relations.
The errors on normalisation do not change much between b4jp@and My, although they are
slightly larger for the latter which may be due to tig,. poorly fits the tangential shear profiles
three out of four clusters.

With the slope fixed ay = 1.572, our normalisation is 5% higher than, but consistent wit
that of Zhang et al. (2008) far/s>".

8.4 Luminosity versus temperature

The luminosity-temperature relatidty — Tx has been extensively studied for cluster samples at
low and intermediate redshifts (e.g. Markevitch et al. 199 aud & Evrard 1999; lkebe et al.
2002; Zhang et al. 2006; Chen et al. 2007; Zhang et al. 2008).

At higher redshifts (@ < z < 1.3), this relation was investigated by e.g. Ettori et al. @00
Kotov & Vikhlinin (2005) and Maughan et al. (2006). Kotov & kfilinin (2005) found an evolu-
tion in the bolometric luminositype ase (1 + 2)1803 with XMM-Newtondata. Although this
result is consistent with previous observations usihgndradata (e.g. Vikhlinin et al. 2002) and
former XMM-Newtonstudies (e.g. Lumb et al. 2004) it disagrees with Ettori ef2004).

In the literature, cool cores are often excluded (e.g. Mat&le 1998; Kotov & Vikhlinin
2005; Zhang 2001; Zhang et al. 2006, 2008) because the lgityns sensitive to cool cores.
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Thus, the scatter of thiex — Ty can be reduced by excluding cool cores which also reduces its

normalisation.

The Ly — Tx relation is plotted and compared with the literature in Rich. Slopes and
normalisations of alLx — Tx relations are listed and compared in Table 8.2.

Table 8.2: Parameters of the X-ray scaling relations ndtiding total cluster masses for fitting the power law=
YoX?. To compare our results to the literature, we transformeadsoaling relations to the notation of Zhang et al.
(2006, 2008, 2010).A;./Ac0)=*® is the density contrast of a virialised halo with respech®dritical density with the
analytical approximatior\., derived from the spherical collapse model for a flat univéBryan & Norman 1998).
The abbreviations for the literature are: M98 for Markelvitt al. (1998), AE99 for Arnaud & Evrard (1999), 102 for
Ikebe et al. (2002), M06 for Maughan et al. (2006), Z06 for Zdpat al. (2006), BO7 for Balestra et al. (2007), 208 for
Zhang et al. (2008), V09a for Vikhlinin et al. (2009a), Z10 #hang et al. (2010) and Z11 for Zhang et al. (2011a).

X Y Y y Sample
T0-2;0-5f500 Lo1-24kev(0.2-1r500) E(Z)’l 1(f217:0.08 26 this work
eV erg/s .
T0-2;0-5f500 Loa-24kev(0.2-1r500) E(Z)’l 10/236:008 2.219 this work
eV erg/s :
Doctonimee  Loiaeu(005 100" Mpo 100252012 210+ 0.12 MO8, y fitted
eV erg/s : - !
% oLzt 10%214 2.5 102
T0-1;0-5f500 Lo1-24kev(0.1r500-20) (Acs/Ac O)—O.S E(Z)’l 1(f237:0.06 26 706
eV erg/s > 3 .
T0‘2;0‘5f500 Loa-24kev(0.2-2.51500) E(Z)’l 10/267+003 2.219 708
eV erg/s :
T0‘2;0‘5f500 Loa-24kev(0.2-251500) E(Z)_l 10/275:028 2127+ 0.323 208,y fitted
eV erg/s : - !
T0-2;0-5f500 Lbol(0.2-1r500) E(2)! 1(f244:0.05 2.98 this work
eV erg/s .
T0-2;0-5f500 Lbo1(0.2-1rs00) E(Z)’l 1(f268:0.05 2.719 this work
eV erg/s .
Tos-10n1 Mpc Lpol(0.05-1.0h~1 Mpc) 1042441027 264+027 M98 y fitted
keV erg/s : - !
= S 10%282:014 288+ 0.05 AE99,y fitted
Trzoo Loal(rz00 10/255:012 2784055 MO8, y fitted
eV erg/s : - !
T0<1;0<5f500 Lbol(0.1r500-20) (Aos/Aco) PP E@) ! 1(/238:006 298 706
eV erg/s > g .
To2-05r509 LboI(0.2-2.5r500) E(Z)—l 1(0//265:003 2.719 708
keV erg/s .
Toz 051500 HalC2 2550 E(p)-1 100274027 2614+ 0319  Z08,y fitted
T02:15f500 Los-20kev(0.2-1r500) E(Z)’l 1(f208:0.07 26 this work
eV erg/s )
To2-05r509 Z02-051500 107020200043 _() 304 this work
keV Zs :
Tozosrg  Zoz0ugy 10703220061 _(0324+ 0098  Z11,y fitted
To1s-03 z 0.056
TSOO 7 10 -0.47 BO7

8.4.1 Ly — Tx relations for ROSAT and ASCA

Early Lx — Tx relations were investigated wiROSATF andASCAobservations. Sinc&SCAhad
low spatial resolution~+ 3'), it was used for temperature measurements in the studgesiloed
below. The luminosity, however, was determined frRBQASATFdata.
Markevitch (1998) calibratetly — Tx relations forLg1-24kev and Lyo for a sample of 32
Abell clusters selected from tHROSATAIl Sky Survey (RASS) Abell cluster list (Ebeling et al.
1996) plus three non-Abell clusters. The sample is locat€ri0d < z < 0.09 and has fluxes of
fo1nakev > 2% 10 ergstcm 2. The flux was measured withinht! Mpc whereby the inner-
most 50! kpc were excluded to account for cooling flows which redubesstatter in they —Tx

relations. For this reason, flux and luminosity were mukigplby a factor of 1.06 to account for
the flux inside that region. The emission-weighted coofiogr excluding ASCAtemperatures
were determined in apertures of§@- 1) h~! Mpc depending on the observational details because
the cluster emission is dominated by bright central regidhiter transforming the luminosities

to our notation, Markevitch (1998) obtainéd 1 »4wev(ergts) = 10%252012(T, /keV)210:024
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andLpo(ergt s) = 10°2440.26(T /keV)>840-27 Our normalisation of th&y,e — Ty relation with
v = 2.719 is 42% higher, but consistent with theirs and our nosaéitin for thelLg 1 2 4kev — Tx
relation fory = 2.219 is 34% lower, but also consistent with theirs.

Arnaud & Evrard (1999) calibrated by, — Tx relation for 24 clusters selected for sta-
tistically accurate temperature measurements with weakngpflows M < 100M, yr1) and
temperatures above 2 keV. The clusters are at@l < z < 0.37. Temperature and lumi-
nosity of 18 of the clusters were measured with @iegasatellite. The temperatures for the
other clusters were obtained wWikCSA Einsteinand EXOSATand the luminosities arise from
ROSAT Arnaud & Evrard (1999) found that the bolometric lumin@sitmeasured witlinga
andROSATagree well. The scaling relation between both observabligrit with Ly (erg s) =
10%2820.14 . (T, /keV)?>88015 \whereby we have transformed their scaling relation to odano
tion. Our normalisation using = 2.98 is not consistent with theirs and our normalisation using
v = 2.719 is 28% lower than, but consistent with theirs.

Ikebe et al. (2002) calibrated tHe) 1 24kev — Tx relation for a flux-limited samplef( >
2.0 x 10 erg st cm?) of 88 low-redshift clustersz(< 0.2) usingASCA and ROSAT obser-
vations covering a temperature range @f-1 11 keV. Luminosities were determined wiRDSAT
PSPC observations (Reiprich & Bohringer 2002). The teaupees were determined using a
two-temperature model which assumes an isothermal plasrtigicluster region with a cooler
isothermal gas component in the central region. For a flaense withQ,, = 0.2 andQ, = 0.8,
Ikebe et al. (2002) obtaineh 1_» 4kev(ergts) = 10*24(Ty /keV)?® after correcting the relation
with respect to less luminous clusters. Our normalisat@mrtHis relation with the slope fixed at
v = 2.6 is not consistent with theirs. Sin&d2) differs by less than 6% between their cosmol-
ogy and ourACDM-model, we assume that this disagreement is due to fferelt temperature
models.

Chen et al. (2007) investigated thg1 2 4kev — Tx relation for the flux-limited HIFLUGCS
sample fo1-24kev > 2x 10 erg s cm2) consisting of 106 clusters< 0.1 observed witiASCA
andROSAT The luminosities in th&ROSATband were derived from Ikebe et al. (2002). For the
temperature, Chen et al. (2007) used two definitions: (1ethession weighted temperatufg,
from a single temperature fit to the global spectrum (Maticbvet al. 1998; Reiprich 2001); (2)
the hotter bulk componerit, of a two temperature model (lkebe et al. 2002), was only used
without cooling flow correction because for some clusfigsavas measured including the cooling
flow region. The slopes for thieg 12 4kev — Tx relation withT,, and Ty, are with 223+ 0.15 and
2.73+ 0.13 higher than the self-similar prediction 1.5 which is, leeer, consistent with Reiprich
& Bohringer (2002). Chen et al. (2007) assumed that theestdghelp1-24kev — Tm relation is
smaller than that of thkeg 12 4kev— Th relation becausé, has an éset towards low temperatures
and because fewer low-luminosity clusters were includatiéng1 o 4kev — T relation. We did
not compare our results with their study because they assamézinstein-de Sitter cosmology
which is too diferent from our cosmology. Comparing both cosmologies fartogh-redshift
clusters, thée(2) differs by~ 32%.

8.4.2 Ly — Tx relations for XMM-Newton and Chandra

Temperature-luminosity relations based on high-resmuithstruments were performed with data
from XMM-NewtonandChandra Those studies also include the higher redshift range<® <
13.

Ettori et al. (2004) obtainetlpy(erg ! s) = 10*120014Ty /keV)3 72047 for a free slope and
Looi(ergls) = 10%344002(T, /keV)2 for a fixed slope using the linear regression algorithm
BCES (Akritas & Bershady 1996). Both scaling relations dreaaly transformed to our notation.
We did not compare their results with ours because the skget®o diferent from our sample.
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Lumb et al. (2004) calibrated thg,o) — Tx relation for a sample of eight clusters selected
from the SHARC and 160 Square Degree (160RD)SATsurveys at 15 < z < 0.62 (Romer
et al. 2000; Burke et al. 2003) witkMM-Newton The temperatures were obtained within a ra-
dius that varies between 9@nd 14% among the clusters using a “mekal’-model plus a model
for interstellar absorption. Following Markevitch et al908), cool cores were excised by ex-
cluding the innermost L’fqé kpc. Bolometric luminosities were obtained wiXSPEC within the
virial radiusry; using theTy — ry;; relation from Evrard et al. (1996). The best fit “mekal’-mbde
was used to determine the bolometric luminosity which iehdafined as the luminosity in the
0 — 20keV band. After rescaling to our notation, Lumb et al. @06btainedLyo(ergts) =
107310003570 (T, /keV)2 704 assuming an Einstein-de Sitter cosmology witk 0.5 and using
the bisector method for linear regression (Akritas & Bedsh#996). Lumb et al. (2004) compared
their scaling relation to that of Markevitch et al. (1998daund an evolutionaryfiect such that
clusters having the same temperature were more luminougipdst. We did not compare our
results to their study because their cosmology is téi@idint from ours.

Kotov & Vikhlinin (2005) investigated the.p, — Tx relation from a sample of 1BMM-
Newtonclusters at @ < z < 0.7 with temperatures of.2 — 9 keV. Temperatures were fitted in the
0.5 - 10keV energy band within 70kpe r < rsgg using a “mekal’-model and renormalised by
+8% to account for the cross-calibration@handraandXMM-Newton Luminosities were calcu-
lated within 70—~ 1400 kpc using the emission weighted temperaliyg,. The innermost 70 kpc
were excluded to reduce the scatter from cool cores. Toraddibhel o — Tx relation, the best fit
temperature from the spectral fitting was used for clustétsiwegular morphology antix ew Was
used for the others. Kotov & Vikhlinin (2005) fourlthy(erg™s) oc (1 + 2)1803(Ty eu/keV)?64
using the bisector method of Akritas & Bershady (1996) mediuch that it accounts for mea-
surement errors and intrinsic scatter. Compared to theréashift sample of Markevitch et al.
(1998), Kotov & Vikhlinin (2005) found an evolution with retift.

Maughan et al. (2006) used 11 high-redshift cluster§ €z < 1.0) from the Wide Angle
ROSATPointed Survey (WARPS, e.g Scharf et al. 1997; Periman &082) to investigate the
evolution of scaling relations with redshift. The clustarere observed wittKMM-Newtonand
Chandra Originally, the sample was flux limitedds_2gkev > 6.4 x 102 erg st cm?). but two
XMM-Newtonclusters were excised because of high background. Therapeghtch were used
to determine the temperature were drawn from within a radjusside which cluster emission
could be detected at least at the-evel, and fitted to a “mekal’-model in thed- 7.0 keV band.
To calibrate the scaling relations, the bolometric lumities measured withing were rescaled to
r200 and redshift weighted withpoE(2)~(Acz/Ac0) 2. In our notation, Maughan et al. (2006)
obtainedLpg(ergts) = 10%25%012(Ty /keV)?>"055 Thus, our normalisation foy = 2.98 is
22% lower, but consistent with theirs. Our normalisation fo= 2.719 is 26% higher than,
but consistent with theirs. Maughan et al. (2006) found t@wtion in the scaling relation is
consistent with self-similar predictions.

Zhang et al. (2006) calibratdd) 1 2 4kev — Tx andLpo — Tx relations for the REFLEX-DXL
sample (see Sects. 8.2.1 and 8.3.1 for sample charad®i@std details of their analysis). Using
a fixed slope, they obtainely1_24wev(ergts) = 10%237006(T, /keV)26 and Lpg(erg?ts) =
10#2380.06(T, /keV)?>98, Our normalisation for th&g 1_»4kev — Tx relation is not consistent with
theirs and our normalisation for tHg,q — Tx relation is 13% higher, but consistent with theirs
using the same slopes. Zhang et al. (2006) reduced thersicattee Ly — Tx relations by 10%
excluding cool cores. Thelr,o — Tx relation also agrees with Markevitch et al. (1998), Arnaud
& Evrard (1999), Reiprich & Bohringer (2002) and Kotov & Viknin (2005) after applying their
alternative redshift evolution (& 2)*8, i.e. Lyoi(erg? s) oc (1 + 2)18(Tx /keV)>%,

Zhang et al. (2008) calibratddh 1 2 4kev— Tx andLpg — Tx relations for the LoCuSS-sample
(see Sects. 8.2.1 and 8.3.1 for sample characteristicsedailiscbf their analysis). The fixed slope
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Figure 8.5:Ly versus global temperatur@g. Our luminosities and temperatures are determined wittr-rsgg
and 02 — 0.5rsq0, respectively. The results from this work are compared toadghan et al. (2006), Zhang et al. (2006)
and Zhang et al. (2008).

of their Lo — Tx relation is with 2614 + 0.319 higher than the self-similar predictidry o« T)%
(Sect. 3.2.2). Their normalisation agrees with Markevitial. (1998), Arnaud & Evrard (1999)
and Chen et al. (2007). The normalisation of kg _» 4kev— Tx relation further agrees with lkebe
et al. (2002). Zhang et al. (2008) found that the evolutioth@ir scaling relation is consistent with
LSS growth predictions and that theférence between the normalisation of the— Tx relations
using ROSAJASCAand XMM-NewtopChandrais marginal. With our slope fixed at = 2.219,
our normalisation of th&g1 24kev — Tx relation is not consistent with theirs for= 2.219 and
vy = 2127+ 0.323. Our normalisation of thepg — Ty relation fory = 2.719 is 7% higher than,
but consistent with theirs for the same slope and 13% lowam,tbut also consistent with their
normalisation fory = 2.614+ 0.319.

8.5 Temperature versus metallicity

The Ty — Z relation checks if line emission boosts the X-ray luminpsit flux-limited samples
because low-mass systems with high metallicity might béuded in such samples since their
luminosity is boosted due to the high metallicity. Our slopes fixed toy = 0.324 which is
convenient to compare to Zhang et al. (2011a) who fitted thiser We compared our results to
Balestra et al. (2007) and Zhang et al. (2011a) in the lowdrgid@able 8.2 and in Fig. 8.6.
Balestra et al. (2007) used a sample of3@&ndraclusters at B < z < 1.3 with temperatures
in the 3— 15keV range. Their emission-weighted metallicities amdgeratures were determined
within 0.15- 0.3ry;; with r;, from Evrard et al. (1996) assuming a “mekal’-model. Bakestral.
(2007) found that the metallicity decreases towards higeeshifts withoc (1 + 2~-2° and that
low-temperature clusters have higher metallicities thandtusters at all redshifts. Odr — Z
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relation is not consistent with this study which may be duthtd Balestra et al. (2007) used the
emission weighted metallicities.

Zhang et al. (2011a) calibrated tfig — Z relation for 62 HIFLUGCS-clusters observed with
XMM-Newton They found that for their flux-limited HIFLUGCS-samplewiemass clusters are
included because their high metallicity increases the masity by line emission. Subsequently,
this dfects the scaling relations at the low-mass end with respettiet mass dependence of the
slope. We found a similar trend although the massive clid&t008.11224 disturbs the relation
because of its high metallicity. Our normalisation is 24%éo than, but consistent with Zhang
et al. (2011a) who obtainedy = 10703230061 ysing the bisector method (Akritas & Bershady
1996).

T L

this work
Zhang 2011 et al. bisector ===-=---
Ir Balestra et al. 2007 ===:= .

Z[z.]

01r -

T0.2-0.5r5,, [K€V]

Figure 8.6: Global temperatur@s versus metallicitieZ in solar units for our sample and the samples of Balestra et al
(2007) and Zhang et al. (2011a).

8.6 Comparison with simulations

Hydrodynamic simulations have been used to investigatayXhydrostatic mass estimates and
their results can be compared to observations to calibnateltister mass measurements.

Early simulations were performed by Evrard et al. (1996) whoulated the formation of
galaxy clusters in dierent cosmologies, i.e. the Einstein-de Sitter model with= 0.59, an
open universe withrg = 1.0, Qy, = 0.2 andQ, = 0 and a flat, low-density universe with
og = 10, Qn = 02 andQ, = 0.8. Evrard et al. (1996) found that hydrostatic masses as-
suming an isothermat-model are very accurate when they are obtained for oveitdende-
tween 500, and 2500,. Their My — Tx relation with mass and temperature withigg for the
Einstein-de Sitter model reads in our notatidvix /My, = 10285(Ty /keV)!®. Thereby, the tem-

perature withinrsgg was obtained from fitting a power law  « M(< r5p0)/rs00 réoo’ i.e.
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rsoo(Tx) = (2.48 + 0.17)(Tx /10 keVP® Mpc. The masses therein were obtained from the hydro-
static equation assuminggamodel for the electron number density and an isothermgbézature.
Our normalisation is not consistent with their simulatiohigh may be due to the fierent cos-
mologies.

Borgani et al. (2004) performed a large hydrodynamical ftn to simulate a cube of
192h~! Mpc with 48C dark matter and gas particles having massesofBP M, and 99x108 M,
respectively. The underlying cosmology is\& DM-cosmology withog = 0.8, Qy = 0.3, Qp =
0.7 andQp, = 0.04. The simulation is initialised at a redshiftof 46, whereby energy and entropy
were conserved. Luminosities and emission weighted tesyres within (b — 10 keV were
calculated within the virial radius,;. Borgani et al. (2004) obtained a mass-temperature ralatio
which reads in our notation ady /M, = 10t340£0.01(T, /keV)15%0.05 Thus, our normalisation
is 20% higher than theirs for the same slope. Their lumigesitmperature relation reads in our
notation aslyg(erg™ts) = 10*300:0.10(T, /keV)25+01 We did not compare thie,o — Tx relation
to ours because the slopes are ta®edéent.

Fabjan et al. (2011) performed high-resolution hydrodyicahsimulations to study the scal-
ing relations between mass, temperature, gas mass at{parameteryx = MgasTx. In their
simulations, 140 clusters withl > 5 x 10'h~1M, were generated with (1) non-radiative physics
and (2) cooling, star formation, chemical enrichment aredifieick from supernovae. ACDM-
model consistent with the results frodMAR7 data was assumed wifd,, = Qgn + Qp =
0.24 + 0.04, wherebyQqnm, is dark matter density parametér= 0.72,0g = 0.8 andns = 0.96 for
the primordial spectral index (Komatsu et al. 2011). Theuations did not account for observa-
tional dfects that fect temperature measurements from X-ray spectra and Xdrégcs bright-
ness profiles. Fabjan et al. (2011) investigated the scedilagjons for both non-radiative clusters
and clusters with radiative cooling, star formation etceatshifts ofz = 0, 0.25, 0.50, 0.80, 1.0.
For the clusters with non-radiative physics, the scalifgti@ns are close to self-similarity, i.e.
v = 15. Including radiative cooling physics leads to higher ICdiperatures for less mas-
sive clusters and subsequently steeper temperature profier the mass-temperature relation,
Fabjan et al. (2011) obtained at= 0: My/My = 10367002(Ty /keV)164:002 gnd My /M, =
1013690011, /keV)® assuming radiative physics for best fitting parameters aimbfihe slope
at the self-similar predictionr = 1.5, respectively. Our normalisation is 29% lower than that of
their relation withy = 1.5 and not consistent. For non-radiative physics, Fabjah €@l1) ob-
tainedMy /Mg, = 10138%002(T, /keV)1-53:002 for 5 fitted slope andy /Mg = 10M38Y(Ty /keV)H®
when the slope is fixed tp = 1.5, respectively. Their temperature is the mass-weighteghée-
ature determined withinsgg, which may account for why our normalisations are not cdests
with theirs. Fabjan et al. (2011) found that ICM physit&et theMx — Yx relation less than the
other scaling relations and that the slope and redshifutieol of My — Yx relation are close to the
self-similar predictiony = 0.6. TheMy — Tx relation has the largest scatter among all the scaling
relations in their simulation. This scatter increases itishift from 5— 6% at low redshifts to
~ 8% atz = 1. This indicates a positive evolution of tiy — Tx relation toward higher red-
shift because the temperature is sensitive to ICM subsirestwvhich are more abundant at higher
redshifts as mergers become more frequent.
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Chapter 9

Summary & Discussion

In this thesis, a detailed mass-calibration study of a sarapfive galaxy clusters at intermediate
to high redshifts (B < z < 0.55) was performed using weak gravitational lensing andys:ra

For the weak lensing analysis, we used deep mosaics obseitledCS@HST which en-
abled us to precisely measure the shapes of the sourceemkaxi to determine theiffective
mean distance ratig®gys/Ds) with magnitude-redshift relations and redshift probapidlistribu-
tions (Schrabback et al. 2007, 2010). We usedl\ilag—statistics (e.g. Schneider 1996; Schirmer
et al. 2007) to quantify the weak lensing properties of oun@a. We used the position where the
weak lensing signal-to-noise ratighbreaches a maximum, [8)max as alternative definition for
and demonstrated that it is consistent with other defirstimn the cluster centre such as the BCG
position as well as X-ray centres (Lewis et al. 1999; AllealeR008) and optical centres (Gioia &
Luppino 1994; Smail et al. 1997) from previous studies. Wanfbthat (8N\)max is correlated with
the total cluster mass after accounting for cluster retisinidl number density of the background
galaxies. Amplitude and position of {$)max Were confirmed in simulations and we thus conclude
that the $N-peak can be associated with the cluster centre besid&Q@eand the X-ray centre.
Using weak lensing mass reconstructions (Seitz & Schn@idet), we constructed the projected
mass distributiorr which we compared to the/IS-contours. Bothk- and $N-contours allowed to
find evidence for e.g. relaxation state and projected 2dstmaogy, but also for merger processes.

We calculated the tangential shear profiles using #ie&ak, the BCG position and op-
tical and X-ray centres. The influence of centering on othester centres is within the mass
uncertainty. We fitted the mass profiles SIS, NFW, a trunc&tBuV-profile (NFW&PS) and a
one-parameter NFW-model assuming a fixed concentrafibexriodel) to the tangential shear
profiles. We found that the tangential shear profiles can bd tescharacterise the cluster proper-
ties such as relaxation state and projected 2d-morpholagyalso merger processes. Comparing
the NFW-profile to the truncated NFW-profile one can check threthe NFW-profile can be
applied atr > rygp and theMc-model can probe the influence of the choice of the concentra-
tion. Sincer,qg is well inside the field-of-view for CL04136559 and MS0451:80305, we could
compare NFW and NFW&PS for these clusters. For MS0451365, we found a larger fier-
ence between the two models because the field-of-view isfldngn that of CL041-36559. For
both clusters, NFW&PS fitted better than the NFW-model. Wmibthat theMc-model produces
reasonable results for clusters with regular morphologghsas MS2137:32353, while it com-
pletely fails for mergers (e.g. CL001%:2609 and MS1008:11224). Furthermore, we observed
that merging clusters are poorly fitted by an SIS-model aadl 8-W and NFW&PS better fit
the tangential shear profiles. Our weak lensing masses aséstent with mass estimates from
previous studies using X-rays, the Sunyaev-Zeldovithcg dynamical estimates, strong lensing
or combinations of these approaches. Those mass estirhatesyer, are not uniformly obtained
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for all clusters. For the clusters CL0O0153609 and MS1008-11224, r,qg is well outside and
for MS2137.3-2353 at the border of the field-of-view wherefore the errarsyass are large for
these clusters. Thus, large field-coverages that emsgy@ithin the field-of-view, are required to
obtain accurate weak lensing masses.

As an example study for MS045%6305, we used archival multi-colour data from the
ground-based facilities MegaPrime@CFHT and Suprime-C&d@ARU to study the ect of
individual source redshifts in a weak lensing analysis. fhetometric redshifts were estimated
with a scatter otr, = 0.035 and an outlier fraction of less than 2% which was detegthioy cal-
ibrating the photometric redshifts against 1561 spectioiscredshifts from DEIMOS@Keck-I|
(Moran et al. 2007). We cross-checked the accuracy of thma&std photometric redshifts using
simulations. Since the ground-based data are shallowerttieaHST-data, only 5% of photomet-
ric redshifts could be assigned to the background gala¥iesincluded these in our weak lensing
analysis as individual source redshifts according to Sei&chneider (1997) and Bartelmann &
Schneider (2001) and calibrated the other sources aghirst. tThe errors of the model param-
eters are only marginally smaller if photometric redshéfite included because the lower number
density due to removing unlensed foreground galaxies casgte their ffect. We confirmed this
counteracting influence of including photometric redshéfihd having a smaller number density in
simulations. To improve weak lensing analyses with photomesdshifts, deep multi-colour ob-
servations that provide enough sheared sources to whightitemetric redshifts can be assigned,
are required.

The X-ray analysis was performed to obtain independentalusasses which are uniformly
inferred. We used high-qualit\MM-Newtonand Chandradata to calculate X-ray hydrostatic
massedMly for all clusters except for CL0O413$6559, where only a shoROSATPSPC obser-
vation was available. We quantified X-ray properties, suEiKaay centre, temperatuig and
luminosity Ly, as well as the distributions of temperature and gas defwdioyving the methods
of Zhang et al. (2005, 2006, 2007, 2008). The X-ray hydrastaasses were used to calibrate
the weak lensing masses. Our X-ray emission peak is moréstemiswith the @N-peak and the
X-rays centres of Lewis et al. (1999) and Allen et al. (2008)tthe flux-weighted X-ray centroid
because the latter defines the X-ray centre with respectetaotial cluster emission instead of
determining only the position where the X-ray emissioniastaa maximum. Thus, for merging
clusters the X-ray centres determined with both methofilerditrongly. We constructed tempera-
ture and surface brightness profiles and used them to ciddhka X-ray hydrostatic masses within
rsoo- The global temperaturéisc and metallicitiesZ were determined within.@— 0.5r500, and the
global luminosities in the soft bandl{s_»okev), the bolometric bandL(,q) and theROSATband
(Lo1-24kev) Were determined within.@ — 1rsoo, Whereby radii at < 0.2r5o0 were excluded to
account for cool cores. We comparbt andTx to previous analyses. We found that our X-ray
hydrostatic masses are not consistent with those studieasibe their masses were calculated us-
ing isothermal temperature which give20— 25% higher masses (Zhang et al. 2005). Our global
temperatures are widely consistent with previous studies.

We constructed scaling relations using weak lensing andyXaydrostatic masseb),,; and
My, as well as the X-ray observablé@s, Z, Los_20kevs Lbol @nd Lo1-24kev. We found that
our weak lensing masses are 18% higher than the X-ray hydioshasses which is consistent
with e.g. Zhang et al. (2008) and Zhang et al. (2010) and @gddor samples with non-relaxed
clusters. To check whether the huge errorsMypy of the merging clusters CL0015:2609 and
MS1008.11224 influence the normalisation of our scaling relations,used the masses from
the Mc-model, My.. We found that the error of the normalisation~® times larger because the
Mc-model poorly fits the disturbed clusters. Thus, invesiigascaling relations involvingvyc
is not meaningful. We found that the normalisation for byr— M relations cannot be well deter-
mined, especially for small samples, because the luminsitot a good mass proxy. Our scaling
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relations were compared to previous studies and to simuakatiWe found that our normalisations
are widely consistent with those as far as cosmology, medmadslope are comparable to ours.
We found no evidence for an evolution with redshift for oualsw relations. Either there is no
evolution or the uncertainty of the normalisation is toohhig detect it. In the latter case, a larger
sample would be required and for scaling relations inclgdieak lensing masses we would also
need deep observations with larger field-of-views.
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Appendix A

Weak lensing cluster masses

Table A.1: Cluster masses for CLO0151%509 using the SI-peak as cluster centre as well as the BCG and the optical
centre of Gioia & Luppino (1994), Opt (1), and the X-ray centf Lewis et al. (1999), X-ray (1). The results for NFW
and NFW&PS are identical becausg is outside the field-of-view.

S/N-Peak Opt (1) X-ray (1) BCG

NFW:
r200 [kpc] 199387 1941358 2032802 223483
+O.g +O.E§ +1.0 +0.9
200 14 1.2_]2i14 1.2_]235 10 1.1_12'857 0.8_% 85
M2oo [10%*Mg]  16.39%2518 1514210 173775950 23087535
Xt 0.929021  0.929399  0.930108  0.929052
NFW&PS:
ra00 [kpc] 199382 194132 20328% 223427
Ca00 1.z+g;§ 1.2+‘;2-f 114" 0sd
2 +20.10 20, ++75.8
M2oo [10%*Mo]  16.39%2-18 15147020 1737950 2308558
Xt 0.929021  0.929399  0.930108  0.929052
Mc
CNFW 6.8t0% 6.8"22 6.8f8% 6.8%%
200 [KpC] 927jf;>g 9127 9185 905j098
14 0.36 0.36 0.26 .36
Moo [10%*Mg]  1.657035 157038 160045  1.53'039
Xt 0.933824  0.934841  0.935240  0.935190
SIS:
oy [kms™] 762722 74523 747729 74773
M [1014M ] 5 38+0.§1 5 01+0.91 5 27+0.71 5 66+0.§0
SIS © 20_0.78 Y1081 <1_0.80 O0_0.92

X 0.933857  0.935164  0.935632  0.932000
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Table A.2: Cluster masses for CLO446659 using the Bl-peak as cluster centre as well as the BCG and the optical
centre of Smail et al. (1997), Opt (2).

S/N-Peak Opt (2) BCG
NFW
200 [kpC] 863313 852%%?1 872%2?
C200 2.4ti'7 Z.Otl' l.gtl'é
14 0.77+0.38 0.74+0.36 0.85+0.39
M200[107"Mo]  1.2977 03535 1247 117036 1.337177703
Xoof 0.970599 0.975272 0.973202
NFW&PS
r200 [kpc] 839152 838202 87112
C200 2578 2175 19715
0.81+0.3 0.61+0.3 0.77+0.39
M2oo [10%*Ms]  1.1879%032  1.18"023" 032 1.32°056°030
Xoof 0.970492 0.975036 0.973029
Mc
CNEW 105t(])'g 88t§g 94t§‘71
200 [KPC] 37@%{2 538%}2 475ﬁ6§3
M20o[10%*Mg]  0.107588 0.31515 0.21%72
Xoot 0.973134 0.976450 0.975117
SIS
oy [kms™ 202%% 425iog§ 341iog§
Msis[10%Mg]  0.16%055 0.72'548 0.47°537

) ) )
Xdof 0.973304 0.976124 0.974863
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Table A.3: Cluster masses for MS04g4 (upper tablg and MS0451,n4 (lower tablg using the @N-peak as cluster
centre as well as the BCG and the optical centre of Gioia & inpf1994), Opt (1), and the X-ray centre of Lewis
etal. (1999), X-ray (1). The second upper and lower errorhemmasses are the large-scale structure errors calculated
with Eqg. (6.2.3). Note that?, does not vary significantly among the models because of tigedaumber of free
parameters for this cluster.

S/N-Peak Opt (1) X-ray (1) BCG
NFW
r200 [KpC] 223913 2260_*}%2 2253110 22403%2
a50stt | 2optlh | 3pgeds o a3osht
Maoo[10Me] 234745702 2414735804 230205004 2350740042
X2t 0.948834 0.948496 0.949237 0.949525
NFW&PS
r200 [kpc] 24321%% 24683%3 2443778 24403%2
C 2‘9+0.4+ . 2.4+0.4+ .6 2‘7+O.4+1.6 2‘7+O.4+ 6
200 14 2 2%a4843 25843 952843 %3843
M200[107"Mp]  30.087277"5,3 3144753, 003 3049755, 003 30387577043
X2t 0.948593 0.948244 0.949000 0.949285
Mc
CNFW 4.6%01 47401 4701 47401
200 [KpC] 209872 2014%3 205613 205172
Maoo[10M*Mo] 1931590703, 17.0850,703, 181730, 034 180435103
X2t 0.948911 0.948755 0.929389 0.949681
SIS
oy [kms™? 122031 1140°3° 117138 115737
Mois[10“Mo] 1547995038 1365:95531 1436:9050°0% 130498801
X2t 0.949701 0.949684 0.950362 0.950702
S/N-Peak Opt (1) X-ray (1) BCG
NFW
mbed g amm meR zed
#200 14 > 4_%46_21:8 43 3.0_%_&8 43 3 21%4&@1:8 43 3 21%2@1:8 43
M200[10"Mo]  27.5675y5 %3 281605ei 0y 2745 g5 0us 2724755 043
Xt 0.988139 0.988415 0.988953 0.988971
NFW&PS
200 [KpC] 2538728 2584715 2522712 254019
C200 2.9i0.4t1.6 2.54:8.43.6 2.8i8.34_ri.6 2.7i8.34_ri.6
Maool10Me] 34198100 360842049 3354400009 aao7itdibes
X2t 0.987933 0.988210 0.989055 0.988780
Mc
CNFW 4.6J_r8:1 4.6i8:1 4.6J_r8:1 4.6i8:1
200 [KpC] 2177j§§ 21235&‘25 2132;13 2125j§§
Maoo[10MMo] 215713503 200171811834 2027742234 2007172703
Xt 0.988263 0.988596 0.989055 0.989080
SIS
oy [kms™ 121033 115933 115733 1144j§+§
Msis[10MMo]  1438'545703, 1614091703, 1468705, g54 1432755703,
X 0.989593 0.990016 0.990646 0.990742
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Table A.4: Cluster masses for MS10081R24 using the Sl-peak as cluster centre as well as the BCG and the optical
centre of Gioia & Luppino (1994), Opt (1), and the X-ray centf Lewis et al. (1999), X-ray (1). The results for NFW
and NFW&PS are identical becausg is outside the field-of-view.

S/N-Peak Opt (1) X-ray (1) BCG
NFW:
r200 [kpc] 2415398 2431530 2406750 242277
#200 14 2.ZJ:81:§25 2.1ﬁ%§52 lhgt%égs 1.9t82:§7)_21
M200[10°"Mo] 224873332 2293'5537 2223'15,, 22687155,
Xt 0.922594  0.924114  0.928339  0.927994
NFW&PS:
200 [KpC] 2415398 2431530 2406750 2422770
C200 2.2708 21797 1.97%7 1.97%7
Mooo[104M,] 2248152 220382 2203% 2268702
XAt 0.922594  0.924114  0.928339  0.927994
Mc
CNFW 6.8J_r8:§ 6.8J_r8:§ 7.0J_r8:§ 7.0J_r8:§
200 [KpC] 1465j7§38 1451j7§9 136973 1548%7
Mago [LO¥Me]  5.02°058 4887057 410708  4.14'5%8
Xt 0.931006  0.935466  0.935684  0.935684
SIS:
oy [kms™] 850j§§ 846j§§ 7983 79833
Mgis[10¥Mg] 8811950 809707 712878 7177010
Xoof 0.935058  0.936179  0.939657  0.940300

Table A.5: Cluster masses for MS2137353 using the Bl-peak as cluster centre as well as the BCG and the optical
centre of Gioia & Luppino (1994), Opt (1), and the X-ray cendf Allen et al. (2008), X-ray (2). The results for NFW
and NFW&PS are almost identical becausg is close to the border of the field-of-view.

S/IN-Peak Opt(1) X-ray(2) BCG

NFW:

200 [KpC] 1194317 1186%%31 118579, 12047219
C200 9597 9897 985 87!
Moo [10YMo]  2.75°081 270076 2691078 2.827085
Xt 0.961206 0.949545 0.919767 0.948735
NFW&PS:

r200 [KpC] 119938333 1191%%3 1194192 12077220

c 9.3+% 9.6+10 9.5+7 8.6+7!

|\;OO 1014M 2 797—6%1 27:)::10.776 275:-690 284:-%%5
200 [ ol 19 183 9177 1Y 135 07165
Xt 0.961214 0.949539 0.919767 0.948727
Mc

CNFW 7.5ig;§ 7.6jg;§ 76793 7.6tg;§
200 [KpC] 112356% 1251t637 112028 1113_*6%
Maoo[L0Mo]  229°837 22783 22793 223:3%
Xt 0.960896 0.949250 0.921743 0.948404
SIS:

oy [kms? szojz 8185{% 818j0§§ 812j§
Msis[10'*Mg] 373755 369735 369'037 369550
Xoof 0.960831 0.949248 0.921325 0.948480
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Appendix B

X-ray spectra
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Figure B.1: Spectra of the bins of the temperature profileCth0015.9+1609, i.e. bin 1 - 0.5 (upper lef), bin 2
0.5- 1" (upper righy, bin 3 1- 1.5 (lower leff) and bin 4 15 — 3.25 (lower right).
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R,

Figure B.2: Spectra of the bins of the temperature profiléf80451.6-0305, i.e. bin 1 6- 0.5 (uppen, bin2Q05- 1
(middlg and bin 3 1- 2.4’ (lower).
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WWW i

Figure B.3: Spectra of the bins of the temperature profiléf82137.3-2353, i.e. bin 1 6-0.5" (uppel, bin205- 1’

(middlg and bin 3 1- 2.1’ (lower).
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normalized counts 57" keV-!

. il gﬁi M%# ﬁ? HapT
I

Figure B.8: Global spectra from which global temperaturad anetallicities were determined for fixew, for
CL0015.9-1609 @ppen and MS0451.60305 (ower) using an annulus of.2 — 0.5rsgqui -
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determined for fixau, for
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from which global temperatura
MS1008.1+1224 @ppen and MS2137.32353 (ower) using an annulus

Figure B.9: Global spectra
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normalized counis s-! ke

normalized counis s-' key-!

Ty Htﬁﬁ 1

Figure B.10: Global spectra from which global temperatumad metallicities were determined by fitting, for
CL0015.9-1609 @ppen and MS0451.60305 (ower) using an annulus of.2 — 0.5rsgqui -
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Figure B.11: Global spectra from which global temperatuaed metallicities were determined by fitting, for

MS1008.1:1224 @ppen and MS2137.32353 (ower) using an an
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normalized counis s-' key-!
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° %@@ i E& WTH%"? | } iﬂﬁ%ﬁwﬁﬁwﬁ% r
. AT

i

Figure B.12: Global spectra from which global luminositieere determined for CLO015+4609 (pper) and
MS0451.6-0305 (ower) using an annulus of.2 — 1rsoqx and the global temperatures and metallicities for firgd
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Figure B.13: Global spectra from which global luminositieere determined for MS1008-1224 (pper and

MS2137.3-2353 (ower) using an an
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