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Abstract

Galaxy clusters are the largest known gravitationally bound objects, their
study is important for both an intrinsic understanding of their systems
and an investigation of the large scale structure of the universe. The multi-
component nature of galaxy clusters offers multiple observable signals across
the electromagnetic spectrum. At X-ray wavelengths, galaxy clusters are
simply identified as X-ray luminous, spatially extended, and extragalactic
sources. X-ray observations offer the most powerful technique for construct-
ing cluster catalogues. The main advantages of the X-ray cluster surveys
are their excellent purity and completeness and the X-ray observables are
tightly correlated with mass, which is indeed the most fundamental param-
eter of clusters. In my thesis I have conducted the 2XMMi/SDSS galaxy
cluster survey, which is a serendipitous search for galaxy clusters based on
the X-ray extended sources in the XMM-Newton Serendipitous Source Cat-
alogue (2XMMi-DR3). The main aims of the survey are to identify new
X-ray galaxy clusters, investigate their X-ray scaling relations, identify dis-
tant cluster candidates, and study the correlation of the X-ray and optical
properties. The survey is constrained to those extended sources that are in
the footprint of the Sloan Digital Sky Survey (SDSS) in order to be able to
identify the optical counterparts as well as to measure their redshifts that
are mandatory to measure their physical properties. The overlap area be-
tween the XMM-Newton fields and the SDSS-DR7 imaging, the latest SDSS
data release at the starting of the survey, is 210 deg?. The survey comprises
1180 X-ray cluster candidates with at least 80 background-subtracted pho-
ton counts, which passed the quality control process.

To measure the optical redshifts of the X-ray cluster candidates, I used
three procedures; (i) cross-matching these candidates with the recent and
largest optically selected cluster catalogues in the literature, which yielded
the photometric redshifts of about a quarter of the X-ray cluster candidates.
(ii) T developed a finding algorithm to search for overdensities of galaxies
at the positions of the X-ray cluster candidates in the photometric redshift
space and to measure their redshifts from the SDSS-DR8 data, which pro-
vided the photometric redshifts of 530 groups/clusters. (iii) I developed an
algorithm to identify the cluster candidates associated with spectroscopi-
cally targeted Luminous Red Galaxies (LRGs) in the SDSS-DR9 and to
measure the cluster spectroscopic redshift, which provided 324 groups and
clusters with spectroscopic confirmation based on spectroscopic redshift of
at least one LRG. In total, the optically confirmed cluster sample com-
prises 574 groups and clusters with redshifts (0.03 < z < 0.77), which is
the largest X-ray selected cluster catalogue to date based on observations
from the current X-ray observatories (XMM-Newton, Chandra, Suzaku, and
Swift/XRT). Among the cluster sample, about 75 percent are newly X-ray
discovered groups/clusters and 40 percent are new systems to the literature.

To determine the X-ray properties of the optically confirmed cluster sam-
ple, I reduced and analysed their X-ray data in an automated way following



the standard pipelines of processing the XMM-Newton data. In this anal-
ysis, I extracted the cluster spectra from EPIC(PN, MOS1, MOS2) images
within an optimal aperture chosen to maximise the signal-to-noise ratio.
The spectral fitting procedure provided the X-ray temperatures k7" (0.5 -
7.5 keV) for 345 systems that have good quality X-ray data. For all the
optically confirmed cluster sample, I measured the physical properties Lsgg
(0.5 x 102 — 1.2 x 10% erg s~!) and Mspp (1.1 x 1013 — 4.9 x 10" M)
from an iterative procedure using published scaling relations. The present
X-ray detected groups and clusters are in the low and intermediate luminos-
ity regimes apart from few luminous systems, thanks to the XMM-Newton
sensitivity and the available XMM-Newton deep fields

The optically confirmed cluster sample with measurements of redshift and
X-ray properties can be used for various astrophysical applications. As a
first application, I investigated the Lx —T relation for the first time based on
a large cluster sample of 345 systems with X-ray spectroscopic parameters
drawn from a single survey. The current sample includes groups and clusters
with wide ranges of redshifts, temperatures, and luminosities. The slope of
the relation is consistent with the published ones of nearby clusters with
higher temperatures and luminosities. The derived relation is still much
steeper than that predicted by self-similar evolution. I also investigated
the evolution of the slope and the scatter of the Lx — T relation with
the cluster redshift. After excluding the low luminosity groups, I found
no significant changes of the slope and the intrinsic scatter of the relation
with redshift when dividing the sample into three redshift bins. When
including the low luminosity groups in the low redshift subsample, I found
its Lx — T relation becomes flatter than the relation of the intermediate
and high redshift subsamples.

As a second application of the optically confirmed cluster sample from our
ongoing survey, I investigated the correlation between the cluster X-ray
and the optical parameters that have been determined in a homogenous
way. Firstly, I investigated the correlations between the BCG properties
(absolute magnitude and optical luminosity) and the cluster global proper-
ties (redshift and mass). Secondly, I computed the richness and the optical
luminosity within R5pp of a nearby subsample (z < 0.42, with a complete
membership detection from the SDSS data) with measured X-ray temper-
atures from our survey. The relation between the estimated optical lumi-
nosity and richness is also presented. Finally, the correlation between the
cluster optical properties (richness and luminosity) and the cluster global
properties (X-ray luminosity, temperature, mass) are investigated.



Zusammenfassung

Im Rahmen dieser Arbeit habe ich die 2XMMi/SDSS Galaxienhaufendurch-
musterung erstellt (2XMMi/SDSS galaxy cluster survey), eine Suche nach
Galaxienhaufen welche auf der Detektion ausgedehnter Rontgenquellen im
XMM-Newton Quellenkatalog (2XMMi-DR3) basiert. Die Hauptziele dieser
Suche sind die Identifizierung bisher unbekannter réontgenheller Galaxien-
haufen, die Erforschung ihrer Beziehungen zwischen Réntgenleuchtkraft und
Temperatur (X-ray scaling relation), eine Entdeckung von mdoglichen weit
entfernten Galaxienhaufen und die Beziehung zwischen Eigenschaften im
Optischen und Roéntgenbereich. Die Durchmusterung ist fiir alle Quellen
der Himmelsregionen ausgelegt, die vom Sloan Digital Sky Survey (SDSS)
erfasst werden. Das Ziel besteht darin, ihre optischen Gegenstiicke zu fin-
den und deren Rotverschiebungen zu bestimmen. Die gemeinsamen Him-
melsareale zwischen XMM-Newton und dem Bildmaterial vom SDSS-DR7
umfassen 210 deg?. Meine Durchmusterung enth:lt 1180 mogliche Gala-
xienhaufen mit wenigstens 80 vom Hintergrund bereinigten Photonen im
Rontgenbereich, die einer Qualitéitskontrolle erfolgreich standgehalten ha-
ben.

Um die Rotverschiebungen der méglichen Galaxienhaufen im optischen Be-
reich zu bestimmen nutzte ich drei Vorgehensweisen: (i) Ein Abgleich jener
Kandidaten mit den neuesten und umfangreichsten Katalogen optisch aus-
gewéhlter Galaxienhaufen, die in der Literatur verfiighar sind. (ii) Ich entwi-
ckelte einen Algorithmus, um Rotverschiebungen der optischen Gegenstiicke
aus Daten vom SDSS-DRS zu ermitteln, welches zu photometrischen Rot-
verschiebungen von 530 Galaxiengruppen-/haufen fiihrte. (iii) Ein weiterer
von mir entwickelter Algorithmus nutzte die spektroskopischen Rotverschie-
bung von roten leuchtkriftigen Galaxien (LRGs) in den Daten des SDSS-
DRY und ergab 324 Gruppen und Haufen. Zusammengefasst enthilt diese
Probe 574 auch im optischen nachgewiesener Galaxiengruppen und -haufen
mit bekannten Rotverschiebungen (0.03 < z < 0.77) - der zur Zeit um-
fangreichste Katalog von im Rontgenbereich ausgewihlten Galaxienhaufen
basierend auf aktuellen Rontgenbeobachtungen. Unter jenen Haufen waren
ca. 75% im Roéntgenbereich nicht bekannt und 40% fanden in der bisherigen
Literatur noch keine Erwadhnung.

Um die Rontgeneigenschaften der im Optischen bestétigten Haufen zu be-
stimmen, war eine automatische Reduktion und Analyse der Rontgendaten
unverzichtbar. Die Prozedur, welche Modelle an die Rontgenspektren an-
passte, ergab Temperaturen kKT von 0.5 — 7.5 keV fiir 345 Kandidaten.
Fiir alle Haufen, die auch im optischen auffindbar waren, bestimmte ich
die physikalischen Eigenschaften Lsoo (0.5 x 102 — 1.2 x 10% erg s~!) und
Moo (1.1 x 1013 — 4.9 x 1014 Mg,).

Die Probe optisch bestétigter Galaxienhaufen mit gemessenen Rotverschie-
bungen und Roéntgeneigenschaften kann fiir viele astrophysikalische Anwen-
dungen genutzt werden. Als eine der ersten Anwendungen betrachtete ich
die Beziehung zwischen Lx — T'; das erste Mal fiir eine so grosse Anzahl
von 345 Objekten. Der aktuelle Katalog enthélt Gruppen und Haufen, die



einen grossen Bereich in Rotverschiebung, Temperatur und Helligkeit abde-
cken. Der Anstieg jener Beziehung ist im Einklang mit bereits publizierten
Werten fiir nahegelegene Galaxienhaufen von hoher Temperatur und Hel-
ligkeit. Nach dem Ausschluss leuchtschwacher Gruppen und der Einteilung
der Daten in drei nach Rotverschiebung geordneter Gruppen, waren keine
signifikanten Anderungen von Anstieg und intrinsischer Streuung zu beob-
achten.

Als zweite Anwendung unserer Durchmusterung, untersuchte ich die Haufen
beziiglich deren Eigenschaften im Optischen und im Réntgenbereich. Zuerst
betrachtete ich den Zusammenhang zwischen den Eigenschaften (absolu-
te Helligkeit und optische Leuchkraft) der hellsten Haufengalaxie (BCG)
mit denen des Haufens als Ganzem (Rotverschiebung und Masse). Danach
berechnete ich die Reichhaltigkeit der Galaxienhaufen und deren optische
Leuchtkraft innerhalb von Rpggg fiir eine Stichprobe nahegelegener Haufen
(z < 0.42, hier sind SDSS Daten noch empfindlich genug um den Grossteil
der Haufengalaxien abzubilden) mit gemessenen Rontgentemperaturen.

Schlussendlich konnten die Wechselwirkungen zwischen den optischen Ei-
genschaften (Reichhaltigkeit und Leuchtkraft) und den globalen Eigenschaf-
ten (Rontgenleuchtkraft, Temperatur und Masse) ndher untersucht werden.
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Chapter 1

Introduction

1.1 Clusters of Galaxies

Charles Messier and William Herschel constructed the first systematic catalogues of
nebulae, which led to the discovery of the tendency of galaxies to clusters. In the
nineteenth and early twentieth century, larger samples of nebulae were compiled that
made the tendency of galaxy to cluster becomes more apparent. These spiral and
elliptical nebulae were proved by Hubbleé (T926) to be true galaxies like the Milky
Way located at large distances. This implied that clusters of galaxies are systems
with enormous size and mass. Hubble’s proof revolutionized the study of the most
prominent clusters of galaxies. Assuming a virial equilibrium of galaxy motions and
using the velocity measurements of cluster galaxies, Zwicky (T933, 1937) and Smith
(r936) found the total gravitating cluster masses for the Coma and Virgo clusters
enormously large. The masses measured in that way were much larger than the stellar
masses of the cluster galaxies by a factor of ~ 200 — 400, which led to the postulation of
the existence of large amounts of dark matter. Clusters of galaxies were first identified
as large concentrations in the projected galaxy distribution containing hundreds to
thousands of galaxies, clustering over a small region on the sky (Abhell, T958; Zwicky
ef_all, T961; Abell et all, T98Y).

The extended X-ray emission of the hot intracluster medium (ICM) was discovered
in the Coma cluster by (e.g, Meekins et all, T971; Gursky et all, T971; Cavaliere ef all,
[971; Forman_ef all, T972; Kellogg et all, T977). The ICM was found to be smoothly
filling the intergalactic space and emitting at X-rays via thermal bremsstrahlung. The
discovery of the ICM provided a part of the missing mass in the Coma cluster and led
to the detection of clusters up to high redshifts later. In addition, the temperature
measurements of the ICM provided another confirmation that the gravitational poten-
tial of clusters requires a dark component of matter. The hot plasma in ICM distorts
the cosmic microwave background (CMB) photons through inverse Compton scattering
(Sunyaev & Zeldovich, 1970, 1972, T980), which was called the Sunyaev-Zel’dovich (SZ)
effect. Recently, this technique led to the discovery of hundreds of galaxy clusters (see
the review article by Kravtsov & Borgani, 20172).

Figure [ shows the observations of a dynamically relaxed cluster, Abell 1835
(z = 0.25), at various wavelength bands. The intracluster gas is observed at X-ray
and millimeter wavelengths as shown in images (a) and (c), respectively. The different
colours indicate the different temperatures and densities of the intracluster gas. Cluster
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¥-ray wavelengths Optical wavelengths Millimeter wavelengths

Figure 1.1: Observations of Abell 1835 at X-rays (a), optical (b), and millimeter (c)
wavelengths. The images have a size of 5.2’ x 5.2’ (1.2 Mpc x 1.2 Mpc at the cluster
redshift, z = 0.25) centered on the X-ray emission peak position. Image from [ATlen
ef_all (PIOLT).

galaxies are observed in the optical band as shown in image (b). The figure is taken
from ATlen"ef all (2011).

According to the hierarchical structure formation scenario of our universe, clusters
of galaxies are the largest building blocks after stars and galaxies. X-ray observations
reveal that clusters are well defined and connected structural entities since the cluster
X-ray emission traces its whole structure in a contiguous way as shown in Figure [I(a).
Galaxy clusters are formed essentially by gravitational collapse and have had time to
reach their dynamical equilibrium. Thus, clusters appear only in a relative late epoch
in the cosmic history, i.e. very massive clusters exist only up to a certain yet to be
determined redshift. The characteristic form of galaxy clusters can be well assessed by
observations as well as described by theoretical models (Bohringer, POUR).

Clusters of galaxies are the largest gravitationally bound objects consisting mostly
of dark matter (~ 78%), hot thermal plasma (~ 11%), and galaxies (~ 2%). The
total mass of galaxy clusters lies in the range of 10'* — 10" M. The depth of the
cluster potential can be measured using the velocity dispersion of cluster galaxies or
the plasma temperature. The velocity dispersions of galaxies is in the range from 300
km s~! in galaxy groups to 1500 km s~! in the most massive galaxy clusters. The
plasma temperature kT of clusters ranging from 2 to 15 keV gives information about
the cluster potential since the hot ICM is in the form of an approximately hydrostatic
equilibrium (Bohringer], 2006).

Importance of galaxy clusters: They form the largest astrophysical laboratories
that are suitable for various studies of astrophysical processes. Among the astrophysical
studies of galaxy clusters are the following:

1. Investigation of galaxy evolution within a dense and well defined environment.
2. Study the evolution of the dynamical and thermal structure of galaxy clusters.

3. Investigation of the chemical enrichment of ICM and the interaction between the
intracluster gas and cluster galaxies.



4. Study faint and high redshift galaxies beyond the cluster redshift since massive
clusters act as natural telescopes, extremely powerful gravitational lenses.

5. They probe the high density tail of the cosmic density field since they arise from
the gravitational collapse of rare high peaks of primordial density perturbations.

6. The evolution of the cluster population is tightly connected to the evolution of the
large-scale structure and the universe as a whole. Therefore, the number density
of galaxy clusters is highly sensitive to specific cosmological scenarios.

7. The space density of clusters has been used to measure the amplitude of density
perturbations. In addition its evolution depends on the value of the matter density
parameter.

8. The space density of distant galaxy clusters can be used as a powerful cosmological
diagnostics.

9. Probe the nature and amount of dark matter.
10. Constraining the Dark Energy equation of state.

Structure of the introduction: as mentioned above the astrophysical studies of
clusters are too broad, therefore I will briefly summarize information and cluster studies
that are relevant to the thesis work. In Section 1.2 the observational techniques used to
detect galaxy clusters in multi-wavelengths approach are presented. I also provide more
information about X-ray observations of galaxy clusters as well as the current X-ray
telescopes. In Section 1.3 I present the constructed cluster catalogues based on multi-
wavelengths data with more details about X-ray selected galaxy clusters. In Section
1.4 T present the main observable parameters obtained from cluster signals across the
electromagnetic spectrum. The correlations between the cluster properties in same and
different electromagnetic bands are presented in Section 1.5. Finally the aims and the
outlines of the thesis are presented in Section 1.6.

1.2 Observational Techniques

The multi-component nature of galaxy clusters offers various observable signals across
the electromagnetic spectrum (e.g, Sarazin, T98R; [ATlen ef all, 2011). Clusters have
been discovered firstly at optical and NIR wavelengths due to the stellar emission
from their galaxies and intracluster light. The total matter distribution in clusters
can be measured through studying the gravitational lensing. At radio wavelengths,
Synchrotron emission from relativistic electrons is visible. The hot ionized ICM is
observed at X-ray and mm wavelengths. In the following, I will briefly present the
observational techniques of galaxy clusters in optical/NIR, mm, and X-ray wavelengths.
I will also present the current X-ray observatories especially XMM-Newton since the
thesis work is based mainly on archival observations of this satellite observatory.

1.2.1 Optical and NIR observations

The optical and NIR emission of galaxy clusters is radiated mainly as starlight. Cluster
galaxies are clustered in three spatial dimensions, R.A, Dec, and their position along
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the line of sight. The uncertainty of their distances leads to projection effects which
contaminate the cluster richness and confuse cluster detection. Therefore any cluster
finding algorithm faces the challenge of discriminating cluster galaxies from the field
galaxies (Hao et all, PUI0). The ability of determining the position of galaxies along
the line of sight is limited by available data. When spectroscopic redshifts of galaxies
are available, cluster finding techniques give a secure cluster detection and an accurate
richness measurement (e.g, Miller_ef all, 2005; Berlind ef all, 2006; [Yang et all, 2007).

Over the past six decades, the photometric data of galaxies were the main database
to optically detect clusters of galaxies. The finding algorithms depend on the type of
the available photometric data. When only single band data were available, the cluster
detecting algorithms were based on magnitudes (Abell, T958; Shectman, T985; Ahell
ef_all, T989; Postman_ef all, 1T996; Gal et all, 2000; Kim et all, 002; Goto et all, POO2;
Galef all, 2003; Lopes et all, 2004). This method was successful in detecting massive
clusters but can not provide good purity and completeness for less massive clusters.
In addition, the estimated richness causes a large scatter in the richness-mass relation
that was derived from the cluster sample constructed from this procedure (Hao ef all,
2010).

The availability of multi-band imaging greatly reduces the projection effects that
plagued the optical cluster detections. There are two procedures to identify galaxy
clusters based on multi-colour data. First; use the colours of galaxies to obtain their
photometric redshifts that were used to discriminate the cluster galaxies. There are
many algorithms to assign the photometric redshifts for galaxies based on their magni-
tudes and colours (e.g, Bolzonella et all, PO00; Oyaizu et all, 2008; Gerdes ef all, POT0).
These methods are limited by the available template sets of spectroscopic redshifts.
Many cluster finding algorithms were based on the photometric redshifts of galaxies
(Cit&"Yed, POOR; Wen_ef_all, 2009, 2017). The estimated cluster redshifts based on
these algorithms have an uncertainty of about 0.02 (Hao et all, 2010).

The second method is searching for galaxy clusters based on clustering of their
galaxies in the colour space. The galactic content of the regular clusters is entirely
dominated by early type galaxies (E, SO) while the irregular clusters usually contains
early and late type galaxies (Bahcall, I977; Allen_ef"all, 201T). In addition the early
type galaxies are dominant in the central regions of clusters. The existence of early
type galaxies (with a homogeneous nature of stellar population) in many clusters gives
them similar spectral energy distributions (SEDs) that include the strong feature of
4000 A break. Therefore, cluster galaxies are tightly clustered in colour as well as space
and exhibit a narrow colour scatter in colour-magnitude diagram. Since the 4000 A
break shifts across the optical filters with increasing cluster redshift, there is a strong
correlation between cluster galaxy colour and cluster redshift.

The red-sequence of cluster galaxies is a very prominent feature of clusters, there-
fore it provides a powerful technique to discriminate between the cluster galaxies and
the field galaxies. For more information about red-sequence galaxies in clusters and
detected clusters using this technique, we refer to (e.g, Bower ef all, 1992; Smail ef all,
1998; Gladders_ef"all, T99R; [Lépez-Cruz et all, 2004; Mullis_ef"all, 2005; Gladders &
Yee, 2007; Koester et all, 20074; Stoft_ef all, 2009; Hao ef all, P00Y; Mei_et"all, R200Y;
Hao et all, PAII0).




1.2.2 Gravitational lensing

The gravity associated with a mass concentration will bend light rays passing near to
it, according to general relativity. This phenomenon is known as gravitational lensing,
which can magnify and distort the images of background galaxies. Galaxy clusters
produce the largest observed angular deflections of light rays in the universe since they
have the deepest gravitational potentials on large scale. Observations reveal strong
distortions and multiple images of individual background galaxies caused by the more
massive and compact galaxy clusters, that is called strong lensing. Gravitational lensing
can be detected clearly in the statistical appearance of background galaxies observed
through clusters (weak lensing) and in the filed. Zwicky (I937) proposed that cluster
masses could be measured through the gravitational lensing of background galaxies.
Recently, the techniques of weak and strong lensing were applicable and provided un-
biased mass measurements. The mass measured by this technique is an independent
measurement that is used for the comparison with the mass measurements obtained
by other methods based on X-ray, SZ, and optical observables (e.g. Bohringei, 200G,

RBartelmann, 2010; [ATlen et all, 201T).

1.2.3 Sunyaev-Zel’dovich (SZ) effect

The hot intracluster gas can be observed at millimeter wavelengths through its inverse
Compton scatter of the cosmic microwave background (CMB), which has a perfect
blackbody spectrum. This scattering boosts the photon energy and gives rise to a
small shift in the CMB spectrum as the CMB photons pass through the hot gas in the
ICM. This effect was predicted by Sunyaev & Zeldovich (T972) and is called the thermal
Sunyaev-Zel’dovich (SZ) effect. The magnitude of the thermal SZ effect is proportional
to the line of sight integral of the product of the gas density n, and temperature T
as Y o [ neTdV. The thermal SZ effect is independent of the cluster distance,
which benefits the cosmological applications based on SZ selected clusters and leads
to discover clusters up to high redshifts. Precise observations of the CMB distortion
provides measurements of the cluster temperature in addition they provide a mass
proxy of galaxy clusters. The motion of clusters with respect to the CMB produces
an additional smaller distortion that is know as kinetic SZ effect. Its magnitude is
proportional to the peculiar velocity of clusters (e.g. Carlstrom ef all, 200%; Voifi, PO05;

1.2.4 X-ray observations

Limber (T959) suggested that diffuse gas must be present among galaxies, and galaxy
clusters are filled with a hot intracluster diffuse gas because galaxy formation can not be
100 percent efficient. [Felfen efall (I966) was inspired by a spurious X-ray detection of
the Coma cluster and attributed that X-ray emission to thermal bremsstrahlung. The
first detections of the extended X-ray emission from the ICM in the Coma cluster was
done by Meekins ef all (T971) and Gursky et all (T971), who suggested that most of rich
clusters include an X-ray emission with luminosity in the range of 10*3 — 10** erg s~!.
Cavaliere_ef_all ([971) suggested that many extragalactic X-ray sources are probably
associated with galaxy clusters. The nature of the diffuse cluster X-ray emission was

first established by Solinger & Tucker (1972). The diffuse X-ray emission of clusters
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originates in a hot ICM plasma with temperatures in the range 107 — 108 K, which
radiates most of its thermal emission in the soft X-ray regime. For more information
about the history of the investigation of galaxy clusters, see the review paper by Biviana
(2000).

The ICM behaves as a fully ionized plasma with its emissivity dominated by ther-
mal bremsstrahlung, i.e. radiation from free-free transitions of electrons being accel-
erated in the coulomb potential of the nuclei (mainly hydrogen). In addition to the
bremsstrahlung emission, there are free-bound emission (recombination) and bound-
bound emission (line radiation). The emissivities of these emission processes in ICM
are proportional to the square of the gas density that ranges from ~ 10~! cm™2 in the
cluster center to ~ 107> cm™2 in the cluster outskirt (Allen ef all, POTT).

The emissivity of the thermal bremsstrahlung process at the frequency v scales as

€, x nenig(v, T) T2 exp (—hwv /kpT) (1.1)

where n, and n; are the number density of electrons and ions, respectively. g(v,T) is the
Gaunt factor and it scales with In(kgT'/hv). The X-ray luminosity of the cluster is ob-
tained by integrating Equation Il over the energy range of the X-ray emission and over
the gas distribution. The powerful X-ray luminosity of clusters (Lx ~ 10*® — 10% erg
s71) places them among the most luminous extragalactic X-ray sources in the universe
beside Active Galactic Nuclei (AGNs) and allow for cluster identification up to high
redshifts. The main difference between the appearance of X-ray emission from clusters
and AGNs is the extent of the emission since clusters appear as spatially extended
sources while AGNs appear as point-like sources, which makes ease of cluster identifi-
cation. For clusters with X-ray temperatures of Tx > 3 keV, the pure bremsstrahlung
emissivity gives a good approximation for their X-ray emission while for cooler systems
the contribution from metal emission lines should be taken into account (Rosafief all,
D02).

1.2.4.1 Advantages of X-ray surveys

The hot ICM plasma is tracing the shape of the cluster, therefore the X-ray appearance
provides information about the cluster structure. Using the recent advanced X-ray
observatories (e.g. Chandra and XMM-Newton) as well as previous missions (e.g.
ROSAT), X-ray observations (images and spectra) of galaxy clusters provided a wealth
of detailed knowledge on their structure, composition, formation history, and their
population in the sky. In addition to understanding the intrinsic properties of clusters,
X-ray observations have been used to investigate the link between the formation of the
large scale structure and the underlying cosmological models (Bohringer, P006).

The X-ray selection of clusters has several advantages for cosmological surveys: the
observable X-ray luminosity and temperature of a cluster is tightly correlated with
its total mass, which is indeed its most fundamental parameter (Reiprich & Bohringer,
2007). These relations provide the ability to measure both the mass function (Bohringer
ef_all, 2002) and power spectrum (Schuecker_ef"all, 2003), which directly probe the
cosmological models. Since the cluster X-ray emission is strongly peaked on the dense
cluster core, X-ray selection is less affected by projection effects than optical surveys
and clusters can be identified efficiently over a wide redshift range.



To determine the evolution of the space density of galaxy clusters, it is required
to count the number of clusters of a given mass per unit volume at different redshifts.
There are three essential tools to achieve that, (i) an efficient method to identify galaxy
clusters over a wide redshift range, (ii) an observable estimator of the cluster mass, and
(iii) a method to compute the cluster survey volume or the selection function. X-ray
observations of clusters provide an efficient method of identification, which fulfills the
requirements to be used as a cosmological test. Therefore, X-ray studies of clusters
provide; (i) an efficient way of mapping the large scale structure and the evolution of
the universe and (ii) valuable means of understanding their internal structure as well
as the history of cosmic baryons (Rosafi_ef all, 00Z).

1.2.4.2 X-ray telescopes

At the beginning of the 1990s, studies of X-ray selected clusters made substantial
progress by the advent of new X-ray missions. The main mission was the ROSAT
satellite, which provided all-sky survey and deep pointed observations in the energy
band 0.1-2 keV. Its angular resolution was less than 5 arcsec at half energy width.
ROSAT had a field-of-view with a diameter of ~ 2 degree. ASCA and Beppo-SAX
satellites provided follow-up observations for some of the newly discovered ROSAT
clusters that revealed hints of the complex physics of the ICM. The new generation of X-
ray satellites, Chandra and XMM-Newton, have provided significantly deep surveys for
relatively small sky areas as well as follow-up observations that were used to understand
the properties of the ICM in addition to unveiling the interplay between ICM and
baryon physics (Rosatiet all, 2002). The main characteristics of the current X-ray
telescope, Chandra and XMM-Newton, are summarised below in a nutshell.

The Chandra X-ray Observatory (CXO) was launched on July 23, 1999 by
the Space Shuttle Columbia. Chandra is the X-ray component of the NASA’s Great
Observatories program, which provides unprecedented capabilities for sub-arcsecond
imaging, spectrometric imaging, and for high resolution spectroscopy over the energy
band 0.08 - 10 keV. The superior resolution of Chandra shows many important details
about the nature of the ICM distribution like cold fronts and shock waves as well as
X-ray cavities produced by AGN radio lobes (Bohringei, 2006).

The science instruments comprise two imaging/readout devices (HRC and ACIS)
and two gratings (LETG and HETG), which are described in the following; (1) High
Resolution Camera (HRC) that comprises two detectors, one for imaging with field-of-
view (FOV) of 30’ x 30" and pixel size of 0.13”, the other detector is used with a grating
for spectroscopy, (2) Advanced CCD Imaging Spectrometer (ACIS) that is used for
imaging with FOV of 16.9’" x 16.9" with pixel size of 0.492" as well as for spectroscopy
when used as a readout instrument, (3) Low-Energy Transmission Grating (LETG)
that provides high-resolution spectroscopy in the energy range 0.08 - 2 keV with a
resolving power of £/ A E > 1000, (4) High-Energy Transmission grating (HETG),
which provides high-resolution spectroscopy from 0.4 to 4 keV (using the Medium-
Energy Grating, MEG) and from 0.8 to 8 keV (using the High-Energy Grating, HEG)
(Weisskopf et all, 2000).

XMM-Newton, X-ray Multi-Mirror Mission, is the second of the European Space
Agency’s (ESA) four cornerstone missions defined in the Horizon 2000 program. It was
launched by Ariane 504 on December 10th 1999 into a highly elliptical orbit (period
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Figure 1.2: Artist view of the XMM-Newton observatory, the ESA’s second cornerstone
of the Horizon 2000 Science Programme. Image courtesy of ESA.

~ 48 hour), with an apogee of about 115,000 km and a perigee of ca. 6000 km. The
high elliptical orbit offers continuous target visibility of up to about 40 hours, with a
minimum height for science observations of 46,000 km. The XMM-Newton spacecraft
is the largest scientific satellite ever launched by the ESA. Its length and weight are a
bout 10 m and 4 tons, respectively. An artist image of the XMM-Newton observatory
and its payload are displayed in Figure 2 and Figure 3, respectively.

XMM-Newton carries two types of telescopes, first; three Wolter type X-ray tele-
scopes, second; a 30-cm optical /UV telescope. The science instruments on board XMM-
Newton are (1) European Photon Imaging Camera (EPIC), (2) Reflection Grating Spec-
trometer (RGS), and (3) Optical Monitor (OM). EPIC has three CCD cameras (MOS1,
MOS2, PN) for X-ray imaging, moderate resolution spectroscopy, and X-ray photome-
try. RGS has two identical spectrometers (RGS1 and RGS2) for high-resolution X-ray
spectroscopy and spectro-photometry. Both EPIC and RGS reside in the focal planes
of the X-ray telescopes. OM is a co-aligned telescope for optical/UV imaging and spec-
troscopy. The six instruments can be operated simultaneously or independently with
the possibility to work in different modes of data acquisition. Thus, XMM-Newton
provides simultaneous observations at X-ray and optical/UV wavelengths.

EPIC has two types cameras (MOS: Metal Oxide Semiconductor and PN) that are
fundamentally different in their geometry as well as other properties like the readout
time and the quantum efficiency. The MOS chip arrays consists of 7 individual identical
front-illuminated chips that are not co-planar but offset with respect to each other. The
MOS cameras receive 44 % of the reflected light by two X-ray telescopes while the rest
of the reflected light is received by the two RGS. The EPIC PN camera is a single
silicon wafer consisting of 12 CCDs that are back-illuminated. It resides at the focal
plane of one of the X-ray telescopes and receives the total reflected beam. Both MOS
and PN cameras allow several modes of data acquisition.

The main characteristics of XMM-Newton are listed in Table I that is obtained



Figure 1.3: Sketch of the XMM-Newton payload. The three mirror modules are visible
at the lower part. The two mirrors at the lower left are equipped with Reflection
Grating Arrays. The focal X-ray instruments are shown at the right end, which are the
MOS cameras with their radiators (black/green horns), the radiator of the PN camera
(violet) and the RGS detectors (in pink). The OM telescope is not seen in the payload
since it is obscured by the lower mirror module. Image courtesy of ESA.

from Piconcelli (2007). The performance of X-ray telescopes is characterised by the
image quality, effective area, and straylight rejection efficiency. The quality of an X-ray
mirror module is determined by its ability to focus photons. One of the XMM-Newtons
major strong points is that the core of its on-axis point-spread function (PSF) is narrow
and varies little over a wide energy range (0.1-6 keV) but the PSF becomes slightly more
energy dependent above 6 keV. The mirror performance is also characterised by the
effective area, which reflects the ability of the mirrors to collect radiation at different
photon energies. XMM-Newton carries X-ray telescopes with the largest effective area
of a focusing telescope ever since the total geometric effective area of their mirrors at
1.5 keV energy is 4650 cm?.

Both the shape of the X-ray PSF and the effective area is a function of the off-axis
angle within the mirrors field-of-view. The PSF at large off-axis angles is elongated due
to off-axis aberration (astigmatism). The effective area declines as a function of off-axis
angle, which is called vignetting. The other important characteristic of X-ray telescope
performance is the efficiency to reject the straylight that produces a contaminated
image by a diffuse background light emitted by X-ray sources located outside the field
of view. XMM-Newton’s X-ray telescopes have X-ray baffles to reduce such effects. For
more information about XMM-Newton, instruments, and it characteristics, we refer to
the XMM-Newton Users Handbook by Piconcelli (2012).
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Table 1.1: The main characteristics of the XMM-Newton. The table is from Piconcelld
(2012).

Instrument EPIC MOS EPIC PN RGS oM
Bandpass 0.15-12 keV 0.15-12 keV 0.35-2.5 keV 180-600 nm
Orbital target visibility 5-135 ks 5-135 ks 5-135 ks 5-145 ks
Sensitivity (erg s~ cm™?) ~ 1071 ~ 107 ~8x107° 20.7 mag
Field of view (FOV) 30 30 ~ 5 17
PSF (FWHM/HEW) 5" /14" 6" /15" N/A 1.4"7-2.0"
Pixel size 40 pm (1.1”7) 150 pm (4.1”) 81 pm (9 x 10724)  0.476513"
Timing resolution 1.75 ms 0.03 ms 0.6 s 0.5s
Spectral resolution ~ 70 eV ~ 80 eV 0.04/0.025 A 350

1.3 Constructing Cluster Catalogues

1.3.1 Optically selected clusters

The first cluster catalogue based on optical data was compiled by Abell (T958). He
visually inspected the photographic plates from the Palomar Observatory Sky Survey.
To include a cluster in his catalogue he required a concentration of 50 galaxies or more
in a magnitude range ms + 2, where mga is the third brightest galaxy, within a circle
with a radius of ~ 2 Mpc in the redshift range 0.02 < z < 0.20. The distances were
estimated based on the magnitude of the tenth brightest galaxy. The cluster catalogue
was updated and enlarged to comprise about 4000 clusters by (Abell'ef all, T989). Based
on the same optical data with less strict criteria, Zwicky et al] (T961) constructed a large
catalogue of 9700 galaxy clusters extending to poor clusters and high redshift ones. In
addition to these main catalogues many group and cluster samples were detected over
smaller areas on the sky and up to higher redshifts (e.g, Huchra & Gelled, T982; Gunnl
ef all, T9R6; Postman ef all, 1996; Gladders & Yed, P005). The SDSS photometric and
spectroscopic data allowed to compile large samples of optically selected galaxy groups
and clusters.

The SDSS saw the first light in 1998 and has started the routine survey in 2000
(Work_ef all, 2000). It uses a dedicated 2.5 m telescope at Apache Point Observatory
(APO) in Southern new Mexico. The telescope is equipped with a large-format mosaic
CCD camera to image the sky in five optical bands (u, g, r, i, z) and two digital
spectrographs to obtain spectra of galaxies, quasars, and stars. The first, SDSS-I (2000-
2005), and second, SDSS-IT (2005-2008), phases of the survey provided imaging covering
more than a quarter of the sky, photometric catalogues, spectra, and redshifts. These
data have been made public in yearly releases, the final one of those projects was DR7
in 2009. The SDSS has extended the previous phases with a new project called SDSS-
III, which started in 2008 and will carry out observations for six years. The present
data release of the SDSS is DR9, which includes imaging data of 14555 deg? as well as
the first spectroscopic data from the SDSS-III Baryon Oscillation Spectroscopic Survey
(BOSS) that covers a spectroscopic footprint area on the sky of 3275 deg?. Among
the scientific goals of SDSS are to create a well-calibrated and contiguous imaging and
spectroscopic survey of northern Galactic cap at high latitudes, in addition to imaging
of a series of stripes in Southern Galactic cap to understand the Galaxy and to explore
Type la supernovae (Ahn ef all, POT2).

In the last 13 years, SDSS data was extensively used to detect galaxy clusters
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Table 1.2: A list of the largest cluster catalogues selected optically based on SDSS data
using different finding algorithms.

Catalogue Algorithm Data Nr.CLGs  Redshift References

SDSS CE Cut and enhance (CE)  Magnitudes 4,638 0.01-0.44 Gotoetall (2002)
C4 C4 Colours 748 0.02-0.17 [Miller_ef all (PO0H)
Berlind2006 Friends-of-friends Spec-z 8,148 0.05-0.1 Rerlind_ef-all (2O0G)
MaxBCG Red-sequence Colours 13,823 0.1-0.3 [Koester et all (2007)

WHLO09 Friends-of-friends Photo-z 39,688 0.05-0.6 Wen“ef_all (2009)

GMBCG Red-sequence Colours 55,000 0.1-0.55 Hao eftall (2010)
AMF Adaptive-Matched- Magnitudes 69,173 0.05-0.78 Szabho et all (20IT)

Filter + Photo-z
WHL12 Friends-of-friends Photo-z 132,684 0.05-0.8 Wen_ef_all (P1I12)

through applying various detection techniques that are described in Section 1.2. Had
ef—all (20010) listed in Table 1 most of the optical cluster surveys and the detection
methods using different optical surveys. Here I only summarise the optical cluster
surveys, which were based on the SDSS data. Table 2 lists the main properties of the
largest cluster catalogues extracted from various releases of SDSS. It lists the catalogue
name, finding algorithm, used data, number of detected clusters (Nr.CLGs), redshift
range, and references in columns 1, 2, 3, 4, 5, and 6, respectively.

1.3.2 X-ray selected clusters

The statistical studies of clusters of galaxies provide complementary and powerful con-
straints on the cosmological parameters (e.g. Voif, 2005; [ATlen_ef all, 0TT). Therefore
the X-ray surveys of galaxy clusters, which provide pure and clean cluster samples,
are an important tool for cosmology and large scale structure. Many clusters have
been detected in X-ray observations taken by the previous X-ray missions e.g. Uhuru,
HEAO-1, Ariel-V, Einstein, and EXOSAT, which have allowed a more accurate char-
acterization of their physical properties (for a review, see Rosafi_ef all (2002)). The
ROSAT All Sky Survey (RASS, [Voges et all, 1999) and its deep pointed observations
have led to the discovery of hundreds of clusters. Based on ROSAT observations, 1743
clusters have been identified, which are compiled in a meta-catalogue called MCXC
by Piffaretti et all (2011). The MCXC catalogue is based on published RASS-based
(NORAS, REFLEEX, BCS, SGP, NEP, MACS, and CIZA) and serendipitous (160D,
400D, SHARC, WARPS, and EMSS) cluster catalogues.

The current generation of X-ray satellites XMM-Newton, Chandra, and Suzaku
provided follow-up observations of individual clusters allowing a precise determination
of their spatially resolved spectra (e.g. Vikhlinin ef all, P00Ya); Pratt et all, 2010; Arnaud
ef-all, ZOI0). Several other projects are being conducted to detect galaxy clusters from
the observations of the XMM-Newton, Chandra, and the Swift/X-ray telescopes that
provided contiguous surveys for small areas (e.g. Finoguenov et all, 2007, 2010; Adami
Bt all, 2001; Suhada_et_all, 2017) and pointed observations that cover slightly large
areas on the sky (e.g. Boschin, 200%; Barkhouse et all, 2006; Kolokofronis ef all, 2006;
Peterson_ef all, 200Y; Fasshender et all, POT1; [Takey et all, 2001, Mehrfens et all, POT2;
Clerc et all, 2012; Tunda et all, 2017; de Hoon ef-all, 2013; [Takey et all, 2003a,H). So
far these surveys provided a substantial cluster sample of few hundreds up to redshift of
1.57. Mundoef all (2012) summarised in Table 1 the ongoing surveys of galaxy clusters,
here I regenerated the table and added the completed ROSAT surveys as well as our
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Table 1.3: Main properties of the completed and ongoing X-ray cluster surveys.

Satellite Name Type Area Flux limit Nr. References
deg? (0.5-2.0 keV)  CLGs
ROSAT MCXC All Sky Survey 1743 Eiftaratii et all (ZOi)
+ Serendipitous
Chandra DCS Serendipitous 5.55 0.6 x 10— 14 36
ChaMP Serendipitous 13.0 1.0 x 10~1% 49
XMM-Newton SEXCLAS Serendipitous 2.1 0.6 x 10~ % 19
COSMOS Contiguous 2.1 0.2 x 10714 72
SXDF Contiguous 1.3 0.2 x 10714 57
XMM-LSS Contiguous 11.0 ~ 1014 66
XDCP Serendipitous 76.0 ~ 1014 22
XCs Serendipitous 410.0 > 300 net cts 504
XCLASS Serendipitous 90.0 2 x 1074 347
XMM-BCS Contiguous 6.0 0.6 x 1014 46
2XMMi/SDSS Serendipitous 210 > 80 net cts 574 This thesis
Takey et al] (Z0il, ZOL3a,H)
XMM+Chandra Peterson09 Serendipitous 163.4 0.3 x 10~ 12 462 Patarson et all (Z00d)
Swift /XRT SXCS Serendipitous 40.0 1.0 x 10 1% 72 Mimnda st all (2002)

survey as listed in Table T3, It lists the satellite, survey name, type (contiguous or
serendipitous), survey area, flux limit in 0.5-2 keV, number of detected clusters (Nr.
CLGs), and its reference in columns 1, 2, 3, 4, 5, 6, and 7, respectively.

Although, the current X-ray telescopes provide contiguous surveys covering small
solid angles, they provided thousands of pointed observations. The summed field-
of-views of these individual observations is covering slightly large area on the sky.
The pointed observations were the main data base for serendipitous cluster surveys
that led to the identification of hundreds of galaxy clusters as shown in the table
above. The main X-ray serendipitous sources catalogues to date are the XMM-Newton
Serendipitous Source Catalogue, 2XMMi-DR3 (Wafson ef all, 2009), and the Chandra
Source Catalogue (Exvansefall, 2010). Both catalogues provided thousands of extended
sources, which are the main resources to discover new clusters of galaxies. Unfortu-
nately, these catalogues have a large fraction of likely spurious detections that need to
be identified and excluded through visual inspection of their X-ray images.

As listed in Table 3, there are only a few thousands of clusters that have been
identified at X-ray wavelengths. Since most of the current X-ray archives are already
explored, there is no expected significant increase of X-ray detected galaxy clusters
from Chandra or XMM-Newton. The current status will be changed dramatically by
the launch of eROSITA, which is scheduled in 2014. It will perform the first imaging
all-sky survey in the energy band [0.5-10] keV with an unprecedented spectral and
angular resolution. This will led to detect about 100,000 clusters of galaxies up to
redshift z ~ 1.3 in order to study the large scale structure and test cosmological models
(Predehl ef_all, 'ZOH]),

1.3.3 SZ selected clusters

Recently, several galaxy cluster surveys have been conducted at mm wavelengths through
the Sunyaev-Zel’dovich (SZ) effect. Although, mm survey covering large area was pro-
posed in the nineties by Barbosa ef all (T996) to constrain the cosmological parameters,
it is only recently achieved to have such large surveys that provided several hundreds
of galaxy clusters. These surveys were done by either ground-based telescopes e.g the
South Pole Telescope (SPT, Reichardf et all, Z0T3) and the Atacama Cosmology Tele-
scope (ACT, Hasselfield ef all, 2013) or the Planck Satellite (e.g. Planck Collaborafion
ef all, P01, POT3). The number of confirmed clusters detected by the Plank, SPT, and
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ACT are 861, 158, and 68, respectively. The SZ surveys provide a complementary tool
to determine the cluster mass, the most fundamental parameter of clusters, through
the tight correlations between the SZ signal with the mass. The main advantage of
this technique is a redshift-independent signal that led to discover clusters up to high
redshifts.

1.4 Observable parameters

In addition to identification of clusters through the optical surveys they also provide
several observables. The main observables are the richness, net cluster galaxies after
subtracting the expected background galaxies, and the optical luminosity of the clusters.
Both observables can be used to estimate the cluster mass but with a large uncertainty.
Follow-up of individual clusters provided data that can be used to measure their masses
with much better accuracy through the galaxy number density, luminosity, and velocity
dispersion profiles. Another possibility to infer the cluster mass with high precision is
through gravitational lensing of background galaxies.

Assuming the ICM is an isothermal sphere, the gas density profile of the intracluster
gas can be derived by the King model that was originally applied for globular star
clusters by King (I967) as

pg(r) o re

,1-36/2
1+(T>] : (1.2)

and the X-ray surface brightness profile of clusters can be described by the § model

((:)avaliere & Fusco-Femiand, IQYG) :

Sx(r)

Tc

) —38+1/2
1+ (1> ] , (1.3)

where 1, is the core radius and § value equals approximately 2/3. The § model provides
a good approximation to the observed surface profiles except for the cool core clusters
that have an extra central brightness enhancement and it also shows a deviation in the
far cluster outskirts (e.g., Bohringer, 2006). The parameters of the § model are the r,
B, and the normalization.

Measuring the plasma temperature and abundance requires high quality X-ray data
because photons must be distributed among multiple energy bins. The global ICM
temperature is obtained by fitting a single-temperature emission model to a cluster
spectrum that contains multiple temperature. Having enough data, the temperature
and density profiles can be measured. Assuming the ICM is a spherically symmetric
system in hydrostatic equilibrium, the measured gas density, p(r), and temperature,
T(r), profiles can be related to the overall mass of the clusters,

_rkT(r) | dIn p(r) n dlnT(r)
Gump | dlnr dlnr

M(r) = (1.4)
where M(r) is the mass within radius r, G is Newton’s constant, k is the Boltzmann
constant, and pmy, is the mean molecular weight (e.g., Sarazin, T98R; Noifi, 2005; Allen
ef all, 20IT). For those clusters with low-quality X-ray data, the X-ray observables
provide good mass proxies as described in the next section.
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1.5 Scaling relations

Various correlations are found among the observable parameters as well as relations
between the observables with the cluster mass. In the following subsections, T will
briefly show the relation for X-ray and optical observables and their use to infer the
cluster mass.

1.5.1 X-ray scaling relations

If clusters are formed through the gravitational collapse of a homogeneous spherical
over-density of non-interacting dark matter, it is expected that the collapse process
and the produced dark matter halos are self-similar. This means that clusters with
lower mass are scaled down versions of clusters with higher masses. N-body simulations
suggested that the dark matter halo has a density distribution, known as NFW profile,
with the form

pa(r) o 7P (r 4 )P (L5)

where 74 is the scale radius and the most common representations are p =1 and ¢ = 3
(Navarro et all, 1997). The characteristic radius depends on the total mass and the
formation time. The NFW profile fits the mass profile of the most well-relaxed clusters
but it shows some deviations of clusters with ongoing mergers (Bohringer, 2006 ).

If clusters are approximately self-similar systems, their global parameters are ex-
pected to follow tight relations and to scale with mass, which are called scaling relations.
Assuming clusters are spherically symmetric systems in a hydrostatic equilibrium and
are formed at the same epoch, the theoretical scaling relations for the cluster param-
eters (temperature, luminosity, and mass) can be derived. The expected relations for
self-similar systems M-T, L-T, and L-M at redshift = 0 and the evolved ones are given
in Col. 2 and 3 of Table I4. Since the scaling relations are theoretically expected for
clusters at redshift = 0, a correction factor, E(z), should be applied to the derived
parameters for higher redshift clusters (e.g. Kofov & Vikhlinin, 2005). The evolution
factor, E(z), is dimensionless and defined as [ (1 + 2)3 + QA} 1/2.

These scaling relations have been calibrated observationally by several groups (e.g.,
Reiprich & Bohringer, P002; Praff_ef all, 2009). These studies showed that the ob-
served relations have a partly differing power law exponent from the expected one
from the scaling relations according to the self-similar evolution. This break from the
self-similarity is clearly shown in the L-T relation (e.g. Markevifch, T99R; Praff_efall,
2009; Mittal“ef"all, RO1T; Eckmiller_ef"all, 2011; Reicherf ef"all, 2OTT; [Takey et all,
DO10; Maughan et all, 2012; Hilton_ef all, 2012). These investigations showed that the
observed L-T relation is much steeper than the slope predicted by self-similar evolu-
tion. This indicates that the ICM is heated by an additional source of energy, which
comes mainly from AGNs (Blanfon ef-all, 2001). The inclusion of AGN-feedback at
high redshifts in cosmological evolution models indeed gives better agreement between
simulated and observed L-T relation (Hilfon ef all, 2017).

1.5.2 X-ray-optical relations

As discussed above, the most important parameter of a galaxy cluster is the mass,
which can determined through the X-ray observables, SZ signals, and gravitational
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Table 1.4: X-ray scaling relations that are theoretically expected from the self-similar
model.

relations self-similar relations evolved self-similar relations

redshift = 0 redshift = z
M-T M o« T M « E-z).TY?
L-T Lxbol X T>2< Lxpor x E(2) . T>2<
L-M Lxpol o< M*/3 Lxpol o< E73(z) . M43

lensing. Although, these techniques provide accurate mass measurements, they are
too expensive in terms of observations and they also provided small cluster samples.
The alternative and the simple way to obtain mass measurements for a large cluster
sample is to find an unbiased photometric proxy such as optical richness or optical
luminosity. Establishing and calibrating such mass-observable relations are essential
for determining the cluster mass function (Lopes et all, 2009).

Solid observational evidence indicates a strong interaction between the two baryonic
components of galaxy clusters. The evolution of galaxies in clusters is influenced by the
hot diffuse gas in the ICM. The observed metal abundance in the ICM is produced by
the pollution metals expelled from galaxies via galactic winds (Finoguenov et all, PO0T,;
De Grandi & Molendi, 2002). To understand the complex physics of galaxy cluster
baryon components, it is required to combine X-ray and optical observations of a large
sample of these systems and to compare their optical and X-ray appearance (Popessd
ef_all, pO04).

Several studies have presented the correlations between the X-ray observables such
as luminosity and temperature as well as the cluster mass with both optical richness
and luminosity (e.g. Popesso et all, 2004, 2005; Lopes et all, 2006; Rykoft et all, 2008,;
Lopes et all, P009; Wen_ef all, 2009; Szabo ef all, PIT1) based on known massive X-ray
galaxy clusters in the literature apart from RASS-SDSS sample that comprised galaxy
groups and clusters by Popesso et all (2004). These correlations show the ability to
predict the X-ray properties of galaxy clusters, the most expensive to observe, as well as
the cluster masses from the optical properties, and vice versa within a certain accuracy.
In addition several groups investigated the relation between the optical luminosity of
the BCGs and the cluster masses (e.g. [Popesso et all, 2007; Mittal et all, 2009). They
found a relation with inconsistent slopes as Lpcg o« MY1+96 The absolute magnitude
of the BCGs is also found to be dependent on the cluster redshift (Wen ef all, 2012).

1.6 Aims and outline of this work
In this thesis I am going to explore the XMM-Newton archival data in order to identify
a large sample of new X-ray detected galaxy groups and clusters. The constructed

catalogue will allow us to investigate the properties of these new systems, to trace the
evolution of the X-ray scaling relations and the correlations between the X-ray and
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optical properties. To measure the X-ray luminosities and temperatures of the new
constructed sample, I need to measure their redshifts. Therefore I constrained the
survey on those XMM-Newton fields that are in the foot print of the SDSS in order to
measure their optical redshifts. The thesis is divided into six chapters. Each chapter
is almost self-contained, therefore I will present each chapter as a paper format. The
second chapter is already published in the Astronomy € Astrophysics Journal. The
work of the third chapter is accepted for publication in the same journal while the
fourth and fifth chapters will be submitted in the near future.

The thesis is organised as follows: in Chapter 2 I will describe the cluster survey, the
X-ray cluster candidates list, the X-ray data reduction and analysis, the cluster sample
with available redshifts in the literature, the first cluster sample with X-ray luminosities
and temperatures, and the X-ray luminosity-temperature relations. In Chapter 3 1
will present our strategy to measure the photometric redshifts of the clusters, the
optically confirmed cluster sample and their X-ray properties, and the X-ray luminosity-
temperature relation that is derived from a large sample including groups and clusters
over a wide redshift range.

In Chapter 4 I will enlarge the optically confirmed cluster sample using the recent
data of the SDSS that includes spectra of the luminous red galaxies (LRGs) in BOSS.
In Chapter 5 I will investigate the relations between the BCGs properties (absolute
magnitude, optical luminosity) and the cluster properties (redshift, mass), in addition
to the correlation between the X-ray properties (temperature, luminosity, mass) and
the optical properties (richness and optical luminosity) of a subsample with X-ray
temperature measurements. I finally summarise the the work of my thesis as well as
the main contributions from this study in Chapter 6.
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Chapter 2

The 2XMMi/SDSS Galaxy
Cluster Survey: The first cluster
sample *

Abstract

We present a catalogue of X-ray selected galaxy clusters and groups as a first release
of the 2XMMi/SDSS Galaxy Cluster Survey. The survey is a search for galaxy clus-
ters detected serendipitously in observations with XMM-Newton in the footprint of the
Sloan Digital Sky Survey (SDSS). The main aims of the survey are to identify new
X-ray galaxy clusters, investigate their X-ray scaling relations, identify distant cluster
candidates, and study the correlation of the X-ray and optical properties. In this paper,
we describe the basic strategy to identify and characterize the X-ray cluster candidates
that currently comprise 1180 objects selected from the second XMM-Newton serendip-
itous source catalogue (2XMMi-DR3). Cross-correlation of the initial catalogue with
recently published optically selected SDSS galaxy cluster catalogues yields photometric
redshifts for 275 objects. Of these, 182 clusters have at least one member with a spec-
troscopic redshift from existing public data (SDSS-DRS8). We developed an automated
method to reprocess the XMM-Newton X-ray observations, determine the optimum
source extraction radius, generate source and background spectra, and derive the tem-
peratures and luminosities of the optically confirmed clusters. Here we present the
X-ray properties of the first cluster sample, which comprises 175 clusters, among which
139 objects are new X-ray discoveries while the others were previously known as X-ray
sources. For each cluster, the catalogue provides: two identifiers, coordinates, tem-
perature, flux [0.5-2] keV, luminosity [0.5-2] keV extracted from an optimum aperture,
bolometric luminosity Lsgg, total mass Msygg, radius Rs09, and the optical properties
of the counterpart. The first cluster sample from the survey covers a wide range of
redshifts from 0.09 to 0.61, bolometric luminosities Lsgg = 1.9 x 102 — 1.2 x 10% erg
s™!, and masses Msog = 2.3 x 1013 — 4.9 x 104 Mg. We extend the relation between
the X-ray bolometric luminosity Lsog and the X-ray temperature towards significantly
lower T and L and still find that the slope of the linear L — T relation is consistent
with values published for high luminosities.

*This chapter is published in the Astronomy & Astrophysics Journal, 2011A&A...534A..120T
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2. THE 2XMMI/SDSS GALAXY CLUSTER SURVEY: THE FIRST
CLUSTER SAMPLE

2.1 Introduction

Galaxy clusters are the most visible tracers of large-scale structure. They occupy
very massive dark matter halos and are observationally accessible by a wide range
of means. Their locations are found to corresponding to large numbers of tightly
clustered galaxies, pools of hot X-ray emitting gas, and relatively strong features in
the gravitational lensing shear field. Precise observations of large numbers of clusters
provide an important tool for testing our understanding of cosmology and structure
formation. Clusters are also interesting laboratories for the study of galaxy evolution
under the influence of extreme environments (Koester_et all, 2007).

The baryonic matter of the clusters is found in two forms: first, individual galaxies
within the cluster, which are most effectively studied through optical and NIR pho-
tometric and spectroscopic surveys; and second, a hot, ionized intra-cluster medium
(ICM), which can be studied by means of its X-ray emission and the Sunyaev-Zeldovich
(SZ) effect (Sunyaev & Zeldovich, 1972, [980). The detection of clusters using SZ effect
is a fairly new and highly promising technique for which tremendous progress has been
made in finding high redshift clusters and measuring the total cluster mass (e.g. Planck
Collaborafion_ef all, POT1; Vanderlinde ef all, 2010; Marriage et all, POUILT).

The X-ray selection of clusters has several advantages for cosmological surveys: the
observable X-ray luminosity and temperature of a cluster is tightly correlated with
its total mass, which is indeed its most fundamental parameter (Reiprich & Bohringer,
2007). These relations provide the ability to measure both the mass function (Bohringer
ef_all, 2002) and power spectrum (Schuecker_ef all, 2003), which directly probe the
cosmological models. Since the cluster X-ray emission is strongly peaked on the dense
cluster core, X-ray selection is less affected by projection effects than optical surveys
and clusters can be identified efficiently over a wide redshift range.

Many clusters have been found in X-ray observations with Uhuru, HEAO-1, Ariel-V,
Einstein, and EXOSAT, which have allowed a more accurate characterization of their
physical proprieties (for a review, see Rosati et all (2002)). The ROSAT All Sky Survey
(RASS, Voges et all, 1999) and the deep pointed observations have led to the discovery
of hundreds of clusters. In ROSAT observations, 1743 clusters have been identified,
which are compiled in a meta-catalogue called MCXC by Piffaretfi_ef all (2011). The
MCXC catalogue is based on published RASS-based (NORAS, REFLEEX, BCS, SGP,
NEP, MACS, and CIZA) and serendipitous (160D, 400D, SHARC, WARPS, and EMSS)
cluster catalogues.

The current generation of X-ray satellites XMM-Newton, Chandra, and Suzaku
have provided follow-up observations of statistical samples of ROSAT clusters for cos-
mological studies (Vikhlinin ef all, 20093) and detailed information on the structural
proprieties of the cluster population (e.g. Vikhlinin et all, 2006; Pratf_ef all, ZO10; A
naud ef_all, POI0). Several projects are ongoing to detect new clusters of galaxies from
XMM-Newton and Chandra observations (e.g. the XSC (Romer_ef all, 2001), XDCP
(Fasshender ef all, PO07), XMM-LSS (Pierreef all, 2006), COSMOS (Finoguenov et all,
paa7), SXDS (Finoguenov et all, P010), and ChaMP (Barkhonse ef all, 2008)).

In this paper, we present the 2XMMi/SDSS galaxy cluster survey, a search for
galaxy clusters based on extended sources in the 2XMMi catalogue (Watson ef all,
2009) in the field of view the Sloan Digital Sky Survey (SDSS). The main aim of the
survey is to build a large catalogue of new X-ray clusters in the sky coverage of SDSS.
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The catalogue will allow us to investigate the correlation between the X-ray and optical
properties of the clusters. One of the long term goals of the project is to improve the
X-ray scaling relations, and to prepare for the eROSITA cluster surveys, a mid term
goal is the selection of the cluster candidates beyond the SDSS-limit for studies of the
distant universe. Here we present a first cluster sample of the survey which comprises
175 clusters found by cross-matching the 2XMMi sample with published SDSS based
optical cluster catalogues.

The paper is organized as follows: in Sect. 2 we describe the procedure of selecting
the X-ray cluster candidates as well as their possible counterparts in SDSS data. In
Sect. 3 we describe the X-ray data the reduction and analysis of the optically confirmed
clusters. The discussion of the results is described in Sect. 4. Section 5 concludes the
paper. The cosmological parameters Oy = 0.3, Q5 = 0.7 and Hy = 70 km s~! Mpc~*
were used throughout this paper.

2.2 Sample construction

We describe our basic strategy for identifying clusters among the extended X-ray sources
in the 2XMMi catalogue. We then proceed by cross-matching the initial catalogue with
those of optically selected galaxy clusters from the SDSS thus deriving a catalogue of
X-ray selected and optically confirmed clusters with measured redshifts, whose X-ray
properties are analysed in Sect. 3.

2.2.1 X-ray cluster candidate list

X-ray observations provide a robust method for the initial identification of galaxy clus-
ters as extended X-ray sources. A strategy to create a clean galaxy cluster sample
is to construct a catalogue of X-ray cluster candidates followed by optical observa-
tions. XMM-Newton archival observations provide the basis for creating catalogues
of serendipitously identified point-like and extended X-ray sources. The largest X-ray
source catalogue ever produced is the second XMM-Newton source catalogue (Wafson
ef all, 2009). The latest edition of this catalogue is 2XMMi-DR3, which was released on
2010 April 28. The 2XMMi-DR3 covers 504 deg? and contains ~ 3 times as many dis-
crete sources as either the ROSAT survey or pointed catalogues. The catalogue contains
353191 X-ray source detections corresponding to 262902 unique X-ray sources detected
in 4953 XMM-Newton EPIC (European Photon Imaging Camera) observations made
between 2000 February 3 and 2009 October 8.

The 2XMMi-DR3 contains 30470 extended source detections, which form the pri-
mary database for our study. This initial sample contains a very significant number of
spurious detections caused by the clustering of unresolved point sources, edge effects,
the shape of the PSF (point spread function) of the X-ray mirrors, large extended
sources consisting of several minor sources, and other effects such as X-ray ghosts and
similar.

We applied several selection steps to obtain a number of X-ray extended sources that
were then visually inspected individually. In our study, we considered only sources at
high Galactic latitudes, |b] > 20°, and discarded those that were flagged as spurious in
the 2XMMi-DR3 catalogue by the screeners of the XMM-Newton SSC (Survey Science
Centre). The source detection pipeline used for the creation of the 2XMMi catalogues

19



2. THE 2XMMI/SDSS GALAXY CLUSTER SURVEY: THE FIRST
CLUSTER SAMPLE

allows for a maximum core radius of extended sources of 80 arcsec. Sources with
extent parameters equalling that boundary were discarded, screening of a few examples
shows that those sources are spurious or large extended sources (the targets of the
observations) that were discarded anyhow. This initial selection reduced the number
to 4027 detections.

Since our main aim is the generation of a serendipitous cluster sample, we removed
sources that were the targets of the XMM-Newton observation. We also discarded fields
containing large extended sources and selected only those fields within the footprint
of SDSS, which left 1818 detections. After removing multiple detections of the same
extended sources (phenomena caused by either problematic source geometries in a single
XMM-Newton observation or duplicate detections in a re-observed field), the catalogue
was reduced to 1520 extended sources that were regarded as unique.

This list still contains spurious detections for a number of reasons: (a) point-source
confusion, (b) resolution of one asymmetric extended source into several symmetric
extended sources, (c) the ill-known shape of the PSF leads to an excess of sources near
bright point-sources, for both point-like and extended sources, and (d) edge effects/low
exposure times. To remove the obvious spurious cases, we visually inspected the X-ray
images of the initial 1520 detections using the FLIX upper limit server®. As a result,
we were left with 1240 confirmed extended X-ray sources.

We then made use of the SDSS to remove additional non-cluster sources. We down-
loaded the XMM-Newton EPIC X-ray images from the XMM-Newton Science Archive
(XSA: Arvisef_ef all, Z002) and created summed EPIC (PN+MOS1+MOS2) images
in the energy band 0.2 — 4.5keV. Using these, we created smoothed X-ray contours,
which were overlaid onto co-added r, ¢, and z—band SDSS images. Visual inspection
of those optical multi-colour images with X-ray contours overlaid, allowed us to remove
extended sources corresponding to nearby field galaxies, as well as those objects that
are likely spurious detections. The resulting list which passes these selection criteria
contains 1180 cluster candidates, about 75 percent of which are newly discovered.

Figure 1 shows the X-ray-optical overlay of a new X-ray cluster, which has a coun-
terpart in SDSS at photometric redshift = 0.4975 and a stellar mass centre indicated
by the cross-hair as given by Szabo ef all (2011) (see Section 2.2). We use this cluster
to illustrate the main steps of our analysis in the following sections. In Appendix A,
Figures A.1 to A.4 show the X-ray-optical overlays and the extracted X-ray spectra
for four clusters illustrating results for various redshifts covered by our sample and
different X-ray fluxes.

About one quarter of the X-ray selected cluster candidates have no plausible optical
counterpart. These are regarded as high-redshift candidates beyond the SDSS limit at
z > 0.6, and suitable targets for dedicated optical/near-infrared follow-up observations
(see e.g. [Lamer ef all, POUOR).

2.2.2 The cross-matching with optical cluster catalogues

The SDSS offers the opportunity to produce large galaxy-cluster catalogues. Several
techniques were applied to identify likely clusters from multiband imaging and SDSS
spectroscopy. We use those published catalogues to cross-identify common sources in
our X-ray selected and those optical samples. All these optical catalogues give redshift

*http://www.ledas.ac.uk/flix /flix.html
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Figure 2.1: The X-ray-optical overlay of the representative cluster 2XMM
J104421.84-213029 at photometric redshift = 0.4975. The X-ray contours are over-
laid on the SDSS co-added image obtained in r, ¢, and z-bands. The field of view is
4" x 4’ centred on the X-ray cluster position. The cross-hair indicates the cluster stellar
mass centre as given by Szaba ef all (2011).

information per cluster, which we use in the following to study the X-ray properties of
our sources (2, indicates a photometric, zs a spectroscopic redshift).

Table P lists the main properties of the optical cluster catalogues that we used to
confirm our X-ray selection. Below we provide a very brief description of each of these
together with the acronym used by us:

e GMBCG The Gaussian Mixture Brightest Cluster Galazy catalogue (Hao ef all,
PO10) consists of more than 55,000 rich clusters across the redshift range 0.1 <
zp < 0.55 identified in SDSS-DR7. The galaxy clusters were detected by identi-
fying the cluster red-sequence plus a brightest cluster galaxy (BCG). The cross-
identification of X-ray cluster candidates with the GMBCG within a radius of 1
arcmin yields 136 confirmed clusters.

e WHL The catalogue of Wen, Han & Liu (Wen_ef all, P009) consists of 39,668
clusters of galaxies drawn from SDSS-DR6 and covers the redshift range 0.05 <
zp < 0.6. A cluster was identified if more than eight member galaxies of M, < —21
were found within a radius of 0.5 Mpc and within a photometric redshift interval
zp £ 0.04(1 + z,). We confirm 150 X-ray clusters by cross-matching within 1
arcmin.
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Table 2.1: Main properties of the cluster catalogues with optically (SDSS-based) se-
lected entries. The last two columns give the number of matching X-ray selected clusters
individually and cumulatively.

CLG Nr. Redshift SDSS X-ray Nr.CLG
catalogue  CLG range CLG (1) sample
GMBCG 55,000 0.1-0.55 DR7 136 123

WHL 39,688 0.05-0.6 DR6 150 72
MaxBCG 13,823 0.1-0.3 DR5 54 20

AMF 69,173 0.045 - 0.78 DR6 127 60

Total 275

e MaxBCG The mazx Brightest Cluster Galazy catalogue (Koester ef all, 2007) lists
13,823 clusters in the redshift range 0.1 < 2z, < 0.3 from SDSS-DR5. The clusters
were identified using maxBCG red-sequence technique, which uses the clustering
of galaxies on the sky, in both magnitude and colour, to identify groups and
clusters of bright E/SO red-sequence galaxies. The cross-match with our X-ray
cluster candidate list reveals 54 clusters in common within a radius of one arcmin.

e AMF The Adaptive Matched Filter catalogue of Szabo et all (201T) lists 69,173
likely galaxy clusters in the redshift range 0.045 < z, < 0.78 extracted from
SDSS-DR6 using an adaptive matched filter (AMF) cluster finder. The cross-
match yields 127 confirmed X-ray galaxy clusters.

In the AMF-catalogue, the cluster centre is given as the anticipated centre of the
stellar mass of the cluster, while in the other three catalogues the cluster centre is the
position of the brightest galaxy cluster (BCG).

Many of our X-ray selected clusters have counterparts in several optical cluster
catalogues within our chosen search radius of one arcmin. In these cases, we use the
redshift of the optical counterpart, which has minimum spatial offset from the X-ray
position. Table T lists in the second to last column the number of matching X-ray
sources per optical catalog individually and in the last column the final number after
removal of duplicate identifications.

The unique optically confirmed X-ray cluster sample obtained by cross-matching
with the four catalogues consists of 275 objects having at least photometric redshifts.
After cross-identification, we found 120 clusters of the optically confirmed cluster sam-
ple with a spectroscopic redshift for the brightest galaxy cluster (BCG) from the pub-
lished optical catalogues. Since the latest data release, SDSS DRS8, provides more
spectroscopic redshifts, we searched for additional spectra of BCGs and other member
galaxies. We ran SDSS queries searching for galaxies with spectroscopic redshifts zy(g)
within 1 Mpc from the X-ray centre. We considered a galaxy as a member of a cluster
if ‘Zp - Zs(g)’ < 0.05.

The spectroscopic redshift of the cluster was calculated as the average redshift for
the cluster galaxies with spectroscopic redshifts. The confirmed cluster sample with
spectroscopic redshifts for at least one galaxy includes 182 objects. Therefore, the
unique optically confirmed X-ray cluster sample has the photometric redshifts for all
of them, 120 spectroscopic redshifts for 120 BCGs from the optical cluster catalogues,
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Figure 2.2: The distribution of the optical redshifts for the confirmed clusters sample.
The distribution includes the cluster photometric redshifts z, (solid line) with a median
0.36, spectroscopic redshifts of the BCGs z; (dashed line) with a median 0.3 from the
optical cluster catalogues and the cluster spectroscopic redshifts zs (dotted line) with
a median 0.3 from the SDSS data.

and 182 clusters with one or more members with spectroscopic redshifts from the SDSS
database. Figure 22 shows the distribution of the cluster photometric redshift z,, the
distribution of spectroscopic redshifts z; of the BCGs as given in the various opti-
cal cluster catalogues, and the average spectroscopic redshift of the cluster members
(which we refer to as the cluster spectroscopic redshift) for the confirmed cluster sam-
ple. Figure P23 shows the distribution of the number of cluster galaxies that have a
spectroscopic redshift in the SDSS database. The relation between the photometric and
spectroscopic redshifts of the cluster sample is shown in Figure PE4. Since this relation
was found to be tight (where the Gaussian distribution of (2, - 2,) has o = 0.02), we
were able to rely on the photometric redshifts for the cluster with no spectroscopic
information.

We used an angular separation of one arcmin to cross-match the X-ray cluster
candidates with the optical cluster catalogues. The corresponding linear separation was
calculated using the spectroscopic redshift, if available, or the photometric redshift.
Figure 28 shows the distribution of the linear separation between the X-ray centre
and the BCG position. For AMF clusters (60 objects), we identified the BCGs of
40 systems within one arcmin and computed their offsets, which are included in this
aforementioned distribution. The BCGs were selected as the brightest galaxies with
|2p = 2p(BCG cand.)| < 0.05 among the three BCG candidates given for each AMF cluster
published by Szahaef"all (2001). The other 20 AMF clusters are not included in
Figure P4, because their BCG is outside one arcmin. It is not always the case that
the BCG lies exactly on the X-ray peak. Rykoff et all (2008) model the optical/X-ray
offset distribution by matching a sample of maxBCG clusters to known X-ray sources
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Figure 2.3: The distribution of the spectroscopically confirmed cluster members per
cluster.

from the ROSAT survey. They found a large excess of X-ray clusters associated with
the optical cluster centre. There is a tight core in which the BCG is within ~ 150
h~! kpc of any X-ray source, as well as a long tail extending to ~ 1500 h=! kpe. It is
shown in Figure 223 that the majority of the confirmed sample have the BCG within a
radius (~ 150 kpc), as well as a tail extending to 352 kpc that is consistent with the
optical /X-ray offset distribution of Rykoff et all (200R).

We searched the Astronomical Database SIMBAD and the NASA/IPAC Extra-
galactic Database (NED) to check whether they had been identified and catalogued
previously. We used a search radius of one arcmin. About 85 percent of the confirmed

sample are new X-ray clusters, while the remainder had been previously studied using
ROSAT, Chandra, or XMM-Newton data.

2.3 X-ray data analysis

The optically confirmed clusters have a wide range of source counts (EPIC counts in
the broad band energy 0.2-12 keV from the 2XMMi-DR3 catalogue) from 80 to 28000
counts as shown in Figure Z@. To analyse the X-ray data, we have to determine the
optical redshifts, except for some candidates with more than 1000 net photons for which
it is possible to estimate the X-ray redshift (e.g. Lamer ef all, 2008; Yu_ef-all, 20TT). In
this paper, we use the cluster spectroscopic redshifts where available or the photometric
redshifts that we obtained from the cross-matching as described in the previous section.

The data reduction and analysis of the optically confirmed sample was carried out
using the XMM-Newton Science Analysis Software (SAS) version 10.0.0.
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Figure 2.5: The distribution of the linear separation between the position of the BCG
and the X-ray cluster position.

25



2. THE 2XMMI/SDSS GALAXY CLUSTER SURVEY: THE FIRST
CLUSTER SAMPLE

30

25

N
(=]
T

Number of clusters
=
w

=
o
T

rLlﬁT [1

Qs 2.0 25 30 35 4.0 a5
log(EPIC_counts) [0.2 - 12.0] keV

Figure 2.6: The distribution of EPIC counts in [0.2-12] keV as given in the 2XMMi-DR3
catalogue for the confirmed cluster sample.

2.3.1 Standard pipelines

The raw XMM-Newton data were downloaded using the Archive InterOperability Sys-
tem (AIO), which provides access to the XMM-Newton Science Archive (XSA). The
raw data were provided in the form of a bundle of files known as observation data files
(ODF), which contain uncalibrated event files, satellite attitude files, and calibration
information. The main steps in the data reduction were: (i) the generation of calibrated
event lists for the EPIC (MOS1, MOS2, and PN) cameras using the latest calibration
data. This was done using the SAS packages cifbuild, odfingest, epchain, and
emchain. (ii) The creation of background light curves to identify time intervals with
poor quality data. (iii) The filtering of the EPIC event lists to exclude periods of high
background flaring and bad events. (iv) To create a sky image of the filtered data set.
The last three steps were performed using SAS packages evselect, tabgtigen, and
xmmselect.

2.3.2 Analysis of the sample

We now describe the procedure to determine the source and background regions for each
cluster, extract the source and background spectra, fit the X-ray spectra, and finally
measure the X-ray parameters (e.g. temperature, flux, and luminosity). As input to
the task generating the X-ray spectra, we used the filtered event lists as described in
the previous section.

2.3.2.1 Optimum source extraction radius

The most critical step in generating the cluster X-ray spectra is to determine the
source extraction radius. We developed a method to optimize the signal-to-noise ratio
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Figure 2.7: The radial profile of 2XMM J104421.84+-213029 MOS1(green), MOS2(red),
and PN (blue) images. The horizontal lines indicate the background values for MOS1,
MOS2 and PN with the same colour as the profile.

(SNR) of the spectrum for each cluster. To calculate the extraction radius with the
highest integrated SNR we created radial profiles of each cluster in the energy band
0.5—2.0keV. Background sources, taken from the EPIC PPS source lists, were excluded
and the profiles were exposure corrected using the EPIC exposure maps. Since we did
not perform a new source detection run, the SNR was calculated as a function of radius
taking into account the background levels as given in the 2XMMi catalogue.

The radial profiles of the X-ray surface brightness of the representative cluster in
MOS1, MOS2 and PN data are shown in Figure EZ0. The background values of the
cluster in the EPIC images are indicated by the horizontal line with the same colours as
the profiles. Figure 28 shows the SNR profiles of the representative cluster in MOSI1,
MOS2, PN and EPIC (MOS14+MOS2+PN) data as a function of the radius from the
cluster centre. The optimum extraction radius (72") is determined from the maximum
value in the EPIC SNR plot, which is indicated by a point in Figure 2.

2.3.2.2 Spectral extraction

The EPIC filtered event lists were used to extract the X-ray spectra of the cross-
correlated X-ray and optical cluster sample. The spectra of each cluster candidate were
extracted from a region with an optimum extraction radius as described in the previous
section. The background spectra were extracted from a circular annulus around the
cluster with inner and outer radii equalling two and three times the optimum radius,
respectively. Other unrelated nearby sources were masked and excluded from the source
and background regions that were finally used to extract the X-ray spectra. Figure 29
shows the cluster and background regions, as well as the excluded regions of field sources
for the representative cluster. The SAS task especget was used to generate the cluster
and background spectra and to create the response matrix files (redistribution matrix
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Figure 2.8: The signal-to-noise ratio (SNR) profiles of 2XMM J104421.8+213029 in
MOS1 (green), MOS2 (red), PN (blue) and EPIC (MOS1+MOS2+PN) (cyan) data.
The cluster optimum extraction radius (72”) is corresponding to the highest SNR as
indicated by a point in the EPIC SNR profile.

file (RMF) and ancillary response file (ARF)) required to perform the X-ray spectral
fitting with XSPEC.

2.3.2.3 Spectral fitting

The photon counts of each cluster spectrum were grouped into bins with at least one
count per bin before a fit of a spectral model was applied to the data using the Ftools
task grppha. The spectral fitting was carried out using XSPEC software version 12.5.1
(Arnand, M996). Before executing the algorithm to fit the spectra, the Galactic HI
column (nH) was derived from the HI map from the Leiden/Argentine/Bonn (LAB)
survey (Kalberla et all, P005). This parameter was fixed while fitting the X-ray spec-
trum. The redshift of the spectral model was fixed to the optical cluster redshift either
the spectroscopic redshift for 182 clusters or the photometric redshift for the remainder
cluster sample.

For each cluster, the available EPIC spectra were fitted simultaneously. The em-
ployed fitting model was a multiplication of a TBABS absorption model (Wilms ef all,
2000) and a single-temperature optically thin thermal plasma component (the MEKAL
code in XSPEC terminology, Mewe ef all, T986) to model the X-ray plasma emission
from the ICM. The metallicity was fixed at 0.4 Z5. This value is the mean of the
metallicities of 95 galaxy clusters in the redshift range from 0.1 to 0.6 (the same red-
shift range of the confirmed sample) observed by Chandra (Maughan et al], 2008). The
free parameters are the X-ray temperature and the spectral normalization. The fitting
was done using the Cash statistic with one count per bin following the recommendation
of Krumpe et all (200R) for small count statistics.

To avoid the fitting algorithm converging to a local minimum of the fitting statistics,
we ran series of fits stepping from 0.1 to 15 keV with a step size = 0.05 using the
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Figure 2.9: The representative cluster extraction region is the inner circle with colour
cyan. The background region is the annulus with white colour. The excluding field
sources are indicated by green circles. The field of view is 8 x 8 centred at the cluster
position.

steppar command within XSPEC. The cluster temperature, its flux in the [0.5-2] keV
band, its X-ray luminosity in the [0.5-2] keV band, the bolometric luminosity, and the
corresponding errors were derived from the best-fitting model. We assumed that the
fractional error in the bolometric luminosity was the same as the fractional error in the
aperture luminosity [0.5-2] keV (within an aperture defined by the optimum extraction
radius). Figure 210 shows the fits to the EPIC (MOS1, MOS2, and PN) spectra
and the models for the representative cluster. Figures A.1 to A.4 in the Appendix A
show the fitted spectra of four clusters with different X-ray surface brightnesses and
data qualities at different redshifts covering the whole redshift range of the confirmed
clusters.

2.4 Analysis of a cluster sample with reliable X-ray pa-
rameters

We analysed the X-ray data of the optically and X-ray confirmed clusters to measure the
global temperature of the hot ICM. We developed an optimal extraction method for the
X-ray spectra maximising the SNR. The cluster spectra were fitted with absorbed thin
thermal plasma emission models with pre-determined redshift and interstellar column
density to determine the aperture X-ray temperature (7y,), flux (Fgp) [0.5-2] keV,
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Figure 2.10: The EPIC PN (black), MOS1 (green) and MOS2 (red) data with the
best-fit MEKAL model for the representative cluster.

luminosity (Lgp) [0.5-2] keV, and their errors. We accepted the measurements of T,
and Ly, if the fractional errors were smaller than 0.5. About 80 percent of the confirmed
clusters passed this fractional error filter. For these clusters, another visual screening
of the spectral fits (Figure E10) and the X-ray images (Figure 29) was done. When
the spectral extraction of a given cluster was strongly affected by the exclusion of
field sources within the extraction radius or a poor determination of the background
spectrum, it was also excluded from the final sample, which comprises 175 clusters.
For a fraction of 80 percent, this is the first X-ray detection and the first temperature
measurement.

Our subsequent presentation of our analysis and discussion refers to those 175 ob-
jects with reliable X-ray parameters. The distribution of the T,, and L,y [0.5-2] keV
fractional errors for the first cluster sample is shown in Figure EZ10. It is clearly evi-
dent that the cluster luminosity is more tightly constrained than the temperature. For
about 86 percent of the sample, the fractional errors are smaller than 0.25. There-
fore, we estimated several physical parameters for each cluster based on the bolometric
luminosity L, within the optimal aperture. The median correction factor between
aperture bolometric luminosities and aperture luminosities in the energy band [0.5-2]
keV ( Lpo; / Lqap ) was found to be 1.7. We assumed that the fractional error in Ly
was identical to that of L), [0.5-2] keV. The estimated parameters are Rsoo the radius
at which the mean mass density is 500 times the critical density of the Universe (see
Eq. 2) at the cluster redshift, Lsoo the bolometric luminosity within Rsg9, and Msg
the cluster mass within Rsg9. We used an iterative procedure to estimate the physical
parameters using published Lsoo — T500 and Lsgp — Msoo relations (Pratfefall 2009,
their orthogonal fit for Mspo with Malmquist bias correction). Our procedure is similar
to that used by Piffaretfi et all (2011) and Suhada et all (2010), which consists of the
following steps:
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Figure 2.11: The distribution of the fractional errors in the X-ray temperatures (solid)
and luminosities (dashed) derived from spectra extracted within the optimum aperture
for the energy range 0.5-2 keV of the first cluster sample.

(i) We estimate Mz using the L — M relation

M500 =2x 1014M® (

h<z)77/3 Lol >1/2.08 (2.1)

1.38 x 10% erg s—1

where h(z) is the Hubble constant normalised to its present-day value, h(z) =

1/2
[ (142)34+Q A} . We approximate Lggg as the aperture bolometric luminosity
Ly, which we correct in an iterative way.

(ii) We compute Rs0

Rs00 = /3 Ms00/47500pc(z), (2.2)
where the critical density is p.(z) = h(2)?3H?/87G .

(ili) We compute the cluster temperature within Rso9 using the L — T' relation

T = 5keV ( (2.3)

h(z)_l Lo )1/3.35
7.13 x 104 erg s—1 '

(iv) We calculate the core radius rqy. and [ using scaling relations from Finoguenov

ef-all (2007)
_ T 063
Tcore = 0.07 x R500 X (1 k:eV) R (2.4)
T 13
=04 (—— . 2.

(v) We calculate the enclosed flux within Rspo and the optimum aperture by extrap-
olating the S-model. The ratio of the two fluxes is calculated, i.e. v = F500/Fhol-
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(vi) We finally compute a corrected value of Lsog = v X Lpol-

We then considered Lsgg as input for another iteration and all computed parameters
were updated. We repeated this iterative procedure until converging to a final solution.
At this stage, the Lsgg, Ms00, and Rsgg were determined. The median correction factor
between extrapolated luminosities and aperture bolometric luminosities (Lso/Lbol)
was 1.5. To calculate the errors in Egs. 1 and 3, we included the measurement errors
in the aperture bolometric luminosity L, , the intrinsic scatter in the L — T and
L — M relations, and the propagated errors caused by the uncertainty in their slopes
and intercepts. For Eq. 4 and Eq. 5, we included only the propagated errors of their
independent parameters since their intrinsic scatter had not been published. Finally,
all the measured errors were taken into account when computing the errors in Lsgg
and Msg in the last iteration. The errors in Lggg and Mg were still underestimated
because of the possible scatter in the relations in Eq. 4 and Eq. 5.

We investigated the L — T' relation in the first cluster sample using 75, and Lsoo.
Figure B=2Z3 shows the relation between Lsgy (corrected for the redshift evolution) and
T,p (uncorrected for cooling flows). Here we assumed that Tg,;, did not differ significantly
from T5p9 and its error was derived from the spectral fits. The best-fit linear relation
(solid line) derived from an orthogonal distance regression fit (ODR) (Boggs & Rogers,
1990, which takes into account measurement errors in both variables) between their

)

logarithm, is

log (h(2)™* Lsgo) = (0.57 4 0.05) + (3.41 £ 0.15) log (Tp). (2.6)

The best-fit power law relation derived from a BCES orthogonal fit to the Lggg -
T500 relation published by Praff et all (20009) for the REXCESS sample is plotted as the
dashed line in Figure B23 . The ODR slope (present work), 3.4140.15, is consistent with
the BCES orthogonal slope (Pratf et all, 2009) of the REXCESS sample, 3.35 + 0.32.
In addition, the present slope is consistent with the BCES orthogonal slope (3.63 +
0.27) of the L — T relation derived from a sample of 114 clusters (without excluding
the core regions) observed with Chandra across a wide range of temperature (2 < kT
< 16 keV) and redshift (0.1 < z < 1.3) by Maughan et al] (2011)

We tested the corresponding uncertainty in the error budget of Lsgg caused by the
above-mentioned unknown scatter in Eq. 4 and 5: for example, a ¢ = £0.1 scatter in
the 8 value results in a fractional error in Lsgy of 17%. If we take into account the
newly estimated errors in Lsgg when fitting the L — T relation, the revised slope of
3.32 is within the error in the original slope as in Eq. 6 and still consistent with the
published ones.

Our sample represents cluster temperatures ranging from 0.45 to 5.92 keV and
values of bolometric luminosity in the Lsgg range 1.9 x 10*2 — 1.2 x 10% erg s~ ! in
a wide redshift range 0.1 - 0.6. Most of the published L — T relations were derived
from local cluster samples with temperatures higher than 2 keV. The current relation
is derived for our sample, which includes clusters and groups with low temperatures
and luminosities in a wide redshift range up to z = 0.6. The distribution of luminosity
as a function of redshift is shown in Figure 2Z7T3.

Table P2, available at the CDS, represents the first cluster sample containing as
many as 175 X-ray clusters. In addition, the first cluster sample with the X-ray-optical
overlay and fitted spectra for each cluster is publicly available from
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Figure 2.12: The relation between the X-ray bolometric luminosities Lsgg and aperture
temperatures Ty, of the first cluster sample. The solid line indicates the best fit of the
sample using orthogonal distance regression (ODR). The dashed line is the extrapolated
relation for REXCESS sample (Pratf ef all, 2009) using a BCES orthogonal fit.
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Figure 2.13: The distribution of the X-ray bolometric luminosities Lsgg as a function
of optical redshifts of the first cluster sample.
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2. THE 2XMMI/SDSS GALAXY CLUSTER SURVEY: THE FIRST
CLUSTER SAMPLE

http://www.aip.de/groups/xray/XMM_SDSS_CLUSTERS/17498.html. In the catalogue,
we provide the cluster identification number (detection Id, detid) and its name (IAU-
NAME) in (cols. [1] and [2]), the right ascension and declination of X-ray emission in
equinox J2000.0 (cols. [3] and [4]), the XMM-Newton observation Id (obsid) (col. [5]),
the optical redshift (col. [6]), the scale at the cluster redshift in kpc/” (col. [7]), the
aperture and Rsoo radii in kpc (col.[8] and [9]), the cluster aperture X-ray temperature
Typ and its positive and negative errors in keV (cols. [10], [11] and [12], respectively),
the aperture X-ray flux Fy, [0.5-2] keV and its positive and negative errors in units of
1071 erg cm™2 57! (cols. [13], [14] and [15], respectively), the aperture X-ray luminos-
ity Lap [0.5-2] keV and its positive and negative errors in units of 1042 erg s™1 (cols.
[16], [17] and [18], respectively), the cluster bolometric luminosity Lsoo and its error in
units of 1042 erg s=! (cols. [19] and [20]), the cluster mass Msgo and its error in units
of 103 Mg, (cols. [21] and [22]), the Galactic HI column in units 10?2 cm~2 (col.[23]),
the identification number of the cluster in optical catalogue (col.[24]), the BCG right
ascension and declination in equinox J2000.0 (cols. [25] and [26]) although for AMF
catalogue they represent the cluster stellar mass centre, the cluster photometric red-
shift (col.[27]), the average spectroscopic redshift of the cluster galaxies with available
spectroscopic redshifts and their number (cols.[28] and [29]), the linear offset between
the cluster X-ray position and the cluster optical position (col.[30]), the optical cluster
catalogue names that identify the cluster (col.[31]) (Note: the optical parameters are
extracted from the first one), and the alternative name of the X-ray clusters previously
identified using ROSAT, Chandra, or XMM-Newton data and its reference in NED and
SIMBAD databases (col.[32] and [33]).

2.5 Summary and outlook

We have presented the first sample of X-ray galaxy clusters from the 2XMMi-Newton/SDSS
Galaxy Cluster Survey. The survey comprises 1180 cluster candidates selected as X-
ray serendipitous sources from the second XMM-Newton serendipitous source catalogue
(2XMMi-DR3) that had been observed by the SDSS. A quarter of the candidates are
identified as distant cluster candidates beyond z = 0.6, because there is no apparent
overdensity of galaxies in the corresponding SDSS images. Another quarter of the
candidates had been previously identified in optical cluster catalogues extracted from
SDSS data. Owur cross-correlation of the X-ray cluster candidates with four optical
cluster catalogues within a matching radius of one arcmin confirmed 275 clusters and
provided us with the photometric redshifts for all of them and the spectroscopic red-
shifts for 120 BCGs. We extracted all available spectroscopic redshifts for the cluster
members from recent SDSS data. Among the confirmed cluster sample, 182 clusters
have spectroscopic redshifts for at least one galaxy member. More than 80 percent
of the confirmed sample are newly identified X-ray clusters and the others had been
previously identified using ROSAT, Chandra, or XMM-Newton data. We reduced and
analysed the X-ray data of the confirmed sample in an automated way. The X-ray
temperature, flux and luminosity of the confirmed sample and their errors were derived
from spectral fitting. The analysed sample in the present work contains 175 X-ray
galaxy clusters with acceptable measurements of X-ray parameters (ie. with fractional
errors smaller than 0.5) from reasonable quality fitting (139 objects being newly discov-
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ered in X-rays). In addition, we derived the physical properties (Rs00, Lsoo and Msgp)
of the study sample from an iterative procedure using the published scaling relations.
The relation between the X-ray bolometric luminosity Lsgp and aperture temperature
of the sample is investigated. The slope of the relation agrees with the slope of the
same relation in the REXCESS sample (Pratf_efall, 2009). The present relation is de-
rived from a large sample with low luminosities and temperatures across a wide redshift
range 0.09 - 0.61.

As one extension to this project, we intend to obtain SDSS photometric redshifts
of all 2XMMi-DR3 X-ray cluster candidates that have been detected in SDSS imaging.
This will significantly increase the sample size and the identified fraction of the 2XMMi
cluster sample. Further improvements in the accuracy of the X-ray parameters for about
10 percent of the confirmed sample will be made by analysing repeated observations of
those clusters.

35



1—

"AVAINIS 10 QHN WOIj SoUreu I9)snd Ael-¥ UMOUN oY, (y)
"I99SN[D A} PIYIRIAP YPIYM sandoreyed [ea13do o1} JO sewreu oY, ()
“ejep Y-SSAS WOIJ PajoeIIXe are smjourered asa ], (,)
"(1€) '10o ur onSore)eDd JSIY WOIJ POURIqO dIe svjourered osoY T, ()
gD (T SHUN UL UWN[od TH d10v[eY) 9T, (5)
O ¢10T JO SHTUN UT I0I18 )1 pue 004y ssewr 1ISN[D o], (/)
"[—S 819 ;T JO SHUN UT 10118 §YT pue 0097 A}isouttun] oL3owo[oq AeI-X (,)

"1—S 819 ;0T JO SHUN UL SI0110 0AIJRS0U pue danisod st pue ASY [2-6°0) dorr £yisouruny £ei-y ormnjrady ®)

T
1-5 ¢

wo 819 (T JO SHUL UL SIOLIS dAIJRSoU pue dansod syt pue A9 [g-G0) dv,r xnpg Ler-y omjrody ©)

"(8¢) 109 10 (Lg) 09 WO YPIYSPOI TSI BT, ()
angore)ed e -TNINXG 9Y) WOIJ PajoRIjXe oIe siojourered 9soy) [V (v)
‘TWIY° 86%.T/SUALSNTO_SSAS”WHX/Aeax/sdnoas/ep -dre’ ann//:d33y WoIj o[qe[resr
Aorqnd st 103sNO Yoed 10J eI130ads pejlyy pue Ae[1oro [eo13do-ARI-Y 9} UM oNFOo[RIed I9ISN[D o} ‘UOMIPPR U] 0ZTIV/¥EG/V+V/[,1e0b/UTq-ZTA

/II"3qseils-n-'oIespod//:d1qy ®RIA IO Am.wmﬁmm.omd Ij-8qsernis-n-orespo o) djy snowduour ®IA G 9U} IR S[qe[IeAR SI 7 O[qRL, [N °SO)ON
c0'T ze'T 9L 080 LL°0 c0'g €20 22’0 9e'T 08°L9G 96°65C 19°€ 872’0 | T0L0S0E0Z0 | S9SSS'2¥ | 260T0°€VT | 0TEELF+0'G0TE60r ININXT | 8TLS60
9g°L z9'9 GL'98 87°0 180 19 0.0 gL'0 19°€ TO'ETL 8T°LSE 19°'9 G985°0 | TOTOEL00Z0 | €0£86°0€ | 966£V IVT | 898S0£+S GVST60r WINXT | TT6L60
00'T gz'e 6£°0€ v1°0 020 £9°C L1°0 8€°0 T6'T 9€°29¢ z6'8SE gs'9 €GL9°0 | TOTOSTS800 | LE9E6'FY | 89661°CET | TT9SPH+8 LYSYSOr ININXT | 8TLT60
70T 10T TL'8T L1°0 910 TLT £9°0 0g'T €L°¢ 96'C8¢S 1€°69€ 98'g €V9V'0 | TOS098L0TO | PSES8'FE | PELSLIET | PIISPE+6'TOLYSOL INXT | LTTT60
16'C o'V Te'9T 191 191 06'TT vZ'0 £7°0 €8T 0Z°LL9 09°gTE 1147 1927°0 | TO6ES9EVT0 | TILVS'SS | PTESE'6CT | 6VTESS+L'TTLES0r ININXE | 996060
29'9 8g'g T0'8ST | TLV 69'€ 12°99T | ¥g°0 gz'0 ov'e 08°COTT | 8£98C z8'e 12¥2’0 | TO6ES9EVIO0 | L8TLS'SS | 698TL'STT | TTVESe+8Peresor WINXTS | 952060
9g°0 €C'T 91°02 60°0 60°0 9z'C TL0 80'T e zh'gog 9L'ETS vE'9 €8€9°0 | 10G008T600 | 6ILVS'TS | 91SV6'LTT | 9S0S¢S+T9VTES0r ININXTC | S88680
152 61°C £6°L £€°0 gg'0 €9'1 910 g0'T 69'T ov'0£g 06°9€2 9z'g 698€°0 | T0909ZE0T0 | 99G8S'9T | PLSV6'9TT | 809€£92+6°9VL280r ININXTC | SELESO
90°'€ eey 18'92 85°0 0.0 oL'g £7°0 gg'0 81°C L8°€V9 8L°7V0E ge'g 696€°0 | TOVOLOOTTIO | TLE9T'ZT | TSVI9SIT | 6V60ET+V LEhSL0r ININXT | ZSVESD
go'T 121 V'8 gz'0 820 ¢9'1 020 0€'0 0z'1 vI'10S 0g'91€ 82'S T88€'0 | TOSOOTTTIO | 6199%'8T | €LOFPS'LIT | 009T8T-+L'ITISL0L ININXT | 99€€£80
19 67'¢ G1°8¢ L0 99°0 TT 1T 97°0 89°0 18°¢ €€°0GL T1°98¢ 09°g T8TH'0 | TOTO00E800 | 6LIS9'EF | OL¥GO'FIT | 906£EF-+6'S09€20f ININXT | 653080
00'T £6°0 Te6 £€°0 0%'0 00'€ 2€°0 ¥E0 08'T ¥7°99¢ 80°€9T 69°F T€Te’0 | TOTOPS9€00 | TSESTO 65687 7S 006T00-+S"LSLEEOr ININXT | O0ELTFO
Sz'T 67T ¥TI1 81°0 ¥2'0 €LT g7'0 €8°0 80'C 18'1€S ov'1EE 18°G 9.8%°0 | TOTOTITOZO | 9600£°0- | 697S9'9F €08T00-T'LE90E0L ININXG | £06%€0
€11 19T 67°L gg'0 FLO 9z'e S7'0 gg'0 8L'T 1€°19¢ 89°7SC fgaid 66.2°0 | TO90LV0STO | ¥HS¥8'8- | €¥SFP'8e $S0980-6'9VEETOr ININXT | 9FLOEO
L0°0 90°0 88°0 60°0 90°0 S6°0 80°0 91°0 g9°0 65907 09°80% zo'e T6LT'0 | TOPOELOOZO | €89L¥'L- | 6S096°LE 9€8CL0-¢'0STETOr ININXZ | TI90€0
8¢9 69°g 1929 z8°0 g0 0g°0T 880 ve'T TLe 09°2SL S0'TPE 89°g 86£7°0 | TOZOSGTITVO | 8TIRBL'L- | €£9T6°0€ TSIVL0-0'CFE0ZOr ININXZ | 098TZ0
18'9 0z'9 18°6L L0°C 9.°¢ z9°2e vZ'0 0€°0 86'T 96'8€8 16'65¢ €8V T88C'0 | TOZOVITOTO | 8TE0S0 6912862 TT0€00+2 LT6STOr ININXE | 80STT0
8¢'T 69'T €L°TT £8°0 8C'T L8 020 [ €8'T 90°229 6€°L0E £9°¢ g8TC'0 | TOZTISEOE0 | £TETTO L9S00°'TT L¥9000+€° TOPP00r ININXT | 780800
76’1 LE'T 8€°CT vZ'0 €20 £6'C L0 79°0 TeeT L1928 £V eVY v6°g $GLV'0 | T0Z0L0O0600 | £9%6L°0 8719601 £ELV00+2'0SE700r ININXZ | 920800
vE0 0 872 970 1270 L6V €10 ST'0 vET £9'67C 78'€0T g6'C TPLT'0 | TOTOLO0600 | ¥HRIO'T L6T68°0T 90TOTO+0'PEEFO0r ININXZ | T88L00
£V'C 98'C v9°CT vZ'0 890 gT'T 8T°0 [0} 67T 09°€98 66°65C A vSOV'0 | TOGOVIS900 | TTELS'6- | L6ETLOT £2VE60-L'ESCVO0r ININXT | T9IELOO
gg'0 10 6£°9 L2°0 ov'0 62'€ Te0 v9°0 86T £¢'g8g LL°98¢€ IR G690 | T0Z0LO0600 | 0S9TLO TS61L 0T 69TF00+9°252700r ININXT | 0FE€L00
L1°0 61°0 290 0€°0 70 60'T €80 82°0 W 8919V L8°L0T 19T 89V1°0 | T0%0L00600 | TOVSS'0 800£9°0T PIT1S00-+2 1€2700r ININXT | 026900
L0°1 ze'T 0.2t 61°0 €20 61°C 8T°0 Tr'o €8T 0L°99¢ 8T'LVT 0g'g TSIV'0 | T0TO69E0Z0 | 616SL°0 V85266 £69¥00-+2'2F6£00r ININXT | T06S00
or'0 9r'0 121 2g0 L1°0 15°0 Tv0 £€°0 L0'1 1G°PLY v1°68 ve'y 1082°0 | 101069£020 | €£100L°0 687286 00T¥00+6"L16600r ININXT | S28500
(81) (21) (91) (s1) (¥1) (e1) (z1) (1) (o1) (6) (8) (2) (9) (¢) (%) (€) (2) (1)

(A®) (A1) | (A=) (od3) (odxy) |, /0dy (82p) (32p) ANVNNVI
dvoq— | dvgo4 p4PT | dme— | 4P+ L,9Pa | 4ope— | 9dvpe+ vy, 009y vy areos 97 »PISqO 2P »el pPUWEN ,P1IOP
ordures 199sn{d 4817 o) JO SOLIYUL GF, 1SIY O], :g'T °[qRL

36


http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/534/A120
http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/534/A120
http://www.aip.de/groups/xray/XMM_SDSS_CLUSTERS/17498.html

‘

7 (R002) [Te 19 0[0useAR) -¢ *(RAHET) [1¢ 1o WUy

(

2)

.A _.5@@ -6 “(000g) e towoy -8 {(Z0g) [Te-jo utuoirty -/ (Zid) (T80 IR -9

-z 4(en07) [Te 19 SOl -] ‘SO0UdIajoy

- - ANV DOdxew | ¢9'0T 1 8¥ZZ'0 | 09€T°0 | LTSSSLV | 06610°€VI 9681 | 62100 | OF'T 169 €LT PeLT 8C.L860
- - ANV | g€9TT | 0 0000°0 | 29850 | OT¥P86°0€ | OFPEV IPI FL8ST'0'0'FL8ST | 8LI00 | ¢8°€ 0961 12°1€ V'6LT 116L60
4 090 [86ANA] ANV | ¥¥'8e 0 0000°0 | €G4S0 | 0LLE6'FV | 0010ZTET GIE€ET'0°0'CIEET | 64300 | €6'T TL'6 61°¢ 6279 81.260
- - THMDOIIND | L¥'8 1 €¥9F'0 | STLV'0 | L9ES8'FE | 0SLSL'IST | PPPLELTIELTSVEELL8S | T6T00 | €8'T 126 or'e 89'6¥ L11260
- ppgxew | 1g'TT 4 29.T°0 | 08LZ'0 | 98L%S°'SS | 0£€9€'6CT zees | cov0'0 | 6£C TLTT 16'8 16'29 996060
€ 91'gg+ OF DOIIND | ¥8'F 4 12¥c'0 | €€0T°0 | €92LS°GS | GL8TL'8TT | TI98V066¥808LELL8S | 6TF0°0 | 60°0T 1L°8% 167961 902911 | 952060
- - THM | $€7S 0 0000°0 | €8€S°0 | €€6¥8°CS | FPEV6 LTI LS0GTS+79¥1E800 | TTF0°0 | 28T €6 gg'e el 2 G88680
- - ANV THM DOIIND | LT'1¢ 4 69860 | STTHO | 80985°9C | FRIV6°'9TT | LSLIFFIVCIFRITOS|S | 99€0°0 | 8S'T 8€'9 $1°9 9¢°0% G€L680
- - THM | 19'8% 1 696€°0 | L£6€0 | 0S19T°TZ | 0TEI9SIIT 176022 +2 LTFSLOr | L1900 | 2£°C $SIT 68°0T $S 1L [4534300]
- - ANV | LP7°0TT | T T88€'0 | 696€°0 | 0699781 | 09¥E8°LIT 8TL.8°0°0'8TL8 | 0TS0°0 | 0T'T 6€°g 9g'¢ 0g'F1T 99££80
- - THM | ¢8°2T 4 T8CH'0 | TTI0V'0 | ¥2es9'sy | 80¥0'¥IT 806££7+8'509£L0r | 67S0°0 | L9'€ 6061 6291 89212 622080
1 €1 [go0zDdd] THM DOIIND | TL'L¥ g TETE'0 | 0TTE0 | €898%°0 8687 7S T0SLOTOE860SSTO88S | #190°0 | 8¥'T TT L [4H4 9V'¥T 0€L2¥0
- - DOIIND | £€9'€V 1 9LGV°0 | 0CIF'0 | 912080~ | 66T39'9F £8VC68TSL80GST088S | L8900 | 9v'T 86'9 €g'g 08'L% £06%£0
- - | ANV DOEXeW THM DOIIND | T10°€T 0 0000°0 | 66.2°0 | ¥T6¥8'8- | TLIVV'SE 76991£8890%CVZLL8S | 00£0°0 | LV'T 0L'9 89'¢ GL'6T 9¥.L0£0
- - THM | 1T°0% 4 16L1°0 | 6€02°0 | €T9LV'L- | ¥6956'LE VE€8TL0-L'6VTETOr | STE0°0 | €90 8C'C 11°0 G8'1T 1190€0
- - ANV DOIIND | 2091 1 86EV°0 | VEST'O | 9618L°L | 0.526°0% £GG9VELI6TS8LTLLES | L810°0 | 98'S 1861 9863 09232 0$8120
4 120 [86.AINA] DOIIND | $T°C 0 00000 | 8820 | €¥£09°0 0L128°6C 088€6T61860SST088S | €200 | SV 980T 0Z'6% G8'67C 80S120
- - THM DOIIND | €1'7¢ € G81Z°0 | 089¢°0 | TISIT'O 89C00°TT 99€G9TPLT60SST088S | 89T0°0 | LL'T (4] 62’ g1°08 780800
- - THM DOIIND | 90°€IT | T SLP'0 | 68670 | 8688L°0 TE8G6°0T €0ELLYTRTLSTIELL8S | 62100 | 8T 906 1ev LT'8% 920800
1 1 [go0zDdd] AWV THM DOIIND | 6S°6¥ P TPLT°0 | T99T°0 | TL6TO'T 90968°01 TPILO6LVE0TSSTO88S | 8100 | LT'T 19°¢ 680 G6'TT 18800
- - THM DOIIND | 188 0 00000 | ¥SO¥'0 | 99496~ | T€ITL'OT GT9E3S89L93TLTLL8S | 022070 | 99T ov'L 129 GL'8T 29€L00
1 €0 [s00zDdd] THM | 61°8% g G692°0 | 9L92°0 | SFSILO $961L°0T 90€700+L'25700r | 8L10°0 | 0T'T 89'¢ €T $9'€T 07€L00
- - DOgXeW HOIIND | 70°9¢ 9 89FT'0 | T€ST'0 | 120980 960£9°0T SVT9LLLYE0TSSTIO88S | 64T0°0 | 6470 62'¢ 9.0 T8’ 026900
- - ANV THM DOIIND | 119 14 TSTF'0 | €L8€°0 | €919L°0 8TLT6'6 FTSRTOTRTLITIELLRS | €610°0 | 29T $0'8 90°¢ 98'¥7¢ 106$00
- - DOIXeW THM | 0T°S 1 1082°0 | T¥62°0 | 186690 005286 G12%00+9°916£00f | 8610°0 | €0°T S0'F 96'T €69 528500
(g£) (zg) (te) | (og) (62) (82) (22) (92) (s2) (¥z) | (ez) (¢z) (12) (02) (61) (1)
DTID (od3)
‘Jox x%mg.vm umouy| rsyeo-3do jesyo mNZ .57 AN :O@Q :<ﬁ :ﬁ%ﬂo sHU 00SpyyaF \oomE 00S7oF uoom\u »P1I9P

“ponuIu0d EQEmm I9)SN[D )81 91} JO SOLIJUS GF, ISIY oY, :¢'C °[9RL

37






Chapter 3

The optically confirmed cluster
sample and the Ly — T relation™

Abstract

Aims. We compile a sample of X-ray selected galaxy groups and clusters from the
XMM-Newton serendipitous source catalogue (2XMMi-DR3) with optical confirmation
and redshift measurement from the Sloan Digital Sky Survey (SDSS). We present an
analysis of the X-ray properties of this new sample with particular emphasis on the
X-ray luminosity-temperature (Lx — 7" ) relation.

Methods. The X-ray cluster candidates were selected from the 2XMMi-DR3 cata-
logue in the footprint of the SDSS-DR7. We developed a finding algorithm to search for
overdensities of galaxies at the positions of the X-ray cluster candidates in the photo-
metric redshift space and to measure the redshifts of the clusters from the SDSS data.
For optically confirmed clusters with good quality X-ray data we derive the X-ray flux,
luminosity and temperature from proper spectral fits, while the X-ray flux for clusters
with low quality X-ray data is obtained from the 2XMMi-DR3 catalogue.

Results. The developed detection algorithm provides the photometric redshift of 530
galaxy clusters. Among them, 310 clusters have a spectroscopic redshift for at least one
member galaxy. About 75 percent of the optically confirmed cluster sample are newly
discovered X-ray clusters. Also, 301 systems are known as optically selected clusters
in the literature while the remainder are new discoveries in X-ray and optical bands.
The optically confirmed cluster sample spans a wide redshift range 0.03-0.70 (median
2=0.32). In this paper, we present the catalogue of X-ray selected galaxy groups
and clusters from the 2XMMi/SDSS galaxy cluster survey. The catalogue has two
subsamples: (i) a cluster sample comprising 345 objects with their X-ray spectroscopic
temperature and flux from the spectral fitting; (ii) a cluster sample consisting 185
systems with their X-ray flux from the 2XMMi-DR3 catalogue since their X-ray data
is not sufficient to do spectral fitting. For each cluster, the catalogue also provides the
X-ray bolometric luminosity and the cluster mass at Rgsgp based on scaling relations and
the position of the likely brightest cluster galaxy (BCG). The updated Lx — T relation
of the current sample with X-ray spectroscopic parameters is presented. We find the
slope of the Lx — T relation is consistent with published ones. We see no evidence for

*This chapter is published in the Astronomy & Astrophysics Journal, 2013A&A...558A..75T
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3. THE OPTICALLY CONFIRMED CLUSTER SAMPLE AND THE
Lx — T RELATION

evolution in the slope and intrinsic scatter of the Lx — T relation with redshift when
excluding the low luminous groups.

3.1 Introduction

Galaxy clusters are the largest known gravitationally bound objects, their study is
important for both an intrinsic understanding of their systems and an investigation of
the large scale structure of the universe. The multi-component nature of galaxy clusters
offers multiple observable signals across the electromagnetic spectrum (e.g. Sarazin,
[T9RY; Rosafief all, PO02). The hot, ionized intra-cluster medium (ICM) is investigated
at X-ray wavelengths and the Sunyaev-Zeldovich (SZ) effect (Sunvaev & Zeldovich,
1972, T980). The cluster galaxies are most effectively studied through optical and NIR
photometric and spectroscopic surveys. The statistical studies of clusters of galaxies
provide complementary and powerful constraints on the cosmological parameters (e.g.
Voifl, 2005; ATlen ef all, POIT).

X-ray observations offer the most powerful technique for constructing cluster cata-
logues. The main advantages of the X-ray cluster surveys are their excellent purity and
completeness and the X-ray observables are tightly correlated with mass (e.g.
& Bohringer], 2002; [Allen_ef all, POTT). Reliable measurements of cluster masses allow
us to measure both the mass function (Bohringer et all, 2002) and power spectrum
(Schuecker et all, 2003), which directly probe the cosmological models.

At X-ray wavelengths, galaxy clusters are simply identified as X-ray luminous, con-
tinuous, spatially extended, extragalactic sources (Allen"ef"all, 201T). Several X-ray
cluster samples have been constructed from previous X-ray missions and used for a va-
riety of astrophysical studies (e.g. Romer et all, [994; Forman ef all, T978; Scharf et all,
997; Vikhlinin"et"all, I99%; Bohringer et all, 2000; Borgani et all, 2001; Bohringer et all,
2004; Burenin_ef all, PO07). The current generation of X-ray satellites XMM-Newton,
Chandra, and Suzaku provided follow-up observations of individual clusters allowing
a precise determination of their spatially resolved spectra (e.g. Vikhlinin_ef all, 20094
Prati ef all, 2010; Arnaud et all, 2010). Several other projects are being conducted to
detect galaxy clusters from the observations of the XMM-Newton, Chandra, and the
X-ray Telescope on board of the Swift satellite (e.g. Barkhouse ef all, 2006; Kolokofrod
nis_ef_all, 2006; Finoguenov et all, 20074, PUIT; [Adami ef_all, 2011; Fasshender ef_all,
201T; [Takey et all, 2011; Mehrtens ef all, 2012; Clerc_ef all, 201%; Tundo et all, 2012).

We have started a serendipitous search for galaxy clusters based on extended sources
in the 2XMMi-DR3 catalogue, the second XMM-Newton source catalogue (Wafson
ef_all, 2009), in the footprint of the SDSS-DR7. The main aim of the survey is to
construct a large catalogue of newly discovered X-ray selected groups and clusters from
XMM-Newton archival observations. The catalogue will allow us to investigate the
evolution of X-ray scaling relations as well as the correlation between the X-ray and
optical properties of the clusters.

The survey comprises 1180 X-ray selected cluster candidates. A cross-correlation of
these with recently published optically selected SDSS galaxy cluster catalogues yielded
photometric redshifts for 275 objects. Of these, 175 clusters were published by ([Takey
ef_all, 2011, Paper I hereafter) together with their X-ray luminosity, temperature and
mass. The first cluster sample from the survey covers a wide range of redshifts from
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0.09 to 0.61. We extended the relation between the X-ray bolometric luminosity at
Rs00 (the radius at which the cluster mean density is 500 times the critical density of
the Universe at the cluster redshift) and the X-ray temperature towards significantly
lower luminosities than reported in the literature and found that the slope of the linear
Lx — T relation was consistent with that for more luminous clusters.

In the present paper, we expand the optically confirmed sample from the survey by
searching for the optical counterparts of cluster candidates that had been missed by
previous cluster finding algorithms and their members detected in the SDSS imaging
(see Paper I for a sample of X-ray and optically selected groups and clusters). We
present the algorithm used to identify the optical counterparts of the X-ray cluster
candidates and to estimate the cluster redshifts using SDSS data. As a result, we
present a catalogue of X-ray selected galaxy groups and clusters (including the objects
in Paper I) from the ongoing 2XMMi/SDSS galaxy cluster survey. The catalogue
provides the X-ray properties (e.g. temperature, flux, luminosity, and mass) and the
cluster photometric redshift and, if available, the cluster spectroscopic redshift and the
position of the likely brightest cluster galaxy (BCG) of the optically confirmed cluster
sample.

The X-ray luminosity-temperature (Lx — T ) relation was investigated by several
authors (e.g. Markevitch, T99R; Pratf ef all, PO09; Mitfal ef_all, POTT; Eckmiller_ef all,
2010, Reicherf et all, POT1; [Takey et all, POIT; Maughan et all, 2012; Hilfon ef all,
2017). These studies showed that the observed Lx — T relation is much steeper than
that predicted by self-similar evolution. This indicates that the ICM is heated by an
additional source of energy, which comes mainly from Active Galactic Nuclei (AGNs)
(Blanfon efall, POTT). The inclusion of AGN-feedback in cosmological evolution models
indeed gives better agreement between simulated and observed Lx — T under certain
circumstances (Hilfon et all, P0T7). Here, we present an updated Lx — 7" relation based
on the largest sample of X-ray selected groups and clusters to date drawn from a single
survey based on XMM-Newton observations. The sample spans a wide redshift range
from 0.03 to 0.67.

The format of this paper is as the follows. In Section 2, we describe the construction
of the X-ray cluster candidates list and the optically confirmed cluster sample with their
redshift estimations. In Section 3, we present the X-ray data reduction and analysis of
the constructed sample. In Section 4, the results and discussion of the cluster sample
is presented. We summarise our results in Section 5. The cosmological parameters
Qv = 0.3, Q4 = 0.7 and Hy = 70 km s~! Mpc~! were used throughout this paper.

3.2 Sample construction

We started our search based on the XMM-Newton serendipitous sources followed by
searching of overdensities of galaxies in 3D space. In the following subsections, we
present the strategy to create the X-ray cluster candidates list. To derive the X-ray
properties of these candidates, we need to determine their redshift either from the X-
ray data, which is only possible for the X-ray brightest clusters, or from the optical
data, which is used in the current work. We also present the algorithm which is used
to detect the clusters in the optical band and to estimate their redshifts from the SDSS
data. The comparison of the measured redshifts with the published ones is presented.
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3.2.1 X-ray cluster candidates

The survey comprises X-ray cluster candidates selected as serendipitous sources from
the 2XMMi-DR3 catalogue in the footprint of SDSS-DR7. The number of XMM-
Newton fields that were used in constructing the 2XMMi-DR3 catalogue in the footprint
of SDSS-DR7 at high galactic latitude |b| > 20° is 1200 fields after excluding the
multiple observations of the same field. We also excluded those fields that were flagged
as bad (the whole field) and not suitable for source detection according to the manual
flag given in the 2XMMi-DR3 catalogue. The total area of those fields that were
included in our survey is 210 deg? taking into account the overlap areas among the
fields.

The cluster candidate selection was based on X-ray extended sources that passed
the quality assessment during the construction of the catalogue by the XMM-Newton
Survey Science Center (SSC). The extent parameter of each extended source in the
2XMMi-DR3 catalogue is determined by the SAS task emldetect by fitting a convo-
lution of a 8 model ($=2/3) and the instrument PSF (point spread function) to each
input source. The source is classified as extended if the extent parameter varies between
6 to 80 arcsec and if the extent likelihood is larger than 4 (Wafson et all, 2009).

The completeness of the 2XMMi-DR3 extended source catalogue is not easy to
assess since the 2XMMi-DR3 catalogue was constructed from 4953 observations that
have different exposure times. The wide range of exposure times yields various flux
limits. Muhleggen (2010) simulated two fields (LBQS and SCSA with exposure time
52 ks and 8.8 ks, respectively) in the XMM-Newton Distant Cluster project (XDCP)
in order to test the detection probability. They used a source detection technique that
is similar to the one used in detecting the 2XMMi-DR3 sources. According to their
simulations, the higher detection probability was for clusters with intermediate core
radii in the range of 15 to 25 arcsec. The probability goes down with the decrease
of the photon counts as well as the core radius (< 7 arcsec) due to the difficulty to
discriminate extended sources from point sources. The detection probability of sources
with large core radii (> 75 arcsec) and low number of photon was low because these
systems disappear in the background due to their low surface brightness. The detection
probability decreases beyond the off-axis angle of 12 arcmin, caused by vignetting.
Based on these results clusters with low photon counts or large core radii might be
missed in the 2XMMi-catalogue or might be listed with incorrect source parameters.

The selected extended sources were visually inspected by us in two steps to exclude
likely spurious detections. The first visual inspection was done using the X-ray images
through the FLIX upper limit server®. The second one was done using the X-ray-optical
overlays, where the X-ray flux contours were overlaid onto the co-added SDSS images in
r, i, and z—bands. The former inspection allowed us the remove the obvious spurious
cases due to point source confusion, X-ray artifacts, and near very bright sources.
Extended sources were also rejected if they were found within another extended source
or at the very edge of the CCDs. The latter inspection enabled us also to remove the
X-ray extended sources corresponding to low redshift galaxies. The resulting list which
passed these selection criteria includes 1180 X-ray cluster candidates with at least 80
net photon counts. More than 75 percent are new X-ray detections of galaxy groups
and clusters.

*http://www.ledas.ac.uk/flix /flix.html
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Figure 3.1: The X-ray-optical overlay of the example cluster 2XMM J102133.24-213752
at spectroscopic redshift = 0.1873. The X-ray flux contours (0.2 - 4.5 keV) are overlaid
on combined image from r, ¢, and z—bands SDSS images. The plotted cyan circle is
a circle with one arcmin radius around the X-ray emission peak. The field of view is
4" x 4 centred on the X-ray cluster position.

Figure B shows the X-ray-optical overlay of a newly discovered galaxy cluster in X-
ray and optical observations at redshift = 0.1873. This cluster has been serendipitously
detected (at off-axis angle of about 11 arcmins) in XMM-Newton EPIC observations
of the galaxy NGC 3221. We use this cluster as an example for illustrating the main
steps of estimating the cluster redshift and the X-ray analyses in the following sections.

3.2.2 Construction of the optically confirmed cluster sample

Various methods have been developed to define the cluster membership of galaxies
from the data provided by the SDSS. They are based on different properties of the
clusters and their galaxy members, e.g. using the cluster red-sequence, or the E/S0O
ridge-line (e.g. Koester ef all, 2007; Hao efall, 2010), or an overdensity of galaxies in
the photometric redshift space (Wen'ef all, 2009). Also, clusters of galaxies are identified
by convolving the optical galaxy survey with a set of filters in position, magnitude, and
redshift space based on a modeling of the cluster and field galaxy distributions (Szabd
ef_all, POTT).

In Paper I, we have optically confirmed about a quarter of the X-ray cluster candi-
dates through cross-correlation with previously identified clusters in four optical cluster
catalogues (Hao ef all, POT0; Wen_ef all, 2009; Koester ef all, 2007; Szabo et all, 2001).
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The remainder of the X-ray cluster candidates are either distant cluster candidates
beyond the SDSS detection limits i.e. z > 0.6, which need follow-up imaging and
spectroscopic confirmation or there are overdensities of galaxies at the X-ray cluster
positions that were not recognized by any previous optical cluster finders (see e.g. Fig-
ure B). Therefore, for those clusters with members detected in the SDSS imaging,
we developed our own algorithm to search for optical counterparts and determine their
redshifts from photometric redshifts in the SDSS database.

3.2.2.1 Estimation of the cluster redshifts

Since we have prior information about the cluster position, the position of the X-ray
emission peak, we can use this information to simplify the cluster finding procedure.
We searched for an overdensity of galaxies around the X-ray position of the cluster
candidates within a certain redshift interval. We created a galaxy sample for each
X-ray cluster candidate by selecting all galaxies from the SDSS-DRS in an area with
10 arcmins radius centred on the X-ray source position. This radius corresponds to
a physical radius of 500 kpc at redshift redshift 0.04, which is about our low redshift
limit.

The galaxies were selected from the galaxy view table in the SDSS-DRS, which
contains the photometric parameters measured for resolved primary objects, classified
as galaxies. Also, the photometric redshifts and, if available, the spectroscopic redshifts
of the galaxy sample were selected from the Photoz and Specz tables, respectively, in
the SDSS-DR8. The extracted parameters of the galaxy sample include the coordinates,
the model magnitudes in r—band, the photometric redshifts, and, if available, the
spectroscopic redshifts. When spectroscopic redshifts of galaxies are available, we use
those instead of the photometric redshifts.

To clean the galaxy sample from faint objects or from galaxies with poor photomet-
ric measurements, we only use galaxies with m, < 22 mag and Am, < 0.5 mag. The
resulting galaxy sample still includes galaxies with large photometric redshift errors,
which reach a 100 percent in many cases. The photometric redshift errors of the galaxy
sample with the applied magnitude cut are plotted against the photometric redshifts in
Figure B2. To exclude low redshift galaxies with significantly large relative photomet-
ric redshift errors as well as to keep high redshift galaxies with slightly large relative
errors, but could be acceptable, we decided to apply a relative photometric redshift
error cut (< 50 percent) and not to use a fixed absolute error. The 50 percent relative
error line is plotted in Figure B=2.

The main idea of the finding algorithm is to identify the likely brightest cluster
galaxy (BCG) among those galaxies with similar redshift within one arcmin from the
X-ray centroid position and then search for an overdensity of surrounding member
candidates. To confirm the X-ray cluster candidates optically and to measure their
redshifts, we do the following steps:

1. plot the photometric redshift histogram of all galaxies within one arcmin from
the X-ray position with m, < 22 mag, Am, < 0.5 mag, and fractional error of
the photometric redshift, Az,/z, < 0.5 as shown in Figure B3.

2. compute a tentative photometric redshift of the cluster as the centre of the red-
shift bin in the main peak, 2, p/. To make sure that the distributions of the
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Figure 3.2: The photometric redshift error, Az, is plotted against the photometric
redshift, z,, of the galaxy sample with m, < 22 mag and Am, < 0.5 mag. The solid
line indicates the 50 percent relative error of the photometric redshift of the galaxy
sample.

photometric redshifts of background galaxies can not produce such a peak in the
histogram, we selected 360 random positions in the SDSS sky coverage and count
the galaxies with identical magnitude and photometric redshift criteria used in
the previous step within one arcmin from the field positions. We have chosen
that large number of fields in order to obtain the average redshift distribution
of background galaxies. Figure B4 shows the average distribution of the galaxy
counts within those fields as a function of redshift. The distribution does not
exceed 0.91 per redshift bin. It is unlikely that the background galaxies have
a significant influence on the redshift determination. Therefore, we can neglect
subtraction of the background galaxies in the current step to compute a tentative
cluster redshift.

3. the BCG is identified as the brightest galaxy among those galaxies within one
arcmin around the X-ray position with a photometric redshift in the interval
zp,m £ 0.04(1 4+ z, ar). If the algorithm finds multiple peaks in the redshift
histogram, we select the closest BCG candidate to the X-ray position. Wen
ef-all (2009) have shown that a redshift interval of £0.04(1 + 2, /) comprises 80
percent of the clusters members. We assume that our tentative redshift gives a
less reliable but still a robust estimate of cluster membership. The redshift of the
likely BCG does not necessarily lie in the peak bin of the redshift histogram but
may be within one of the adjacent bins. Therefore, we initially allow that the
BCG candidate lies either in the central or in one of the adjacent redshift bins.
We then chose as BCG the brightest galaxy in those bins nearest to the X-ray
position.

4. to detect an overdensity of galaxies in 3D space, all galaxies within a radius of 560
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kpc from the X-ray emission peak within the redshift interval z, pcg £ 0.04(1 +
2p, Bc) are considered as cluster member candidates, N(<560 kpc). The redshift
range used here is the same as that used by (Wen et all, 2009). Since the physical
size of the cluster is not a priori known, we choose a radius of 560 kpc as the
average of Rsoo from Paper I. The radius used is similar to the radius used by
(Wen'ef all, 2009) to detect an overdensity of galaxies. They showed that a radius
of 500 kpc gives a high overdensity level and a low false detection rate using Monte
Carlo simulation tests. Since we are not computing the cluster richness in the
current work, we did not subtract the background galaxies. The identified cluster
member candidates are only used to compute the cluster redshift.

5. The cluster photometric redshift, z,, is finally determined as the weighted average
of the photometric redshift of N(<560 kpc) with weights given as w; = 1/(Az, ;)2
The redshift value for our example cluster is marked by the vertical red line in Fig-
ure B23. If there are available spectroscopic redshifts of N(<560 kpc), the cluster
spectroscopic redshift, zg, is the weighted average of those available spectroscopic
redshifts as indicated by a blue line in Figure B=3. For the example cluster, only
the BCG has a spectroscopic redshift. Figure BH shows the sky distribution of
the cluster member candidates within 560 kpc from the X-ray centroid that are
represented by red dots and the field galaxies that are represented by blue dots.

6. A cluster is considered as detected if there are at least 8 cluster member galaxies
within 560 kpc and 2 members within one arcmin. If N(<560 kpc) < 8 but the
estimated redshift is consistent with either an available redshift from the literature
or an spectroscopic redshift from the current algorithm, we also consider it as a
detected cluster. The final decision to confirm the optical cluster detection is
done through a visual inspection of the SDSS colour image of the cluster field,
which led to the exclusion of misidentified optical counterparts in a few cases.
Figure BE shows the SDSS colour image of the example cluster with a field of
view 4 x 4’ centred at the X-ray position.

Our procedure yielded 530 optically confirmed galaxy clusters with measured red-
shifts. We refer to this sample as the optically confirmed cluster sample, which spans
a wide redshift range from 0.03 to 0.70. About 60 percent of this sample have spec-
troscopic confirmation. Figure B2 shows the distribution of the number of cluster
galaxies per cluster with spectroscopic redshifts. Figure BR shows the distribution of
the estimated photometric redshifts and, if available, spectroscopic ones of the optically
confirmed cluster sample. The projected separation between the X-ray centres and the
optical centres (chosen to be the BCGs positions) of the cluster sample is shown in
Figure B9. The distribution has a median offset of 29 kpc, 86 percent of the BCGs
are found within 150 kpc. The maximum projected separation between the BCGs and
X-ray peaks is about 320 kpc. The reason for the small observed offset lies in the way
of sample construction, on the other hand the offset distribution seems to be in agree-
ment with the corresponding one derived for the maxBCG survey and ROSAT clusters
(Rykoft et all, PZ00R).
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Figure 3.3: The photometric redshift distribution of all galaxies within one arcmin from
the X-ray centroid with m, < 22 mag, Am, < 0.5 mag, and Az,/z, < 0.5. The cluster
photometric redshift (red line), Z,, spectroscopic redshift (blue line), Z,, and the cluster
member candidates within 560 kpc with photometric redshift, N(z,), and spectroscopic
redshift, N(z4), are written in upper right, respectively.
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Figure 3.4: The distribution of the mean galaxy counts, same distribution as Figure B33,
within one arcmin from the positions of 360 random fields in the SDSS footprint with
my < 22 mag, Am, < 0.5 mag, and Az,/z, < 0.5.
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Figure 3.5: The sky distribution of cluster galaxies (red dots) and the field galaxies
(blue dots) within 560 kpc from the X-ray position (black X marker). The BCG with
an available spectroscopic redshift (marked by star) is identical located (green x marker)
with the X-ray cluster position.

Figure 3.6: The SDSS colour image of the 2XMM J102133.2+213752 with four arcmins
a side field of view centred on the X-ray peak position as indicated by the cross hair.
The BCG with a spectroscopic redshift is marked by a square and it is coincident with
the X-ray position.
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Figure 3.7: The distribution of the number of cluster members with spectra of the
spectroscopically confirmed clusters. The bin size of the histogram is one.
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Figure 3.8: The distribution of estimated photometric redshifts and, if available, the
spectroscopic ones of the optically confirmed cluster sample.
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Figure 3.9: The distribution of the linear separation between the likely BCG and the
X-ray emission peak of the optically confirmed cluster sample.

3.2.2.2 Redshift uncertainty and the comparison with published redshifts

To assess the optical detection algorithm and the estimation of the cluster redshift,
we queried the NASA Extragalactic Data base (NED) to search for published optical
redshifts. The NED lists 301 objects including those from our Paper I. Figure BT shows
the relation between the present estimation of the redshifts, z,.., and the published
ones, zpyup. The clusters with available spectroscopic redshifts are represented by the
green dots while those clusters with only photometric redshifts are represented by the
blue dots. In general, the newly estimated redshifts are in a very good agreement with
the published ones.

For those clusters with redshift difference |zpre — 2pus| > 0.05, about 5 percent of
the sample, we visually re-investigated their colour image (as in Figure B8) and the
distribution on sky of the identified cluster members (as in Figure B33). This leads in all
cases to a revision of the published redshifts and we thus regard the newly determined
redshifts more reliable than the published ones which were based only on optical search
methods. We note, that redshifts used in Paper I needed to be revised also for about
5 percent of the objects for the same reason.

Among the optically confirmed cluster sample, 310 galaxy clusters are spectroscop-
ically confirmed with at least one member galaxy with spectroscopic redshift from the
existing SDSS data (SDSS-DRS8). To assess the accuracy of our weighted average pho-
tometric redshift, z,, we compared it with the weighted average spectroscopic redshift,
Zs. Figure BI shows the distribution of the redshift differences, z, - Z,, of the sample.
The standard deviation of these redshift differences is 0.02, which roughly indicates the
accuracy of the estimated photometric redshifts. Therefore, we are confident about the
reliability of the photometric redshift measurements.
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troscopic, Zs, redshifts of the optically confirmed cluster sample.
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3.3 X-ray data analysis

We use a similar procedure as in Paper I to reduce and analyse the X-ray data of the op-
tically confirmed cluster sample. The raw XMM-Newton data were downloaded using
the Archive InterOperability System (AIO), which provides access to the XMM-Newton
Science Arcchive (XSA: Arvisef ef all, 2007). These data were reprocessed to gener-
ate the calibrated and filtered event lists for EPIC (MOS1, MOS1, and PN) cameras
with a recent version of the XMM-Newton Science Analysis Software (SAS11.0.1). To
determine the source extraction radii with the maximum signal-to-noise ratio (SNR),
we created the radial profiles in the energy band [0.5-2.0] keV of each camera as well
as for EPIC. Then the SNR was calculated as a function of radius taking into account
the background values as given in the 2XMMi catalogue.

The X-ray spectra of each cluster were generated from a region with the deter-
mined optimal extraction radius, which was corresponding to the highest EPIC SNR.
The spectral extraction from the optimal aperture was chosen in order to reduce the
statistical uncertainty in the derived temperatures and luminosities from the spectral
fits. The background spectra were extracted from a circular annulus around the cluster
with inner and outer radii equalling two and three times the optimum radius, respec-
tively. Other field sources embedded in the source and background regions of the cluster
were removed.

The extracted spectra were binned to one count per bin. Spectra for each cluster
were simultaneously fitted in XSPEC (Arnand, 1996, version 12.7.0) with a single-
temperature optically thin thermal plasma model modified by galactic absorption of
neutral matter, TBabs x MEKAL in XSPEC terminology (Mewe et all, T986; Wilms ef all,
2000). The temperature and the normalization of the plasma model were allowed to
vary while the abundance was fixed at 0.4 Z5. The Hydrogen absorbing column density,
Ny, was derived from the Leiden/Argentine/Bonn (LAB) survey (Kalberla ef all, 2005)
and fixed to this value. The spectral fit was performed using the Cash statistics with
one count per bin, a recommended strategy for sources with low photon counts (e.g.
Krumpe et all, 2008).

To avoid a conversion of the fit to a local minimum of the fitting statistics, we
ran series of fits stepping the temperature from 0.1 to 15 keV with a step size = 0.05
using the steppar command within XSPEC. We note that when the model spectrum is
interpolated from a pre-calculated table, the cluster temperatures in some cases tend to
converge exactly at the temperature grid points of the model table. Therefore, we run
the MEKAL code with the option of calculating the model spectrum for each temperature
during the fitting and stepping process.

The spectral fitting provided us with the X-ray temperatures, fluxes in [0.5-2.0] keV
and luminosities in the rest frame energy band [0.5-2.0] keV and their errors. The errors
of the X-ray temperatures, fluxes, and luminosities represent the 68 percent confidence
range. The bolometric X-ray luminosity over the rest frame energy range (0.1 to 50.0)
keV was determined from the dummy response matrices based on the best fitting model
parameters. The fractional error in the bolometric luminosity was assumed to be the
same as the fractional error of the luminosity in the given energy band. To make sure
this assumption is valid, we varied the temperatures by + 1 ¢ in a few cases. We found
the measured band luminosities are within their errors.

We accepted the X-ray parameters (temperature, flux, luminosity) of a cluster if the
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relative errors of both the temperature and luminosity were smaller than 50 percent. A
final check was made to ensure that neither the source nor the background region were
affected by detector artefacts and/or astronomical objects. We also visually screened
spectral fits applied to the data and rejected poor spectral fits.

The finally derived bolometric luminosities were used to estimate the cluster lumi-
nosities and masses at R599 through an iterative method as briefly described below and
in more detail in Paper I.

3.4 Results and discussion

We could derive reliable X-ray parameters from spectral fits for 345 systems of the
optically confirmed cluster sample. In the next subsections, we compare our new results
with the common clusters from (a) the XMM Cluster Survey (Mehrfens et all, POT2),
(b) the MCXC catalogue (Piffareffi_ef all, 2001), and (c) the Paper I sample. We
then go ahead to derive an updated Lx — T relation based on this new sample. For the
remaining 185 clusters of the optically confirmed sample without proper spectral fit, we
used the X-ray flux as given in the 2XMMi-DR3 catalogue to estimate the luminosity
and the mass. We finally present the X-ray luminosity-redshift distribution of the whole
optically confirmed cluster sample.

3.4.1 The cluster sample with reliable X-ray parameters from the
spectral fits

Figure B2 shows the distribution of the net EPIC photon counts in the energy interval
[0.5-2.0] keV for those clusters that could be fitted successfully. It shows that 87 percent
of our clusters have more than 300 source photons. In some cases a successful spectral
fit could be achieved with just a few more than 100 photons due to the combination
of clean X-ray data and previous knowledge of the cluster redshift. Our new sample
has a wide range of temperatures from 0.5 to 7.5 keV, which is shown in Figure BT3.
The average relative errors of the temperatures and luminosities are 0.20 and 0.06,
respectively.

We follow an iterative method (see Paper I) to compute physical parameters for
each cluster. The estimated aperture X-ray bolometric luminosity and its error, optimal
extraction radius, and the redshift were used as input to determine the radius Rsqo,
the X-ray bolometric luminosity within Rs5q9, Lsgo, and the cluster mass at R0, M500-
The main idea of the iterative method is to extrapolate the aperture bolometric flux
to the bolometric flux at Rsg9 based on a 3 model of the form:

1+(:—C)

where § and core radius, r¢, depend on temperature (see Eq. 4 and 5 in paper I). The
correction factor of the flux is used to extrapolate the aperture bolometric luminosity
to the bolometric Lsgg. Finally, Msg is computed based on the Lggg — Msgo relation
from (Pratf efall, P009). The error budget of the estimated Lsoo and Msoo includes
the errors of the input parameters, the intrinsic scatter in the utilized Lx — T and
Lx — M relations, and the propagated errors of their slopes and the intercepts. The

S(r) = S(0) (3.1)

2] —38+1/2
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Figure 3.12: The distribution of the aperture net EPIC photon counts in [0.5-2.0]
keV derived from the spectral fitting for the cluster sample with X-ray spectroscopic
parameters.
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Figure 3.13: X-ray spectroscopic temperature distribution of the cluster sample with
reliable X-ray parameters from the spectral fit.
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median correction factor between the extrapolated bolometric luminosity to Rsoo and
the aperture bolometric luminosity, Lsoo/Lpor, was 1.7.

Table B2, available entirely at the CDS, represents the first 10 entries of the X-
ray selected cluster sample with a total of 345 rows. For each cluster the catalogue
lists the cluster identification number (detection Id, detid) and its name (IAUNAME)
in (cols. [1] and [2]), the right ascension and declination of X-ray emission in equinox
J2000.0 (cols. [3] and [4]), the XMM-Newton observation Id (obsid) (col. [5]), the optical
redshift (col. [6]), the scale at the cluster redshift in kpc/” (col. [7]), the aperture and
Rs0p radii in kpc (cols. [8] and [9]), the cluster aperture X-ray temperature T, and its
positive and negative errors in keV (cols. [10], [11] and [12], respectively), the aperture
X-ray flux Fy, [0.5-2.0] keV and its positive and negative errors in units of 10714 erg
cm ™2 571 (cols. [13], [14] and [15], respectively), the aperture X-ray luminosity Ly
[0.5-2.0] keV and its positive and negative errors in units of 10%2 erg s~ (cols. [16], [17]
and [18], respectively), the cluster bolometric luminosity Lspp and its error in units of
10%2 erg s=! (cols. [19] and [20]), the cluster mass Mspo and its error in units of 103
Mg (cols. [21] and [22]), the Galactic HI column in units 10*2 cm=2 (col. [23]), the
objid of the likely BCG in the SDSS-DRS8 (col. [24]), the BCG right ascension and
declination in equinox J2000.0 (cols. [25] and [26]), the estimated photometric and, if
available, spectroscopic redshift of the cluster (col. [27] and col. [28]), the number of
cluster members within 560 kpc with available spectroscopic redshifts, which were used
to compute the cluster spectroscopic redshift, (col. [29]), the redshift type (col. [30]),
the linear offset between the cluster X-ray position and the BCG position (col. [31]),
and the NED name and its references (col. [32] and col. [33]).

3.4.2 The cluster sample with X-ray flux from the 2XMMi-DR3 cat-
alogue

For clusters with insufficient X-ray data to perform a proper spectral fit, we estimated
their X-ray parameters based on the EPIC flux and its error in 0.5-2.0 keV as given in
the 2XMMi-DR3 catalogue. The catalogue provides aperture corrected fluxes, which
are calculated by the SAS tasks emldetect. For the individual cameras, individual-
band fluxes are calculated from the respective band count rate using the filter- and
camera-dependent energy conversion factors and corrected for the dead time due to the
read-out phase. The EPIC flux in each band is estimated as the mean of the band-
specific detections in all cameras weighted by their errors (Wafson et all, 200Y). Here
we use the combined EPIC flux in band 2 (0.5 - 1.0 keV) and band 3 (1.0 - 2.0 keV)
and its propagated error, Fye in [0.5-2.0] keV.

Figure B4 shows the relation between the flux given in the 2XMMi-DR3 catalogue
and the aperture flux determined by us for the 345 clusters with reliable X-ray parame-
ters from the spectral fits. It shows a linear relation between the two flux measurements
apart from some outliers (of order 5 percent) which we found to be contaminated by
point sources in the 2XMMi-DR3 catalogue. In general terms the catalogued flux is
larger than the aperture flux, since the former was computed for the integrated S-model.

Figure BI3 shows the relation between the aperture bolometric luminosities, Lap, bol,
and Lcat,0.5—2.0 of the cluster sample with X-ray spectroscopic parameters, where
Lecat, 0.5—2.0 is based on Fey in [0.5-2.0] keV. Generally, there is a linear relation be-
tween the two luminosities except for 12 outliers with Lap, bot/Lecat,0.5—2.0 > 2. Ignoring
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Figure 3.14: The cluster flux, Fru, in 0.5-2.0 keV from the 2XMMI-DR3 catalogue is
plotted against the cluster flux, Fy,, in 0.5-2.0 keV from the best-fitting model param-
eters for the cluster sample with spectroscopic parameters. The red dots represent the
first cluster sample, Paper I, while the green ones represent the extended sample with
reliable X-ray parameters.

these outliers we performed a linear regression between their logarithms to convert
Leat,05-2.0 t0 Lap bol for the 185 clusters without proper spectral fit. The best-fit
linear relation derived using the BCES orthogonal regression method (Akrifas & Ber-
shadyl, T996) is represented by the dashed line in Figure B3 and is given by Eq. 2

log (Lap, bol) = 0.07+ 1.10 log (Lcat,0.5f2.0)- (32)

Using the iterative method as described above we computed bolometric Lsog per
cluster with the redshift, aperture radius R,, and aperture bolometric luminosity
Lap 1ol as input. The aperture radius used here is still the radius that is corresponding
to the maximum EPIC SNR, see Section 3. We finally determined for each cluster Rsq,
Ms500, and T590 and the corresponding errors using the extrapolated values for Lggg.
From the comparison between the bolometric L5y based on the catalogue flux and the
bolometric Lsgp based on the spectroscopic flux, there is no obvious systematic differ-
ences between the two luminosities as shown in Figure BT@. Therefore, the conversion
from Lecat,0.5-2.0 t0 Lap bol and the iterative procedure are acceptable.

Table B33, a full version of this table is provided at the CDS, represents the first
10 entries of the X-ray selected cluster sample comprising 185 clusters with X-ray
parameters based on the flux given in the 2XMMi-DR3 catalogue. For each cluster, the
catalogue provides the cluster identification number (detection Id, detid) and its name
(IAUNAME) in (cols. [1] and [2]), the right ascension and declination of X-ray emission
in equinox J2000.0 (cols. [3] and [4]), the XMM-Newton observation Id (obsid) (col. [5]),
the optical redshift (col. [6]), the scale at the cluster redshift in kpc/” (col. [7]), the
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Figure 3.15: The aperture bolometric luminosities, Lap o, are plotted against the
2XMMi-DR3 catalogue luminosities, Lcat,0.5-2.0, of the cluster sample with reliable
parameters from the spectral fits. The one-to-one relationship is represented by solid
line. The dashed line represents the best-fit using the BCES orthogonal regression
method after excluding 12 outliers that are represented by red dots.
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Figure 3.16: Comparison between the measured bolometric luminosity Lsog based on
the flux given in the 2XMMi-DR3 catalogue and the bolometric Lsoy based on the
spectral fits flux for the first (red dots) and extended (green dots) cluster sample with
X-ray spectroscopic parameters from the survey. The solid line shows the one-to-one
relationship.
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Rs00 in kpe (col. [8]), the 2XMMIi-DR3 X-ray flux Fiq [0.5-2.0] keV and its error in
units of 1071* erg cm™2 s~ (cols. [9], and [10]), the estimated X-ray luminosity Leq:
[0.5-2.0] keV and its error in units of 102 erg s=! (cols. [11], and [12]), the cluster
bolometric luminosity Lsop and its error in units of 102 erg s~1 (cols. [13] and [14]),
the cluster mass Moo and its error in units of 1013 Mg, (cols. [15] and [16]), the Tsoo
and its error in units of keV (cols. [17] and [18]), the objid of the likely BCG in SDSS-
DRS (col. [19]), the BCG right ascension and declination in equinox J2000.0 (cols. [20]
and [21]), the estimated photometric and, if available, spectroscopic redshift of the
cluster (col. [22] and col. [23]), the number of cluster members within 560 kpc with
available spectroscopic redshifts, which were used to compute the cluster spectroscopic
redshift, (col. [24]), the redshift type (col. [25]), the linear offset between the cluster
X-ray position and the BCG position (col. [26]), and the NED name and its references
(col. [27] and col. [28]).

3.4.3 Analysis of the cluster sample with reliable X-ray parameters

We present a comparison of the measured parameters (temperatures, luminosities, and
masses) of the cluster sample (345 systems) that have reliable X-ray parameters from
the spectral fits with the available values in the literature.

3.4.3.1 Comparison with the XCS sample

The so far largest published catalogue of X-ray clusters based on the entire XMM-
Newton archive was compiled by the XMM Cluster Survey team (XCS, Romer ef all,
2001; Lloyd-Davies et all, 2011; Mehrfens et all, 2012). The catalogue consists of 503
optically confirmed clusters. Of these, 463 systems have redshifts in the range 0.05 to
1.46. The X-ray temperatures are measured for 401 clusters. We cross-matched our
cluster sample and the XCS sample with available temperature measurements within
a matching radius of 30 arcsec which yielded 114 common clusters. About half of the
common sample was previously published by us in Paper 1. The standard deviation
of the redshift difference (zxcs — #pre) is 0.027 and thus of order of the photometric
redshift accuracy. There is no systematic deviation as e.g. a function of redshift present
as shown in Figure BT

Regarding the temperature measurements, even though we extracted the cluster
spectra from a different aperture than the aperture used in the XCS project and using
a different spectral fitting procedure, in general there is agreement between the two
measurements. Figure BT8 shows the comparison of the measured temperatures from
the two projects. We plot the symmetric errors of each temperature as the average of
the positive and negative errors. Our procedure reveals a slightly smaller temperature
uncertainty than derived in the XCS with a median AT/ A Txcs = 0.84. The
differences between the two temperature measurements have a mean of 0.02 keV and
a standard deviation of 0.93 keV that is comparable with the standard deviation, 0.82
keV, of the error measurements in temperatures of the XCS sample.

In the XCS project, the cluster luminosity Lsgp was calculated by using an analytical
function of S model fitted to the surface brightness profile. The same profile was used
to determine a scaling factor between the aperture luminosity and Lsgo (Lloyd-Davies
ef_all, 2007). Our procedure of the extrapolation was described above and in more
detail in Paper I. We find a good agreement between both determinations of Lo as
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Figure 3.17: The comparison of the estimated redshifts of the common sample between
XCS catalogue and our sample with X-ray spectroscopic parameters. The solid line in
the figure indicates the unity line.
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Figure 3.18: Comparison of measured temperatures between Tg;, in our sample and T’y
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procedure.
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Figure 3.19: Comparison between the bolometric luminosities, Lsgg, from the present
work and the corresponding ones from the XCS sample. The solid line shows the
one-to-one relationship.

shown in Figure BTY. The ratio between the current luminosity measurements to that
of the XCS has a median of 0.93.

3.4.3.2 Comparison with the MCXC sample

The MCXC catalogue, a meta-catalogue of X-ray detected clusters of galaxies, is com-
piled from published ROSAT All Sky Survey-based and serendipitous cluster catalogues
(Piffaretti et all, POTT). The catalogue comprises 1743 clusters that span a wide redshift
range up to 1.3. For each cluster the catalogue lists redshift, luminosity Lsgp in the
0.1-2.4 keV band, total mass Msgg, and radius Rsg9. Within a cross-matching radius of
the cluster centres of 30 arcsec there are only 23 common clusters. The small overlap
is mainly due to our small survey area and our strategy to investigate serendipitous
clusters only, not cluster targets.

We compared the masses of the common sample in Figure and found consisting
results. This comparison made sure that our mass measurements are reliable and not
affected by any systematic bias. We also found consistency between the redshifts used
in both catalogues.

3.4.3.3 Comparison with the sample from Paper I

Since we have developed an algorithm to estimate the redshifts of the X-ray cluster
candidates, the redshifts of the first cluster sample from the survey, Paper I, were
revised, as discussed in Section 2. We also revised the X-ray spectroscopic parameters
for the first cluster sample. The common sample between the current sample with
reliable X-ray parameters and the first cluster sample consists of 141 systems. The
remaining 34 clusters from Paper I did not pass the quality criterion applied in the
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Figure 3.20: Comparison of our sample mass estimations within Rsgg with the estimated
values from the MCXC catalogue. The solid line represents the one-to-one relationship.

present work. Those missed clusters are nevertheless included in the published cluster
catalogue from this paper with less reliable parameters (see above).

We found a systematic bias of the temperature measurements of the sample in
Paper I and the current sample as shown in Figure B2ZI. When investigating possible
reasons for the discrepancy we realized that the X-ray data in Paper I were analysed
in a non-appropriate manner. The X-ray spectra were not grouped and binned before
a spectral model was applied. This led to a systematic shift of many of the derived
temperatures determined in Paper I towards too low values.

As a consequence the luminosities were biased towards smaller values (Figure B=22)
by a factor of 20 percent. Revised redshifts and in some cases revised spectral extraction
regions led to a few outliers in that figure.

We also presented in Paper I the Lx — T of the first cluster sample, which we now
regard as affected by the underestimated X-ray temperatures. We are confident through
several sanity checks that our updated temperatures and luminosities are reliable and
we re-determine the Lx — T relation based on the much enlarged sample in the next
subsection.

3.4.4 The Lx — T relation of the cluster sample with reliable X-ray
parameters

Based on the cluster sample with X-ray spectroscopic parameters, we investigate the
Lx — T relation as well as the evolution of its slope and intrinsic scatter as presented
in the following subsections.
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Figure 3.21: The current X-ray aperture temperature estimations are plotted against

the corresponding ones of the first cluster sample from Paper I. For ease comparison
we plot the unity line.
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relationship.
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3.4.4.1 The Lx — T relation of the full sample

The bolometric luminosities Lsog and the aperture temperatures 7g, based on X-ray
spectral fits were used to investigate the Lsgg — Ty, relation for the cluster sample with
reliable X-ray parameters. We note that we could not make an attempt to excise the
cores in most cases of the cluster sample which is due to the rather low resolution
of the X-ray optics of the XMM-Newton telescopes, not too long exposure times and
the rather large distance of most of our clusters. This caveat needs to be made when
comparing our results with those in the literature which are partly based on nearby
clusters with Chandra follow-up.

Figure BZ2Z3 shows the relation between the measured X-ray bolometric luminosity,
Ls00, modified with the evolution parameter for self-similar evolution and the X-ray
aperture temperature, Tg,. We used the BCES orthogonal regression method (Akrifas
& Bershadyi, T996) to derive the best-fit linear relation between the logarithms of Lsgg
and Tg, taking into account their errors as well as the intrinsic scatter. The best fit is
shown in Figure B223 and is given by Eq. 3:

log (h(z)™" Lsoo) = (44.39 = 0.06) + (2.80 £ 0.12) log (Tup/5). (3.3)

where h(z) is the Hubble constant normalised to its present-day value, h(z) =

1/2
[Om(1 + 2) + QA} , Lsoo in erg s™1, and Ty, in keV. By an analysis of common

objects between our list and that of the XCS we have shown that our 7,, and Lsg
compare well with Tx and Lsgg of the XCS sample. Not unexpectedly, the slopes and
intercepts of the corresponding Lx — T relations in three redshift bins agree with each
other within 1-2 o (see subsection 4.4.2).

Relations between the luminosity and the temperature, Lsoo — T500, were published
for the REXCESS and HIFLUGCS sample (Pratf_efall, 2009; Mitfal ef all, 201T).
The REXCESS sample comprises 31 nearby (z < 0.2) galaxy clusters with temperature
range from 2 to 9 keV which have been observed with the XMM-Newton. The HI-
FLUGCS sample comprises the 64 brightest galaxy clusters in the sky with k7" > 1keV
and z < 0.2, with high quality Chandra data. In both samples the core emission could
be excised but Lx — T were published for the non-excised data as well. The REXCESS
team used a fitting procedure similar to us, the HIFLUGCS sample was fitted with a
BCES-bisector routine.

The present slope of the relation in Eq. (3), 2.80 £ 0.12, is slightly lower than that
from the REXCESS sample, 3.35 + 0.32, but still within 1.80. We also found the
present slope in agreement with the slope given by Mitfal'ef all (2011), 2.94 4+ 0.16.

The current cluster sample includes groups with much lower luminosity than REX-
CESS and HIFLUGCS, which might influence the slope of the Lx — T relation. If we
exclude systems with luminosities Lsgg < 5 x 10*? erg s~!, the slope of the relation
becomes 3.07 £ 0.19, in much closer agreement with the published ones for REXCESS,
HIFLUGCS, and XCS samples. The normalization of the relation, 44.46 + 0.07, is still
much lower than the one, 44.85 4 0.06, of the REXCESS sample. This is due to the
much wider temperature range covered by the current large sample. In addition to
establishing the current relation based on aperture temperatures that are in general
slightly higher than the temperatures at R509. We found that the median scaling factor
of Ty and Tsop of the full sample, T,,/T500, was 1.2, where T5qo is the the predicted
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Figure 3.23: The X-ray bolometric luminosity, Lsgg , is plotted against aperture X-
ray spectroscopic temperature, Ty, for the first (red dots) and expanding (green dots)
cluster sample with reliable X-ray parameters. The solid line is the fit to both samples
using the BCES orthogonal regression. The intercept, a, and the slope, b, of the fitted
line are written in the upper left legend of the figure while the sample number, N, and
its redshift range are written in the lower right side. The dashed line represents the
relation fit of the first cluster sample using the current parameter measurements.

temperature based on the Lsgg — Th00 relation by Pratf et all (2009) using our value
for L500.

FEckmiller efall (2001) found the slope of Lx — T relation of galaxy groups (26
systems, L, ~ 1 — 26 x 10*? erg s7! ) is slightly shallower than the one derived for
clusters (HIFLUGCS), but they are still consistent within the errors. They also found
no significant change of the slope derived from a sample combining groups and clusters
than clusters only, which is consistent with the results by Osmond & Ponmanl (2004).
We found the slope derived from the current sample (including groups and clusters)
is in good agreement with the slope obtained from clusters only (HIFLUGCS sample)
but it is lower than the slope of REXCESS sample.

The current slope of the Lx —T relation is significantly lower than the one published
in Paper I, 3.41 4+ 0.15. The redshifts, temperatures, and luminosities of the previous
sample were revised. Using the updated values we still find a rather steep slope of
3.48 £0.30 thus confirming the initial result (the new fit is shown with a dashed line in
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Figure B23). The much shallower slope found here based on the full sample is clearly
due to the inclusion of new objects that have a wider temperature and luminosity range.
As discussed above, when excluding the low luminosity systems from the full sample
the slope becomes steep, 3.07 4+ 0.19, which is consistent within 1.4 with the updated
slope, 3.48 £ 0.30, for the Paper I sample.

To estimate the intrinsic scatter in the Lx — T relation, we followed the method
used by Praff et all (2009). First we estimated the raw scatter using the error-weighted
orthogonal distances to the regression line (Eqgs. 3 and 4 in Praffef all, 2009). Then we
computed the intrinsic scatter as the mean value of the quadratic differences between
the raw scatters and the statistical errors. The error of the intrinsic scatter was com-
puted as the standard error of its value. The computed intrinsic scatter value of the
relation, 0.48 +0.03, is slightly higher than the value of REXCESS sample, 0.32 4 0.06.

The updated Lx — T relation is derived for the first time from a sample comprising
345 clusters drawn from a single survey and spans a wide redshift range (0.03 < z <
0.67). Of these, 210 clusters have spectroscopic redshifts for at least one cluster member
galaxy. The redshifts and the X-ray parameters of the sample are measured in a
consistent way. The sample has X-ray spectroscopic temperature measurements from
0.5 to 7.5 keV and bolometric luminosity range Lsgp ~ 1.0 x 102 — 1.0 x 10%° erg s—*.

Based on the SDSS we could identify only about half of our X-ray cluster candidates.
The other 50 percent probably represents a more luminous population. The omission
of that subsample may have a yet to be quantified influence on the Lx — T relation.
However including luminous distant clusters does not have a significant effect on the
slope of the Lx —T relation (Hilfon ef all, POT2) as described in the subsequent section.
Also the current sample does not include distant clusters beyond z = 0.7, therefore we
defer the measurement of the evolution of the normalisation of the Lx — T relation to
a future study.

3.4.4.2 Evolution of the slope and intrinsic scatter

Based on the first data release of the XCS, Hilton ef all (2017) investigated a possible
evolution of the slope and intrinsic scatter of the Lx — T relation in three redshift bins.
A sample of 211 clusters with spectroscopic redshift up to 1.5 was used for this exercise.
No evidence for evolution in either the slope or intrinsic scatter as a function of redshift
was found.

Using our much larger sample of clusters with measured X-ray spectroscopic pa-
rameters we further investigate a possible evolution of the mentioned parameters of the
Lx — T relation. We divided our sample into three subsamples with similar redshift
bins as used by Hilton ef all (2017), 0.03 < z < 0.25,0.25 < z < 0.5, and 0.5 < z < 0.7.
The numbers of clusters per redshift bin are listed in Table B-l. Our two low redshift
subsamples are about twice as large as the XCS corresponding subsamples. The num-
ber of clusters in the high redshift bin are comparable, however the XCS comprises
clusters up to redshift 1.5. In general, there are about 75 common clusters between our
sample and the XCS-DR1 sample which were used to derive the Lx — T relation. Of
these common clusters, 44 systems were published from our survey in Paper 1.

The Lx — T relations of our subsamples are shown in Figure B24. When fitting
these susamples using the BCES orthogonal regression method, we find that the relation
slope of the subsamples in the intermediate and high redshift bins are consistent while
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Table 3.1: The fit parameters of the Lo — 15, relation, derived from the BCES orthog-
onal regression method, for the three subsamples in redshift bins. The fitted model is
log (h(2)™! Lsoo) = a+ b log (T,,/5), and the fit parameters (a and b) are also shown
in the legend of Figure B724.

redshift range Neras intercept current slope Tl0gL500 published slope  Ncpgspub.  ref.
0.03 <z <0.25 131 44.30 £ 0.13 2.55 £+ 0.23 0.45 £+ 0.04 3.18 + 0.22 96 1
3.35 + 0.32 31 2
2.94 4+ 0.16 64 3
0.25 <z < 0.50 183 44.51 £ 0.10 3.27 + 0.26 0.49 + 0.04 2.82 £ 0.25 7 1
0.50 <z < 0.70 31 44.45 £ 0.13 3.30 £ 0.62 0.41 £ 0.07 2.89 4+ 0.45 38 1

References. 1- Hilfon ef all (20172); 2- Pratf_efall (P00Y); 3- Miffalef all (20071).

3.5 T T T T T T T
a=4430+013 a=4451+010
3.0 b=255+023 ® || b=327+026

T T T
a=4445+013
b= 3304062

N=131 CLGs I N=183 CLGs - I~ N=31 CLGs

log(h(z) ' Ls) [10" ergs']
=
i

| | D.ID3<=1<DI.25 | | D.I25<=z<l]i5 | . D_I5<=z<EI.i:'
-0.5 -0.5 0.0 0.5 1.0 0.5 0.0 0.5 1.0 -0.5 0.0 0.5 1.0
log(T ) (keV) log(T ) (keV) log(T, ) (keV)

gy e e

Figure 3.24: Lsgg — 15, relations for the three subsamples in redshift bins. The redshift
bin and the cluster number of these subsamples are written in the lower right of the
figure. The best fit line of the subsamples is presented by the solid line, which their

parameters (intercepts, a, and slopes, b) are written in the upper left in the figure.

the subsample in the lowest redshift bin has a shallower slope. The reason is that the
low redshift subsample includes groups/clusters with low temperature and luminosity,
which produces a shallower slope. Also the present slope of the low redshift subsample
is lower than the published one of the corresponding XCS-DR1 subsample and those
of the REXCESS and HIFLUGCS samples. On the other hand, the slopes of the
intermediate and high redshift subsamples are in agreement with the slopes of the
corresponding XCS-DR1 subsamples. The intrinsic scatter of all subsamples agree
with each other. Table B also lists the fitted parameters (intercept and slope) of the
Lx — T relations, their intrinsic scatter, together with published values (slope, sample
size, reference).

If we fit the Lx — T for the low redshift subsample after excluding the groups
with low luminosity (i.e. Lsoo < 5 x 10%2 erg s~1), the slope of the relation becomes
2.86 £ 0.41, which is in agreement with the intermediate and high redshift subsamples
as well as the corresponding published slopes given in Table Bl. We thus confirm the
finding by Hilfon ef"all (2012) that the Lx — T relation does not show a significant
change of its slope and its intrinsic scatter as a function of redshift.
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Figure 3.25: The distribution of the estimated bolometric luminosity, Lsgg, as a function
of the redshift for the first (red dots) and extended (green dots) cluster sample with
X-ray spectroscopic parameters, the cluster sample (blue dots) with X-ray parameters
based on the given flux in the 2XMMi-DR3 catalogue, and the MCXC cluster sample
(black stars) (Piffareffief all, 201T).

3.4.5 The distribution of the luminosity with redshift

Figure BZ3 shows the distribution of the bolometric luminosity Lsgg as a function of
the redshift for all 530 clusters with redshifts that were determined in the present
work. Included are also the 1730 systems from the MCXC catalogue below redshift
0.8. The X-ray luminosity Lsgg in 0.1 — 2.4 keV of the MCXC sample was converted
to the bolometric luminosity Lsog by assuming the factor Lyei 500/Lo.1-2.4,500 = 1.3.
This factor was derived as a median of Ly, 500/L0.1—2.4,500 for the 23 common systems
between the cluster sample with reliable parameters from the spectral fitting and MCXC
cataloge.

It is clearly obvious that our X-ray selected samples extend to include groups and
clusters with low luminosity. The sensitivity of XMM-Newton and deeper exposures
for some fields allow us to detect less luminous clusters over the redshift range as shown
in Figure B23.
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3. THE OPTICALLY CONFIRMED CLUSTER SAMPLE AND THE
Lx — T RELATION

3.5 Summary and outlook

We have presented the optically confirmed cluster sample of 530 galaxy groups and
clusters from the 2XMMi/SDSS Galaxy Cluster Survey. The survey consists of 1180
X-ray cluster candidates with at least 80 net photon counts selected from the second
XMM-Newton serendipitous source catalogue (2XMMi-DR3), which are in the footprint
of the SDSS-DR7. The survey area is 210 deg? considering the XMM-Newton field of
view has a radius of 15 arcmin. We developed a finding algorithm to detect the optical
counterparts of the X-ray cluster candidates and to constrain their redshifts using the
photometric and, if available, the spectroscopic redshifts of surrounding galaxies from
the SDSS-DRS8 data. The cluster is recognized if there are at least 8 member galaxies
within a radius of 560 kpc from the X-ray emission peak with photometric redshift in the
redshift interval of the redshift of the likely identified BCG, z, scg £0.04(1 + 2, BcG)-

The cluster photometric and spectroscopic redshift is measured as the weighted
average of the photometric and the available spectroscopic redshifts, respectively, of
the cluster galaxies within 560 kpc from the X-ray position. The measured redshifts
are in a good agreement with available redshifts in the literature, to date 301 clusters
are known as optically selected clusters with redshift measurements. Also, 310 clusters
of the optically confirmed cluster sample have spectroscopic redshifts for at least one
cluster member. The measured photometric redshifts are in a good agreement with
the measured spectroscopic ones from the survey. The cluster redshifts of the optically
confirmed cluster sample span a wide redshift range from 0.03 to 0.70. We reduced and
analysed the X-ray data of this sample in an automated way to compute their X-ray
properties.

We present a cluster catalogue from the survey comprising 345 X-ray selected groups
and clusters with their X-ray parameters derived from the spectral fits including the
published sample in Paper I. In addition to the best fitting parameters, we estimated
the physical properties (Rs00, Lsoo and Msgp) of this sample from an iterative procedure
based on published scaling relations. We investigated the Lx — T relations for the first
time based on a large cluster sample with X-ray spectroscopic parameters drawn from
a single survey. The current sample includes groups and clusters with wide ranges
of temperatures and luminosities. The slope of the relation is consistent with the
published ones of clusters with high temperatures and luminosities. After excluding
the low luminosity groups, we find no significant change of the slope and the intrinsic
scatter of the relation with redshift when dividing the sample into three redshift bins.
When including the low luminosity groups in the low redshift subsample, the slope is
no longer consistent with the intermediate and high redshift subsamples.

In addition to the cluster sample with X-ray spectroscopic data, we present the
remainder of the optically confirmed cluster sample with their X-ray parameters based
on the given flux in the 2XMMi-DR3 catalogue. We used the 2XMMi-DR3 flux because
of their low quality X-ray data, which is not sufficient to perform the spectral fitting.
This sample comprises 185 groups and clusters with their fluxes and luminosity in the
energy band 0.5-2.0 keV and their physical parameters (Rs00, Lso0, M500, and T500)-

This is the largest X-ray selected cluster catalogue to date based on XMM-Newton
observations. It comprises 530 clusters with their optical and X-ray properties, spanning
the redshift range 0.03 < z < 0.70. More than 75 percent of the cluster sample are
newly discovered clusters in X-ray wavelengths. About 40 percent of the sample are
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new systems to the literature according to current entries in the NED.

In the future we plan to study the remainder of the X-ray cluster candidates, which
were not detected by the current detection algorithm. They are either poor or at high
redshifts. For the distant clusters, we plan follow-up by imaging and spectroscopy. For
those X-ray cluster candidates that have galaxy members detected in SDSS imaging
and not be identified by the current algorithm, we plan to improve the current finding
algorithm to constrain their redshifts. The new sample from the survey especially the
distant ones will allow us to investigate the evolution of Lx — T relation and X-ray-
optical relations.
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Chapter 4

Clusters associated with

spectroscopically targeted LRGs
in SDSS-DR9*

Abstract

We present a sample of 324 X-ray selected galaxy groups and clusters with spectroscopic
redshift measurements (up to z ~ 0.77) from the 2XMMi/SDSS Galaxy Cluster Survey.
The X-ray cluster candidates were selected as serendipitous extended sources from the
2XMMi-DR3 catalogue in the foot print of the Sloan Digital Sky survey (SDSS-DRT).
The cluster galaxies with available spectroscopic redshifts are selected from the SDSS-
DRY9. We developed an algorithm to identify the cluster candidates associated with
spectroscopically targeted Luminous Red Galaxies (LRGs) and to measure the cluster
spectroscopic redshift. A cross correlation of the identified cluster sample with pub-
lished optically selected cluster catalogues shows that 241/324 sources were previously
identified with available redshifts. The present redshift measurements are consistent
with the published ones. The current cluster sample extends the optically confirmed
cluster sample from our cluster survey by 44 objects and provides spectroscopic con-
firmation for 49 clusters among the published sample with only photometric redshifts.
Among the extended cluster sample, about 80 percent are newly X-ray discovered
systems and 55 percent are newly discovered as galaxy clusters in optical and X-ray
wavelengths. Based on the measured redshifts and the fluxes given in the 2XMMi-DR3
catalogue we estimated the X-ray luminosities and masses of the cluster sample.

4.1 Introduction

Galaxy clusters are the largest gravitationally bound objects in the universe. They
have been formed from the densest regions in the large-scale matter distribution of the
universe and have collapsed to form their own proper equilibrium structure. Their form
can be well assessed by observations and well described by theoretical modelings (e.g.
Sarazin, T988; Bahcall, T98R; Voifl, 2005; Bohringer, 2006). X-ray and optical observa-

*This chapter will be submitted to Astronomy € Astrophysics
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4. CLUSTERS ASSOCIATED WITH SPECTROSCOPICALLY
TARGETED LRGS IN SDSS-DR9

tions show that clusters of galaxies are well defined connected structural entities where
the diffuse X-ray emission from the hot intracluster medeium (ICM) trace contiguously
the whole structure of the cluster. They are excellent giant laboratories sites for sev-
eral astrophysical studies, for example investigation of galaxy evolution in their dense
environments (e.g. Dresslel, T980; Gofo efall, PO03), evolution of the dynamical and
thermal structure (e.g. Balestra“ef"all, 2007; Maughan et all, 2008; Anderson_ef all,
2009), chemical enrichment of the intracluster medium (e.g. Coral, 2006; Heath et all,
2007), to study lensed high redshift background galaxies (e.g. Mefcalfe ef all, PO03;
Sanfos ef all, 2004; Bartelmann, 2010), and to investigate the evolution of the universe
in order to test the cosmological models (e.g. Rosatief all, P00Z; Reiprich & Bohringer,
2002; Voifi, 2005; Vikhlinin et all, 2009h; ATlen ef all, 2OLT).

Due to the multi-component nature of galaxy clusters, they can be observed and
identified through multiple observable signals across the electromagnetic spectrum.
Tens of thousands of galaxy clusters have been identified through detecting their galax-
ies in optical and NIR band (e.g. [Abell, TU58; Abell et all, T98Y; Zwicky et all, (96T
Gladders & Yed, 20045; Merchan & Zandivared, 2005; Koester et all, P200Y; Wen ef"all,
2009; Hao et all, 2010; Szabo ef-all, 2O11; Geach-ef-all, POTT; Durref_ef-all, POTT; Wen
ef_all, 2012; Gettings et all, P0I7). Recently, several galaxy cluster surveys have been
conducted at mm wavelength through the Sunyaev-Zeldovich (SZ) effect (e.g. Nanderd
Iinde_ef all, POI0; Marriage et all, PO1T; Planck Collaborafion et all, POTT; Reichardf
ef-all, POT3; Planck Collaborafion ef all, 2013), which provided hundreds of SZ selected
clusters.

X-ray cluster surveys provide pure and complete cluster catalogues, in addition the
tight correlations between X-ray observables and masses of clusters (e.g. [ATlen_ef all,
2011). Hundreds of galaxy clusters were detected in X-rays based on previous X-ray
missions mainly from ROSAT data (e.g. Ebeling et all, T998; Bohringer et all, 2004;
Reiprich & Bohringet, 2002; Ebeling et all, 2010; Rosafi"et"all, [998; Burenin et all,
2007). The current X-ray telescopes (XMM-Newton, Chandra, Swift/X-ray) provide
contiguous surveys for small areas (e.g. Finoguenov et all, 2007, 2010; Adami ef all,
p01T; Suhada et all, 2012), in addition to serendipitous cluster surveys (e.g. Barkhousd
et_all, 20068; Kolokotronis_ef_all, 2006; Fassbender ef_all, ROTT; [Takey et all, RO
Mehrfens"ef"all, P0TZ; Clerc_efall, 2012; Mindo ef"all, ROTY; de Hoon et all, RUT3;
[Takey et all, PT3a). So far these surveys provided a substantial cluster sample of few
hundreds up to redshift of 1.57.

We have conducted a systematic search for X-ray detected galaxy clusters based
on XMM-Newton fields that are in the footprint of the SDSS-DR7. The catalogue of
XMM-Newton serendipitous extended sources detected in EPIC images was the basic
database to select the X-ray cluster candidates, which comprises 1180 objects. The
redshifts of about half of the cluster candidates were measured based on the galaxy
redshifts given in the SDSS-DRS&. By having an optically confirmed groups/clusters
with redshift measurements, we derived their X-ray luminosities and temperatures and
investigated the X-ray luminosity-temperature relation. The selection criteria, red-
shift measurements, and the X-ray properties of the optically confirmed sample were
described in more detail by (2011, 201348, Paper I, Paper 11, hereafter).

In this work we compile a new sample of X-ray detected galaxy clusters that are
associated with LRGs, which have spectroscopic redshifts in the SDSS-DR9 data. We
present the procedure used to construct a cluster sample among the X-ray cluster
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candidates that have spectroscopic confirmation based on the spectroscopic redshifts of
LRGs and then to measure their redshifts. We also present the measurements of X-ray
luminosity and luminosity-based mass of the constructed cluster sample.

The paper is organized as follows: in Section 2 we describe briefly the selection
procedure of the X-ray cluster candidates. In Section 3 we describe the cluster sample
associated with LRGs and their redshift measurements. The X-ray parameters of the
cluster sample are presented in Section 4. The summary of the paper is presented in
Section 5. Throughout this paper, we used the cosmological parameters ) = 0.3,
Qp =0.7 and Hy = 70 km s~ Mpc~1.

4.2 Description of the X-ray cluster candidates

Galaxy clusters are simply identified among the X-ray sources as X-ray luminous,
spatially extended, extragalactic sources (Allen_ef all, POTIH). The so far largest X-
ray sources catalogue (2XMMi-DR3, Watson ef all, 2009) was comprised based on all
XMM-Newton observations (till October 2009) taken by the EPIC (PN, MOS1, MOS2)
cameras, which comprises 353191 detections corresponding to 262902 unique sources.
Among these detections, 30470 extended detections that are including both real and
spurious extended sources as well as multiple detections of same sources.

We selected the X-ray cluster candidates from the reliable extended sources (with no
warning about being spurious) in the 2XMMi-DR3 catalogue at high galactic latitudes,
|b| > 20°. The survey was constrained to those XMM-Newton fields that are in the
footprint of the SDSS-DR7 in order to be able to measure the optical redshifts of the
possible optical counterparts. The overlap area of XMM-Newton fields and imaging
area of the SDSS-DR7 is 210 deg?. After excluding possible spurious X-ray detections
and low redshift galaxies that appear resolved at X-ray wavelengths through visual
inspections of X-ray images and X-ray-optical overlays, the X-ray cluster candidates
list comprised 1180 objects. The selection procedure was described in more detail in
Papers I and II.

The X-ray cluster candidates have a wide range of the net photon counts from 80
up to few thousands. For the X-ray bright candidates in the list (about 4 percent with
2000 counts or more), the X-ray spectroscopy provides a tool to measure the X-ray
redshift (Camer et all, 2O0R; Yu ef all, 2001). We defer measuring X-ray redshifts for
those clusters to a future work. The alternative and the main way to obtain the cluster
redshifts is based on the optical data. This can by done by either cross-matching the
X-ray cluster candidates with the available optically selected galaxy clusters catalogues
in the literature (see Paper I) or by measuring the cluster photometric redshifts based
on galaxy redshifts given in the SDSS catalogues (see paper II). Using those methods
we could establish an optically confirmed cluster sample comprising 530 groups/clusters
with redshift measurements.

In the current work we are going to identify a subsample of the X-ray cluster
candidates associated with LRGs that have spectroscopic redshifts in the SDSS-DR9 in
order to construct a sample with spectroscopic confirmations. As an example, Figure £
shows a newly X-ray discovered galaxy cluster associated with two LRGS as cluster
galaxies with available spectroscopic redshift of 0.5446. We use this cluster to show the
procedure of the redshift measurements in the next section.
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Figure 4.1: SDSS image of the example cluster at redshift = 0.5446, 2XMMi
J143742.94-340810, with X-ray surface brightness contours (0.2 - 4.5 keV) overlaid in
yellow. The plotted cyan circle has a radius of one arcmin around the X-ray emission
peak position. The field of view is 4’ x 4’ centred on the X-ray cluster position.

4.3 Clusters associated with spectroscopically targeted LRGs
in SDSS-DR9

Generally, the brightest cluster galaxies (BCGs) are elliptical massive galaxies and
reside near the cluster center of mass. The BCGs tend to be very luminous and red
galaxies (LRGs) (e.g. Postman & Taned, T995; Fisenstein ef all, 2001; Wen ef all, 2017),
therefore LRGs with available spectroscopic redshifts give spectroscopic confirmations
for clusters that are associated with them (e.g. Gofo’ef all, PO02; Mehrtens et all, 2012).

We identify LRGs from SDSS-DR9 data that are cluster members of any of the X-
ray cluster candidates. The spectroscopic redshifts of these cluster members are used
to measure the cluster redshifts. In the next subsection we describe how to select the
LRGs from the recent data of the SDSS and the procedure used to measure the cluster
redshifts. We also present some statistical properties of the constructed cluster sample,
e.g. the redshift distribution and the linear offsets from the X-ray positions. Then a
comparison of the current redshift measurements with the published ones is presented.

4.3.1 Luminous Red Galaxy sample

The so far latest data release from the SDSS is Data Release 9 (DR9, Ahn ef all,
20172), which provides the first spectroscopic data from the SDSS-III’'s Baryon Oscil-
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lation Spectroscopic Survey (BOSS) as well as imaging and spectroscopic data from
the previous SDSS data releases. BOSS is an ongoing project and its first data release
includes more than 800,000 spectra of galaxies, in addition to thousands of quasar and
stellar spectra over 3,300 deg?. One aim of BOSS is to obtain spectra of 1.5 million
galaxies with 0.15 < z < 0.8 over 10,000 deg?, therefore it will be a valuable resource
to obtain spectroscopic confirmation for luminous cluster galaxies.

For each X-ray cluster candidate, we created a sample of galaxies that are located
within 10 arcmins from the X-ray source position. The search radius corresponds to a
physical radius of 500 kpc at a redshift 0.04, which is about our low redshift limit. The
galaxies were selected from the galaxy view table in the SDSS-DR9, which contains the
photometric parameters measured for resolved primary objects, classified as galaxies.
Also, the photometric redshifts (z,) and, if available, the spectroscopic redshifts (z) of
the galaxy sample were selected from the Photoz and SpecObj tables, respectively. The
SpecObj table includes spectroscopic redshifts that were measured from clean galaxy
spectra taken by the new and old spectrographs in the SDSS projects. The extracted
parameters of the galaxy sample include the coordinates, the (model and composite
model) magnitudes in 7— and i—band, the photometric redshifts, and, if available, the
spectroscopic redshifts. We used the magnitudes in the galaxy table that are corrected
for Galactic extinction following (Schlegel et all, T998). To clean the galaxy sample
from faint objects beyond the detection limits of SDSS, we only deal with galaxies that
have m, < 22.2 mag, Am, < 0.5 mag, and Az,/z, < 0.5.

BOSS data includes two main target galaxy samples; first the BOSS “ LOWZ “
galaxy sample with z < 0.4; second the BOSS constant-mass, “ CMASS “ galaxy
sample with 0.4 < z < 0.8. The target selection algorithms for galaxies in BOSS
are significantly different from those used in the previous SDSS projects due to the
different scientific goals (Ahn et all, 2012). BOSS targets significantly fainter galaxies
than galaxy targets in the previous SDSS projects with the aim of measuring large-scale
clustering of galaxies at higher redshifts. To select a homogeneous luminous red galaxy
sample from BOSS and previous SDSS data releases, we apply the same selection
criteria on both data. We selected the LRGs with available spectroscopic redshifts
from the constructed galaxy sample within 10 arcmin from the X-ray positions. The
applied selection criteria of LRGs are based on the colour and magnitude cuts that are
described by Padmanabhan et al. (2013, in preparation) and given in Appendix B. We
also made sure that the selected objects are confirmed galaxies using the spectroscopic
class parameter given in SpecObj table in order to exclude those objects targeted as
galaxies but turned out to be stars or quasars. The selected LRG sample is used to
identify the BCGs of the X-ray cluster candidates as described in the next subsection.

4.3.2 Optical identifications and redshift measurements

We identify the optical counterparts of the X-ray cluster candidates based on the spec-
troscopic and photometric redshifts of galaxies from SDSS-DR9. To measure the red-
shifts of cluster candidates, we firstly identify the BCG candidates, then we select clus-
ter member candidates with available similar zs of the BCG’s spectroscopic redshift.
The procedure is described as follows:

1. identify a BCG candidate as a LRG within 200 kpc (computed based on the zg
of the LRG) from the X-ray position of the X-ray cluster candidate. If there is
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only one LRG, we consider it as the BCG candidate. If there are many LRGs
we create groups of galaxies with similar redshift. For each group, we select the
brightest galaxy as a BCG candidate. Then we select the nearest BCG candidate
to the X-ray position. At low redshifts the search radius 200 kpc subtends a large
angle on the sky and might cause a wrong association of LRGs with the X-ray
cluster candidates. Therefore, we put a maximum angular separation limit of the
BCGs offset from the X-ray emission peak of 90 arcsec. The search radius of 200
kpc is used since we found 90 percent of the BCGs in Paper II are located within
200 kpc from the X-ray positions.

2. identify the cluster member candidates within 500 kpc from the X-ray peak based
on the spectroscopic redshift of the identified BCG candidate. The cluster galax-
ies with available 2z are selected within a small redshift interval of z; scg % 0.01.
While the cluster member candidates with only 2, are selected within a slightly
larger redshift interval of zs og £ 0.04(1 + 25 Bcg). The distribution of the red-
shifts of the cluster member candidates and field galaxies for the example cluster
is shown in Figure B2. The redshift interval used to identify the cluster members
with z, gives 80 percent of the cluster members (Wen et all, 2009). They also
showed that a radius of 500 kpc gives a high overdensity level and a low false de-
tection rate. The identified BCG candidate could be the second or third brightest
cluster galaxy, thus we re-identify the likely BCG as the brightest galaxy among
the cluster member candidates within 500 kpc.

3. compute the spectroscopic, Zs, and photometric, z,, redshift of a cluster as a
weighted average of the spectroscopic and photometric redshifts of the cluster
member candidates within 500 kpc, respectively. The weighted redshift errors are
also computed. If there is only one cluster galaxy with available spectroscopic
redshift, we consider its redshift as the cluster redshift.

4. We consider the optical counterpart and the redshift measurement of an X-ray
cluster candidate if the optical detection passed the quality assessment that are
done through the following visual inspection process.

The current procedure yields an initial list of optical counterparts that comprises
350 systems. To accept the optical detection we compare the identified BCG and cluster
member candidates with the corresponding SDSS colour image of the same field. The
distribution of cluster members on the sky of the example cluster is shown in Figure
while Figure B shows the corresponding SDSS colour image. From both images, it
is clearly obvious that the algorithm picked the right associated LRGs (and thus the
BCG too) and the cluster member candidates. Since SDSS provides a shallow survey
the fainter cluster galaxies are not detected in SDSS imaging.

For a few cases about 7 percent of the initial resulting optical counterparts sample,
we found miss-matched association of LRGs and consequently lead to wrong redshift
estimations. These wrong cases resulted due to the overlapping clusters along the line
of sight or due to identifying a field galaxy as BCG candidate.

Figure B8 shows a case of overlap of two clusters along the line of sight of the X-ray
peak. There is a slight overdensity of relatively distant galaxies with similar colour
around the X-ray emission peak, which was detected as a cluster with photometric
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Figure 4.2: The histogram of the spectroscopic (zs, solid red) and photometric (zp,
dashed blue) redshifts of the cluster member candidates (V. and NV ) within 500 kpc of
the example cluster, 2XMMi J143742.9+340810. The green doted histogram represents
the distribution of z, of field galaxies with 500 kpc. The cluster spectroscopic, Zs, and
photometric, z,, redshifts are represented by solid red and dashed blue vertical lines,
respectively, and written in the upper right legend.

redshift = 0.58 by Szaha et all (201T). For this system, there is no cluster galaxy (as
LRG) with available zs in the current SDSS release. In addition to that distant cluster
there is another nearby galaxy group at redshift = 0.1. The current procedure picked
the nearby galaxy group with a BCG candidate (LRG) at zg = 0.1059 with angular and
linear separation from the X-ray position equal 21 arcsec and 40 kpc, respectively. In
such difficult cases, it is likely impossible to associate the X-ray emission to one of the
two optical detected clusters following the current procedure. Therefore we excluded
similar cases from the initial compiled cluster list using the present algorithm described
above. The final list of the optically validated cluster sample includes 324 systems with
spectroscopic confirmations.

4.3.3 The optically validated cluster sample

The current procedure yielded 324 galaxy groups and clusters with spectroscopic red-
shifts based on at least one LRG with available z; from the SDSS-DR9. The redshift
of the sample spans a wide range from 0.05 to 0.77 with a median of 0.31. The redshift
distribution of the current cluster sample as well as the optically confirmed cluster
sample (530 systems) in Paper II is shown in Figure B6. The common objects between
the two samples are 280 systems, see the next subsection for the redshift comparison.
It is clearly shown that the current cluster sample includes a handful of clusters beyond
z = 0.6 thanks to the first data release of BOSS in the SDSS-DR9. Additionally, the
current sample extends the sample in paper II by 44 systems, of which about 55 percent
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Figure 4.3: The distribution on the sky of the cluster member candidates (red dots)
and field galaxies (blue dots) within 500 kpc (~ 1.3 arcmin) from the X-ray position
(marked by black cross marker) of the example cluster, 2XMMi J143742.9+340810.
Note the different scale in Figure B2. The cluster galaxies with available z4 are marked
by stars. The BCG is marked by green cross marker, which has a linear separation
from the X-ray position of ~ 11 kpc. We only presented galaxies that have m, < 22.2
mag, Am, < 0.5 mag, and Az,/z, < 0.5.

are newly discovered systems as clusters of galaxies. The majority of the clusters in
the sample have one or two LRGs with zg while few cluster have three LRGs or more
with available zg. The distribution of the cluster galaxies with zg per a cluster of the
cluster sample is shown in Figure B77.

Based on the cluster redshift and the angular separation of the BCGs to the X-
ray peaks, we computed their linear offsets. The distribution of the linear separations
between the likely BCGs and the X-ray emission peaks is shown in Figure BE8. We
found the majority of the BCGs (about 90 percent) have offsets smaller than 200 kpc,
which is in agreement with the offsets of BCGs sample in paper II. By using the current
selection procedure of the BCGs, the maximum offset is of about 500 kpc. The large
offset of the BCGs from the X-ray centroids might appear in systems with an ongoing
merger or in dynamically active clusters (Rykoff et all, ZO0OR).

4.3.4 Comparison with published redshifts

The so far largest optically selected galaxy cluster sample was compiled by Wen ef"all
(2002, WHL12 hereafter), based on overdensities of galaxies in photometric redshift
space from the SDSS-DRS data. It comprises 132,684 clusters with photometric red-
shift measurements in the range of 0.05 < 2z, < 0.8. Cross-matching our sample with
the WHL12 catalogue yielded 174 common clusters. We also queried the NASA Extra-
galactic Database (NED) for available redshift measurements for the remainder of the
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Figure 4.4: The SDSS colour image of the example cluster, 2XMMi J143742.94-340810,
with 4 arcmin a side centred on the X-ray position that is marked by cross-hair. Galax-
ies with spectra are marked by red squares. The measured spectroscopic redshift for
this system is 0.5446.

Figure 4.5: A similar image to Figure B but for another X-ray cluster candidate,
2XMM J113913.0+165446, as an example of confusing cases due to two overlapping
clusters along the line of sight.
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Figure 4.6: The distribution of measured spectroscopic redshifts of the cluster sample
associated with LRGs that have spectra is presented by the solid line, while the redshift
distribution of the optically confirmed cluster sample in Paper 1II is presented by the
dashed line.
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Figure 4.7: The distribution of the cluster galaxies with spectroscopic redshifts within
500 kpc from the X-ray positions for the optically validated cluster sample.
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Figure 4.8: The distribution of the linear separations between the likely BCGs and the
X-ray emission peaks of the cluster sample.

cluster sample. As a result, 67 clusters with redshift estimations from different projects
were found. In total, 241 clusters are previously known in the literature mostly as
optically confirmed galaxy clusters.

Figure B9 shows the comparison between the present redshift measurements and
the WHL12 ones as well as the available redshifts from the NED. The good agreement
between the current redshift measurements and the published ones is clearly obvious.
The differences between the two measurements, zpre — 2pup, have a mean and standard
deviation of 0.0001 and 0.0166, respectively.

We also compared the current redshift measurements with the published ones of the
optically confirmed cluster sample from our ongoing survey (Paper II). There are 280
common clusters between the two samples, of these 231 have spectroscopic redshifts for
at least one cluster galaxy in Paper II. The current procedure provided spectroscopic
confirmation for the remainder of the common sample with only photometric redshifts
(49 systems). We noted that the current procedure did not identify the whole sample
in Paper II with spectroscopic confirmations (310 clusters). This is due to using the
criterion of having a LRG with z; within 200 kpc. In addition we used in Paper II the
spectroscopic data from the SDSSI/II projects, which comprises a galaxy sample with
zs including LRGs as well as a magnitude-limited galaxy sample that are not necessarily
LRGs.

Figure B0 shows the comparison of the present redshift measurements with the
ones from Paper II of the common sample. It shows a good agreement between the
two measurements. The mean and standard deviation of the differences between the
measured values, Az = 2pre — 2p11, are 0.0035 and 0.0136, respectively. There is only 3
percent with redshift differences of | A z| > 20, where o = 0.02 the uncertainty of the
measured photometric redshifts in Paper II. These redshift differences were found for
the subsample with only photometric redshifts in our previous work.
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Figure 4.9: Comparison of the present spectroscopic redshift measurements with the
published photometric ones (green dots) by Wen ef all (2007) and the available (either
spectroscopic or photometric) redshifts from the NED (red triangle).

We also noted that the present spectroscopic redshifts are not identical with the
spectroscopic redshifts in Paper II for a few cases. There are 11 clusters with redshift
differences of 0.01 < | A z| < 0.04. This is due to the selection of cluster galaxies in
Paper II was based on their photometric redshifts within a redshift interval of z, ca £
0.04(1 + zp Bca), then the cluster spectroscopic redshift was measured as the weighted
average of the available spectroscopic redshifts of the identified cluster galaxies. This
led to selecting galaxies with available zg that have redshift outside the redshift interval
used in this work (zspca £ 0.01, see Section 3.2).

4.4 X-ray parameters

Among the current optically validated cluster sample there are 280 clusters were pub-
lished in Paper II together with their X-ray properties (Fx, Lx,Tx, and Msq). The
current sample extends the optically confirmed cluster sample from our survey by 44
objects and adds a handful of clusters at higher redshift up to z = 0.77. Among the ex-
tended sample, about 80 percent are new X-ray detected galaxy groups/clusters. Since
we found a good agreement between the measured redshifts of the common sample (see
Sec. 3.4), there are no expected significant changes of their X-ray parameters.

In paper II we provided two subsamples of clusters; the first one with X-ray spec-
troscopic parameters since their X-ray data is sufficient to measure the parameters
from X-ray spectral fits; the second subsample with X-ray parameters based on the
X-ray flux given in the 2XMMi-DR3 catalogue since they have low quality X-ray data.
We found a good agreement between the X-ray parameters measured from the two
procedures.

In the current work, we measured the X-ray parameters for the present optically
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Figure 4.10: Comparison of the present spectroscopic redshift measurements with the
measured spectroscopic redshifts (green dots) and photometric ones (red squares) from
Paper II.

validated cluster sample (324 systems) based on the 2XMMi-DR3 flux. We computed
the X-ray luminosities in (0.5-2 keV) using the catalogue fluxes in the same energy
band and the measured redshifts. Then we extrapolated the computed luminosities
to the bolometric luminosities, Lsgg, based on well established scaling relations in the
literature through an iterative procedure that was described in detail in Paper I and
Paper II. The derived Lsgp was used to compute Msqg.

The inputs of this method are redshift, an optimal aperture, and the enclosed
bolometric luminosity within this aperture. The first input, redshift, is measured based
on the current redshift procedure as described above. The other inputs are not available
for the extended cluster sample. Therefore, we use the properties of the cluster sample
with reliable X-ray parameters from spectral fits in Paper II in order to estimate the
values of these input parameters. The optimal aperture radius is the cluster radius that
represents the maximum signal-to-noise ratio. We used the linear relation between the
optimal aperture radii and the core radii given in the 2XMMi-DR3 catalogue in order
to estimate an optimal aperture radius based on the core radii available in the 2XMMi-
DR3 catalogue. Figure ET1 shows the relation between the optimal aperture radii
and the core radii.The slope and the intercept of the best fit line obtained using the
BCES orthogonal regression methods (Akritas & Bershady, 1T996) are 2.00 and 14.71,
respectively.

The third input is the aperture bolometric luminosity. For the extended cluster
sample (44 systems), we only have the X-ray luminosity in [0.5-2.0] keV computed
based on the integrated § model flux in [0.5-2.0] keV. We also used the linear relation
between the aperture bolometric luminosities and luminosities in [0.5-2.0] keV in order
to convert the computed band luminosities to aperture bolometric luminosities, see
Section 4.2 in Paper II for more information about this conversion. Based on these
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Figure 4.11: The aperture radii are plotted against the core radii (EPIC extents) ob-
tained from the 2XMMi-DR3 catalogue for the cluster sample with X-ray spectroscopic
parameters in Paper II. The solid line represents the best fit using the BCES orthogonal
regression. The slope and intercept of the best fit line are 2.00 and 14.71, respectively.

inputs, the iterative method provided the measurements of Rsyg, Lsgg, and Msgg for
each cluster.

We compared the current measurements of Lsgy based on the flux given in the
2XMMi-DR3 catalogue and the corresponding luminosities of the common cluster sam-
ple (280 systems) in Paper II. Figure 12 shows the comparison between the two
measurements of Lsgg. It shows good agreement between the measured values except
a few cases (about 4 percent) that are contaminated by point sources. The median
value of the ratios of the present Lsyg measurements to the ones from Paper II is 1.03.
Since there is such a good agreement between the measured luminosities from the cur-
rent work and the previous one, we trust the current procedure to measure the X-ray
parameters for the extended cluster sample.

The first data release of the XMM-Newton Cluster Survey (XCS, Mehrfens et all,
2017) comprises about 500 clusters. Cross-matching the cluster sample with the XCS
sample that have redshift and X-ray luminosity measurements within 30 arcsec yields
97 common objects. Among these, 89 clusters are included in the optically confirmed
cluster sample from our survey (Paper II). Figure .13 shows the comparison of the
current Lsog measurements and the corresponding ones from the XCS project. The
median ratio between the two measurements is 0.94. In Paper II we showed a better
agreement of Lsog values for the common sample if we constrain the comparison to
the parameters derived from the spectral fits. Among the common sample, 29/97 have
only photometric redshifts in the XCS sample, therefore our cluster sample provides
spectroscopic confirmation for these systems.

The mass range of the cluster sample is ~ 2 — 33 x 10'3 M, and luminosity range
is ~ 1 — 700 x 10*2 erg s~!. Figure B14 shows the distributions of Lsy as a function
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Figure 4.12: Comparison between the measured bolometric luminosity Lsog based on
the given flux in the 2XMMi-DR3 catalogue and the bolometric Lsgg from Paper II of
the common cluster sample. The solid line shows the one-to-one relationship.

of redshift for the extended cluster sample and the common objects in Paper II as
well as for 1730 clusters (z < 0.8) from MCXC catalogue that was comprised based on
published X-ray selected cluster catalogues from ROSAT data (Piffaretfi ef all, 201T).
Due to the sensitivity of XMM-Newton and deeper exposures for some fields the current
cluster sample includes low luminosity groups and clusters at each redshift as shown in
Figure £714.

Since the current X-ray luminosities are comparable with the previous measure-
ments in Paper II, we only present a catalogue of the extended cluster sample (44
systems) listing their optical and X-ray parameters. In addition to this sample we also
provide the spectroscopic redshifts and the X-ray properties for 49 clusters among the
common sample in paper II that had only photometric redshifts. These two subsample
are compiled together in Table B0l with a note refers to each subsample.

Table B, available at the Appendix C, lists the first 10 entries of the extended clus-
ter sample (44 objects) from the current work in addition to a subsample (49 systems)
that have only photometric redshifts in Paper II and have spectroscopic confirmations
in the current work. The X-ray parameters are measured based on the flux given in
the 2XMMi-DR3 catalogue. Cols. [1] and [2] report the cluster identification number
(detection Id, detid) and its name (IAUNAME), cols. [3] and [4] provide the coordinates
of X-ray emission in equinox J2000.0, col. [5] the XMM-Newton observation Id (obsid),
col. [6] the cluster spectroscopic redshift, col. [7] the scale at the cluster redshift in
kpe/”, col. [8] the Rs00 in kpe, cols. [9], and [10] the 2XMMi-DR3 X-ray flux Fi, [0.5-
2.0] keV and its error in units of 10714 erg cm™2 s, cols. [11], and [12] the estimated
X-ray luminosity Leat [0.5-2.0] keV and its error in units of 10*? erg s~!, cols. [13]
and [14] the cluster bolometric luminosity Lsoo and its error in units of 10*2 erg s71,
cols. [15] and [16] the cluster mass Msop and its error in units of 10'® Mg, col. [17]

87



4. CLUSTERS ASSOCIATED WITH SPECTROSCOPICALLY
TARGETED LRGS IN SDSS-DR9

10*
% 107 E
-
g ®
+ ®
5 LLs) . s
wn * &
2 102} . S |
-.o; L ] .5
—_ L ] - ... .
T L 1) : 0:
wv " 'Y .
D 10t W eetee %, e ® 1
a . e &
* *0
= .
o . °
—
=
g 10°} 1
)
10—1 I I I 1
10! 10° 10t 10° 10° 10*

Ly, [10% erg s=11 (XCS sample)

Figure 4.13: Comparison of the present measurements of Lsgg and the ones from the
XCS project. The solid line shows the one-to-one relationship.
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Figure 4.14: The distribution of the X-ray bolometric luminosities, Lsgg, with redshifts
of the common cluster sample in Paper II (green dots), the extended cluster sample
(red dots) from the current procedure, and a sample of 1730 clusters (black stars) below
redshift 0.8 detected from ROSAT data (Piffareffi-ef all, 2011).
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the objid of the likely BCG in SDSS-DRY, cols. [18] and [19] the BCG coordinates in
equinox J2000.0, col. [20] the apparent magnitude m, of the BCG, col. [21] and [22]
the weighted average spectroscopic redshift and the number of cluster members within
500 kpc with available spectroscopic redshifts that were used to compute the average
redshift, col. [23] and [24] the weighted average photometric redshift and the number
of identified cluster member candidates within 500 kpc based on their photometric
redshifts, col. [25] the linear separation between the cluster X-ray position and the
BCG position, and col. [26] a note indicating the object status, “extended“ refers to a
new system detected using the current procedure, and “Paper 11 refers to a previously
known system from Paper II with photometric redshift and confirmed spectroscopically
in the current work.

4.5 Summary

We present a sample of 324 X-ray selected galaxy groups and clusters associated with at
least one Luminous Red Galaxy (LRG) that has a spectroscopic redshift in the SDSS-
DR9. The redshifts of the associated LRGs are used to identify the BCGs and the
other cluster galaxies with spectroscopic redshifts. The cluster spectroscopic redshift
is computed as the weighted average of the available spectroscopic redshifts of the
cluster galaxies within 500 kpc. The cluster sample spans a wide redshift range 0.05 <
z < 0.77 with a median of z = 0.31. Among the cluster sample, 241 are previously
known as optically selected galaxy clusters. The measured redshifts are consistent with
the available redshifts in the literature. In addition to re-identify and confirm the
redshift measurements of 280 clusters among the published cluster sample from our
survey, we extend the optically confirmed cluster sample by 44 systems. Among the
extended sample, 55 percent are newly discovered groups and clusters and 80 percent
are new X-ray detected clusters. The measured redshifts and the X-ray flux given in
the 2XMMi-DR3 catalogue are used to determine the X-ray luminosity of the cluster
sample. We also derived X-ray-luminosity-based mass of the sample. Comparing the
current estimation of the X-ray bolometric luminosity, Lsgg, with the available ones
from Paper II and the XCS project, we found a good agreement between the two
measurements. The distribution of X-ray luminosities of our cluster sample and ROSAT
clusters with redshifts showed that we detected less luminous groups and clusters at
each redshift.
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Chapter 5

The correlation of X-ray and
optical properties®

Abstract

We present the absolute magnitude and the optical luminosity in the r—band of the
BCGs of the optically identified cluster sample (574 systems) from the 2XMMi/SDSS
Galaxy Cluster Survey. The cluster sample spans a wide redshift range 0.03-0.77 (me-
dian 2=0.33). The correlation between the absolute magnitudes of the BCGs and the
cluster redshifts is investigated. We also present the relation between the optical lu-
minosity of the BCG and the cluster mass. For a subsample of 214 systems below a
redshift of 0.42 with measured X-ray spectroscopic temperatures, we determined the
optical richness and luminosity within Rsqo. We found a tight relation between the
cluster richness and optical luminosity. This subsample is used to perform a compar-
ison of the appearance of galaxy clusters in the X-ray and optical bands. The X-ray
parameters and the masses at the radius Rsgg are obtained from the published cluster
catalogue from our survey. We investigate the correlation between the X-ray properties
(temperature T,p, luminosity Lsgo, and X-ray-luminosity-based mass Msop) and optical
properties (richness and luminosity). The relation between the cluster richness and T}y,
Ls00, and Msoo has an orthogonal scatter of 41%, 51%, and 41%, respectively while
the relation between the optical luminosity and the same properties has an orthogonal
scatter of 38%, 48%, 38%, respectively.

5.1 Introduction

Galaxy clusters are the largest clearly defined objects in the universe. Their baryonic
matter has two components: first, the individual galaxies that can be studied through
optical or infrared imaging and spectroscopy; the second, a hot diffuse intracluster
medium (ICM) that can be observed with X-ray and microwave instruments. Clusters of
galaxies are ideal laboratories to study the cosmic evolution of the ICM and the cluster
galaxy population. Precise observations of large cluster samples provide a powerful tool
to constrain the cosmological parameters (e.g. Sarazin, T988; Rosafi ef all, 2002; Voifi,
PO05; Bohringer & Wernet, 2010; ATlen"ef all, 2OTT).

*This chapter will be submitted to Astronomy € Astrophysics

91



5. THE CORRELATION OF X-RAY AND OPTICAL PROPERTIES

Solid observational evidence indicates a strong interaction between the two baryonic
components of galaxy clusters. The evolution of galaxies in clusters is influenced by the
hot diffuse gas in the ICM. The observed metal abundance in the ICM is produced by
the pollution metals expelled from galaxies via galactic winds (Finoguenov et al], 2001,
De Grandi & Molendi, 2002). To understand the complex physics of galaxy cluster
baryon components, it is required to combine X-ray and optical observations of a large
sample of these systems (Popesso et all, 2004).

Several cluster surveys have been conducted in optical/IR wavelengths (e.g. [Abell,
[958; Abell"ef all, T98Y; Zwicky et all, T961; Gladders & Yed, 2005; Merchan & Zandid
varez, P005; Koester et all, 2007; Wen_efall, 2009; Hao ef"all, 2010; Szabo ef all, POT1;
Geach_ef"all, POTT; Durref_ef all, 2O11; Wen et all, 2012; Gettings et all, POI2) or in
X-rays based on data from previous missions mainly from ROSAT (e.g. Ebeling et all,
[99%; Bohringer et all, 2004; Reiprich & Bohringer], 2002; Ebeling et all, 2010; Rosafi
et all, [998; Burenin ef all, 2007) or using the current X-ray telescopes (XMM-Newton,
Chandra, Swift/X-ray) (e.g. Finoguenov et all, 2007, 2010; Adami et _all, 2071; Suhadal
ef~all, P012; Barkhouse ef_all, P2006; Kolokofronis ef all, 2006, Fasshender ef_all, ROTT;
[Takey et all, POT1; Mehrfens et all, POT2; Clerc_ef all, 2012; Mundo"ef—all, POT2; dd
Hoon"ef all, 2013; [Takey et all, 2013a,H). So far, tens of thousands clusters have been
optically detected while only a few thousands of clusters have been identified in X-rays.

We have initiated a serendipitous search for galaxy clusters in XMM-Newton obser-
vation fields that are located in the footprint of the Sloan Digital Sky Survey, SDSS-
DR7. The main aim of the survey is to construct a large catalogue of newly discovered
X-ray selected groups and clusters up to high redshifts in order to investigate the X-ray
scaling relations as well as X-ray-optical relations. Recently, we have published the op-
tically confirmed cluster sample that comprises 530 galaxy groups and clusters from our
survey based on the SDSS-DR8 ([Iakey et all, 2013a). In addition, we have extended
the optically confirmed cluster sample by 44 objects based on the recent SDSS-DR9
([Takey et all], POI3K). The published catalogues provide the optical redshift as well
as the X-ray luminosity and X-ray luminosity-based mass for all systems. The X-ray
data allowed to measure the X-ray temperatures for 60 percent of the sample. The
published cluster sample with X-ray temperature measurements, which spans a wide
redshift range up to 0.7, was used to investigate the X-ray luminosity-temperature
relation ([Lakey et all, 2013a).

In the present paper, we investigate the correlation between the cluster X-ray and
the optical parameters that have been determined in a homogenous way based on the
current optically identified cluster sample from our survey. Firstly, we investigate the
correlations between the BCG properties (absolute magnitude and optical luminosity)
and the cluster global properties (redshift and mass). Secondly, we compute the richness
and the optical luminosity within Rsoo (the radius at which the cluster mean density
is 500 times the critical density of the universe) of a nearby subsample (z < 0.42,
with a complete membership detection from the SDSS data) with measured X-ray
temperatures from our published catalogue. The relation between the estimated optical
luminosity and richness is also presented. Finally, the correlation between the cluster
optical properties (richness and luminosity) and the cluster global properties (X-ray
temperature, luminosity, mass) are investigated.

Several studies have presented the correlations between the X-ray observables such
as luminosity and temperature as well as the cluster mass with both optical richness
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and luminosity (e.g. Popesso et all, 2004, 2005; Lopes et all, 2006; Rykoff et all, 2008;
Lopes et all], 2009; Wen_efall, P009; Szaba ef_all, 2011) based on known massive X-
ray galaxy clusters in the literature apart from RASS-SDSS sample that comprised
galaxy groups and clusters compiled by Popesso et all (2004). These correlations show
the ability to predict the X-ray properties of galaxy clusters, the most expensive to
observe, and the cluster mass, the most important parameter for the cosmological
studies, from the optical properties, and vice versa within a certain accuracy. These
predictions are important for future galaxy cluster surveys conducted only in only one
band of the electromagnetic spectrum. Here we investigate these correlations based on
our large cluster sample including the newly discovered X-ray groups and clusters from
the survey, which are in low and intermediate mass regime.

The presentation of the paper is as the follows. In Section 2, we describe the cluster
sample and their X-ray properties. In Section 3, we present the properties of the
BCGs against the cluster properties. The strategy to compute the richness and optical
luminosity as well as their correlations with X-ray properties and masses are presented
in Section 4. We summarise our results in Section 5. The cosmological parameters
Oy = 0.3, Qy = 0.7 and Hy = 70 km s~! Mpc~! were used throughout this paper.

5.2 The study sample and their X-ray properties

The 2XMMi/SDSS Galaxy Cluster Survey as well as the so far optically confirmed
cluster sample are presented in [ITakey et al] (2011, 20134,H). Here we present a brief
summary about the full optically confirmed cluster sample from the survey, which is
used in the present work.

The survey comprises 1180 X-ray cluster candidates selected from the second XMM-
Newton serendipitous source catalogue (2XMMi-DR3), which are in the footprint of the
SDSS-DR7 that was available at the initiating of our survey. The total overlap area
of the XMM-Newton fields at high galactic latitudes, |b] > 20°, in the sky coverage
by the SDSS-DR7 is 210 deg?. To measure the X-ray properties of these candidates,
their redshifts need to be determined. The X-ray data quality of these candidates do
not permit to measure their redshifts from the emission lines in the X-ray spectrum
apart from very bright X-ray sources (about 4 percent with more than 2000 photon
counts). Therefore, the main resource to measure their redshifts is the optical data.
The so far largest optical survey is the SDSS, which covers a sky area of 14,555 deg?
and provides positions, magnitudes, and photometric redshifts of galaxies, in addition
to spectroscopic redshifts for about one and half millions galaxies (Ahn ef all, 2012).

Based on the photometric redshifts of galaxies in the SDSS-DRS, we have optically
identified the counterparts of 530 galaxy groups/clusters ([lakey et all, 2013a). Then
we constructed a cluster sample of 324 systems with spectroscopic confirmations based
on the available spectroscopic redshifts of the Luminous Red Galaxies (LRGs) in the
SDSS-DR9 ([l'akey et all, POT3H). The spectroscopic confirmed cluster sample extends
the optically confirmed cluster sample by 44 objects and provides spectroscopic confir-
mations for 49 systems. Therefore, the full cluster list with optical counterparts and
redshift measurements comprises 574 galaxy groups/clusters. This is the so far largest
X-ray selected galaxy clusters catalogue based on XMM-Newton observations.

The redshifts of the cluster sample span a wide range from 0.03 to 0.77 with a median
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5. THE CORRELATION OF X-RAY AND OPTICAL PROPERTIES

of 0.33. The distribution of the redshifts of the cluster sample is shown in Figure Bl
Among the confirmed cluster sample, 70 percent have spectroscopic redshifts for at
least one cluster galaxy. About 40 percent of the cluster sample are newly discovered
systems as galaxy clusters, while more than 70 percent are new X-ray detections of
clusters.

For each system in the sample, we have derived the X-ray bolometric luminosity,
L50p, based on the measured luminosity from the spectral fits or based on the flux
given in the 2XMMi-DR3 catalogue and the measured redshift. The distribution of
the measured luminosities of the cluster sample as well as for identified clusters from
ROSAT data (Piffaretfi_ef all, 201T) as a function of redshift is shown in Figure B2.
The distribution shows that our X-ray detected groups and clusters are in the low
and intermediate luminosity regime apart from few luminous systems, thanks to the
XMM-Newton sensitivity and the available XMM-Newton deep fields. The measured
luminosities are used to measure the cluster mass, Msqg, based on the published L — M
relation by Pratf ef all (2009). The mass range of the cluster sample is 1.1 x 1013 —4.9 x
10" Mg. For a sub-sample of 345 systems with good X-ray data quality, we measured
their X-ray spectroscopic temperatures within an aperture with a radius chosen to
optimize the signal-to-noise ratio. The measured temperatures ranges from 0.5 keV to
7.5 keV ([Takey et all, 20T3a,h).

In the current study, we use the whole optically confirmed sample to investigate the
relation between the absolute magnitude of the BCGs and the cluster redshift as well
as the relation between the BCG luminosity in r—band and the cluster mass, see the
following section. The systems at redshift below 0.42 with X-ray spectroscopic temper-
atures are used to investigate the correlation between the optical properties (richness
and total luminosity) and the X-ray properties (temperature, luminosity, mass), see
Section 4.

5.3 Correlations of the BCG and cluster properties

To determine the optical properties of the cluster sample, we created a galaxy sample
from the SDSS-DR9 for each object by selecting the surrounding galaxies within 4 Mpc
from the X-ray source position. The galaxies were selected from the Galaxy view ta-
ble, which contains the photometric parameters measured for resolved primary objects,
classified as galaxies. Also, the photometric redshifts and, if available, the spectroscopic
redshifts of the galaxy sample were obtained from the Photoz and Spec0Obj tables, re-
spectively. The extracted parameters of the galaxy sample include the coordinates,
the apparent dereddened (model and composite model) magnitudes, K-correction, the
photometric redshifts, and, if available, the spectroscopic redshifts. When the spectro-
scopic redshifts of galaxies are available, we use them instead of the photometric ones.
To clean the galaxy sample from faint objects and from galaxies with large photometric
redshift errors, we apply a magnitude cut of m, < 22.2 mag, Am, < 0.5 mag, and a
fractional error cut of the photometric redshift, Az,/z, < 0.5.

For the whole optically confirmed cluster sample we identify the BCG as the bright-
est galaxy among the cluster luminous member candidates that are selected within
the measured Rso0 and redshift interval from the cluster redshift of z £+ 0.04(1 + z2).
The luminous member galaxies are selected based on their evolution-corrected absolute
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Figure 5.1: The distribution of the cluster sample redshifts. The sample includes
spectroscopic redshifts for 403 objects based on at least a spectroscopic redshift of one
cluster galaxy as well as the photometric redshifts for the remainder of the sample (171
systems).

magnitude that are brighter than M, ., = —20.5. The strategy for selecting the cluster
luminous member galaxies is similar to that used by Wen et all (201%). For each cluster
galaxy, we computed its absolute magnitude in the r—band, M;, as the follows :

Mr :mr—25—5 lOglo(DL/lMpC) _K(r)' (51)

where m; is the dereddened model magnitude of the cluster galaxy. K, is the K-
correction in the r—band derived from the templates and given in the Photoz table
in the SDSS-DR9 catalogue data (Csabaief all, 2003). Dy, is the luminosity distance
that was calculated based on the cluster redshift. Then, we corrected the absolute
magnitude for a passive evolution as :

My ey = My +Q 2. (5.2)

where Q = 1.62 represent the evolution of the luminosity in units of magnitude per
unit redshift, which means that the galaxy was more luminous in the past (Blanfon
et all, PO0O3).

Based on the cluster redshift and the angular separation of the BCG from the X-ray
peak, we computed its linear separation. The distribution of the linear separations of
the BCGs from the X-ray centroids of the sample is shown in Figure B3. About 80
percent of the BCGs reside within 200 kpc from the X-ray positions. This percentage
is lower than what we found in our published catalogue (90 percent). This is due to
selecting the BCG in the previous work as brightest galaxy among the cluster member
candidates within one arcmin from the X-ray peak. The systems with large offset of

95
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Figure 5.2: The distribution of the X-ray bolometric luminosity, Lsgg, with the redshift
of the full optically confirmed cluster sample (green dots) and a sample of 1730 clusters

(black stars) below redshift = 0.8 from the MCXC catalogue detected based on ROSAT
data (Piffareffief all, DOTT).

the BCGs might have an ongoing merger or are dynamically active clusters (Rykoff
ef_all, POOR).

The BCGs are in general elliptical massive galaxies and tend to be luminous red
galaxies (LRGs) (e.g. Postman & Taned, 1995; Eisenstein et all, 2001; Wen ef all,
20017). We compared the BCGs magnitudes and colours with the magnitude and colour
cuts of the spectroscopically targeted LRGs in the SDSS-III project, BOSS survey®,
(Padmanabhan et al. 2013, in preparation). We found 74 percent of the BCGs satisfy
the LRGs criteria in the BOSS survey. Wen efall (200%) constructed a catalogue of
132,684 clusters based on the photometric redshift of galaxies in the SDSS-DRS&. They
found 66 percent of the BCGs in their cluster sample fulfill the colour cuts of the SDSS
LRG selection criteria.

Several studies (e.g. De Lucia & Blaizofl, 2007; Stotf ef all, PO0R) showed that the
BCGs were formed at high redshift, z > 2, and have been passively evolving to the
present day. The stellar population of the BCGs becomes old with cosmic time and
consequently the BCGs become fainter at low redshifts. For each BCG we computed its
absolute magnitude in the r—band, M, pcg using Eq. 1. Figure b2 shows the relation
between M, pcg and the cluster redshift, z. It shows a weak relation indicating the
higher redshift of the cluster, the brighter the BCG is.

We derived the best-fit-linear relation between M, pcc and z using the BCES re-
gression method (Akritas & Bershadyl, T996). The BCES algorithm provides several
kinds of linear regression. Here we only show the results of BCES(Y|X) fitting method,
which minimises the residuals in Y, and the BCES orthogonal fitting method, which

*http://www.sdss3. org/dr9/algorithms/boss_galaxy_ts.php
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Figure 5.3: The distribution of the linear separations between the BCG positions and
the X-ray emission peaks of the cluster sample.

minimises the squared orthogonal distances. The linear relation between M, pcg and
z is shown in Figure b4 and given by :

Mr,BCG =a+bz. (5.3)

The fitted parameters (intercept and slope) derived from both BCES methods are
listed in the first row of the upper part of Table bl. The best-fit-lines are also plotted
in Figure 64. The slope derived by the BCES(Y|X) algorithm, -2.36 4+ 0.16, is much
steeper than the published one, -1.74 + 0.03, by Wen et all (2012) based an optically
cluster sample at z < 0.42. This disagreement might be due to our cluster sample
includes less massive clusters and extends to higher redshifts than the sample used by
Wen_ef_all (2007). In addition to using a different fitting method in both projects.

To estimate the orthogonal scatter in the relation, we compute the differences be-
tween the measured absolute magnitudes and the predicted ones from the best-fit re-
lation (the fit residuals) based on the cluster redshift from Eq. 3. The residuals of the
fit and the slope of the relation are used to compute the orthogonal distances from the
best-fit line. The standard deviation of these orthogonal distances was considered as
the orthogonal scatter in the relation. The scatter error was computed as the stan-
dard error of the measured scatter value. The orthogonal scatters derived from the
BCES(Y|X) and the orthogonal routines of the M, pcg — z relation are 0.22 £ 0.01
and 0.13 + 0.01, respectively and are listed in Table Bl

Several groups (e.g. [Lin"& Moht, 2004; Brough et all, PO0R; [Popesso et all, 2007,
Hansen efall, 2009; Miffal ef all, 2009) investigated the relation between the optical
luminosity of the BCGs and the cluster masses. They found a relation with different
exponents as Lpcg o< MO1+06 We measured the optical luminosity of the BCGs
in r—band, L, gca, of the cluster sample. The absolute magnitude of each BCG was
transformed to absolute luminosity in units of solar luminosities as :

97



5. THE CORRELATION OF X-RAY AND OPTICAL PROPERTIES
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Figure 5.4: The absolute magnitude of the BCG, M, pcq, are plotted against the
cluster redshift, z, for the full cluster sample. The dashed and solid lines are the best-fit
relations derived from the BCES(Y|X) and orthogonal regression methods, respectively.

Ly oa(Lro) = 10Mr,0=M:, BcG)/2:5 (5.4)

The solar absolute magnitude, M, », was transformed from the Johnson-Morgan-
Cousins system to the SDSS system using the transformation equations by Jester ef all
(2005). The best fit relation between the logarithms of L, pcg and the mass of the host
cluster, M5, is shown in Figure b3 and given by :

log (Lr’ BCG) =a+b log (M500). (5.5)

The slope, intercept, and the orthogonal scatter of the relations derived from both
BCES fitting algorithms are listed in Table BTl. The scatter is computed in a similar way
as in M, pcg — # relation but in a logarithmic scale since the fit of the L, scg — Ms00
relation is performed in log-log scale. Miffal'ef-all (2009) investigated the Lk Bcg —
M350 relation based on the HIFLUGCS sample that comprises 64 bright clusters (z <
0.2) observed with Chandra. They found a slope derived from the BCES bisector linear
regression routine of 0.62 £ 0.05, which is consistent with the present slope 0.57 4+ 0.03
obtained using BCES(Y|X). The present slope is much steeper than the ones (around
~ 0.3) published by Lin"& Mohi (e.g. 2004); Brough et all (e.g. PN0R); Popesso et al:
(e.g. 2007); Hansen ef all (e.g. 200Y).

5.4 Correlations of the cluster X-ray and optical proper-
ties

We present the performance of the cluster richness and optical luminosity as predictors
of the global X-ray properties (temperature and luminosity) as well as the cluster
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Figure 5.5: The optical luminosity of the BCGs in r—band, L, pcg, versus the total
cluster mass, Msgg. The best-fit-lines are the same in Figure b4.

mass. [Popesso et all (2007) reported that there is no significant difference among the
results of the relation between the cluster global properties and the cluster optical
luminosity in the different SDSS bands, therefore we will only present the relations for
the optical luminosity in the r—band. [Lopes et al] (2009) found that the relations based
on parameters extracted within R5gp had smaller scatter than the relations based on
parameters derived within a fixed radius or within Rogg. Therefore we only show here
the relations between the X-ray and optical properties that were measured within Rs5qg
except the X-ray temperature that was measured within an optimal aperture, which
maximises the signal-to-noise ratio.

5.4.1 The cluster richness and optical luminosity

We use a method similar to that described by Wen ef all (200%) to estimate the richness
and optical luminosity of the study sample. To estimate the cluster richness, we identify
the luminous member candidates within Rgop and a redshift interval from the cluster
redshift of z £ 0.04(1 4+ z) and with evolution-corrected absolute magnitude M; ¢, <
—20.5. To compute M, oy, we first determine the absolute magnitude of each galaxy
using Eq. 1, then we correct it for a passive evolution using Eq. 2. The bright end of
the cluster member candidates is the absolute magnitude of the BCG, M, sca. The
BCG was identified as the brightest galaxy among the cluster luminous galaxies within
Rs00-

The cluster luminous member galaxies with M, ., < —20.5 are complete for clusters
up to a redshift of z = 0.42. This is due to the magnitude limit of the SDSS photometric
data and the faint limit absolute magnitude used for identifying the luminous member
galaxies (Wen_ef all, 2012). Therefore, we only consider clusters below z = 0.42 in
investigating the correlation between both the richness and the optical luminosity with
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the X-ray properties (temperatures, luminosity, and mass). We also include only those
clusters with good quality X-ray data that permitted to measure the X-ray tempera-
tures. The subsample includes 214 systems with a temperature k7" range of 0.5-6.8 keV
and mass (X-ray-luminosity-based mass) range of Mszog = 1.7 x 10'3 — 4.9 x 10** M.

The net cluster member galaxies in the region with a radius of R5qg after subtraction
the expecting foreground and background galaxies is defined as the cluster richness, R.
To estimate the number of local foreground and background galaxies, we need to count
the number of galaxies within a nearby region of the cluster with same redshift and
absolute magnitude range of the luminous cluster member candidates. To do this,
we divide the annuals between 2-4 Mpc from the X-ray position into 4 sectors. The
number of foreground and background galaxies is determined as the mean value of the
normalized number of galaxies to R50g region in the 4 sectors within the used redshift
and absolute magnitude intervals. We also compute the standard deviations o of the
galaxy counts in these sectors. If a sector has a number of background galaxies larger
than 30 deviation from the mean galaxy count of the 4 sectors, we discard it and re-
calculate the mean of galaxy counts in the remaining sectors. This was done in order
to avoid any filaments or substructures belonging to the system.

The optical luminosity of a cluster L, is determined in a similar way as the esti-
mation of the richness. It is computed as the sum of the cluster member luminosities
within Rsqp after subtraction the contamination of the background galaxies luminosity.
The luminosity of background galaxies is computed as the mean of the summed optical
luminosity of the galaxies with same redshift and absolute magnitude intervals of mem-
ber galaxies in the 4 sectors. The optical luminosity of the cluster member candidates
and the background galaxies are determined for the final galaxy counts resulting from
the richness measurements. The absolute magnitude of a galaxy was transformed to
absolute luminosity in units of solar luminosities using Eq. 4.

Figure b8 shows the relation between the summed r—band luminosities and rich-
ness that were computed within R5g9 of the subsample below z = 0.42. We found a
strong correlation between the measured optical luminosity and the richness. The best
linear fits using the BCES regression methods between their logarithms are shown in
Figure b and are expressed by :

log (Ly) = a+blog (R). (5.6)

The slope of the relation is 1.13 4+ 0.04 and 0.99 £ 0.03 obtained from the BCES
orthogonal and the BCEX(Y|X) algorithms, respectively. The slopes, intercepts, and
orthogonal scatters are given in first raw of the lower part of Table bll. The scatter is
computed in a similar way as described above and given in a logarithmic scale.

Popesso et all (2007) investigated the relation between the cluster r—band optical
luminosity within Rggp and the net count of cluster galaxies (richness) based on an
optically and X-ray selected group and cluster sample of 217 systems at z < 0.25.
They found the relation slope is 1.00 4+ 0.03 derived from an orthogonal regression
method, which is shallower than the present slope 1.13 £+ 0.04 (orthogonal) but it is
consistent with the slope 0.99 + 0.03 derived using the BCEX(Y|X) algorithm. The
linear fit derived from the BCES orthogonal method is affected by the two points with
large scatter from the best-fit line. Wen ef all (2009) found a slope of 0.97 £+ 0.01
between L, and R that were estimated within 1 Mpc from the BCG position for a large
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Figure 5.6: Correlation between the summed optical luminosity in r—band, L;, and the
richness, R, which are computed within Ry, for the cluster subsample below z = 0.42
with available X-ray spectroscopic temperature measurements from our survey. The
best-fit-lines are the same in Figure B3,

optically selected cluster sample at z < 0.42, which is consistent with the present slope
0.99 £ 0.03 derived from the BCEX(Y|X) algorithm.

5.4.2 The correlation of the cluster richness and optical luminosity
with the cluster global properties

The linear relation between the logarithms of the X-ray and optical properties are fitted
using the BCES(Y|X) and orthogonal algorithms and are expressed by :

log (Px) = a+ blog (Popt)- (5.7)

where Px is the X-ray property (aperture temperature T, X-ray luminosity Lsog, and
X-ray-luminosity-based mass Msop) and P,y is the optical property (richness R and
total optical luminosity L,). Table B lists in the lower part the fitting parameters
as well as the scatter of each relation. These correlations are shown in Figure B,
Figure bR, and Figure b9. The figures also show the best-fit-lines derived from both
BCES(Y|X) and BCES orthogonal fitting methods.

If we consider the observed relations Lx oc 733% and Lx o M?8 (BCES
orthogonal) derived from the REXCESS sample that comprises 31 nearby (z < 0.2)
galaxy clusters (Praff_ef all, 2009) and a mass-to-light ratio, M/L oc L%33 (Girardi
et all, 2007), we expect a relation between the X-ray temperature and optical luminosity
as T oc LY83 a relation between the X-ray and optical luminosity as Lx o L*77,
and a relation between the cluster mass and optical luminosity as M o L33, Since
there is a tight relation between the measured optical luminosity and richness with an
exponent deviated slightly from the unity as L. oc RY'3 (orthogonal), we expect a
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slight variation of the exponents of the correlations between the cluster richness and
the other cluster properties. The expected relations are Tx oc R%%, Ly oc R313,
Msopo o< R0 (orthogonal). Regarding the relations derived from the BCES(Y|X)
algorithm, we expect that the relations between each cluster global parameter with
both R and L, have consistent slopes since the slope of L, — R relation is approximately
the unity, 0.99 + 0.3, as shown in Table BT

The current slope of the T, — L, relation, 0.85 & 0.05 derived from the BCES
orthogonal method is consistent with the expected one, 0.83. [Popesso et all (2005)
investigated the same relation based on a sample of 49 groups and clusters (z < 0.25)
with available ASCA temperature. Their optical luminosities were estimated within
Rs500 in the r—band. They found the slope of the Tx — L, relation obtained using a
numerical orthogonal distance regression method is 0.59 + 0.03, which is much shallower
than the present slope 0.85 4+ 0.05. This difference in the slope might be introduced
from the cluster sample since their sample is small and contained systems with high
temperatures apart from few objects (12 systems) with Tx < 2 keV, in addition to the
different procedures used in estimating the optical luminosities and different aperture
used in measuring the temperatures. It is the same case when comparing our relation
with the relation published by Lopes et all (2009) who investigated it based on a small
sample of 21 clusters at z < 0.1 with Tx > 1.5 keV obtained from the X-Ray Galaxy
Clusters Database (BAX).

Wen_ef_all (2009) found a slope of 0.83 £ 0.08 derived from a cluster sample of
67 systems with ASCA temperature. However, they estimated the optical luminosity
within a fixed radius of 1 Mpc and used another fitting method, there is good agreement
between the two slopes. The BCES(Y|X) gives a shallower slope 0.61 + 0.04 than
the one derived from the orthogonal algorithm. The expected relation Tx oc R%%4
(orthogonal) is consistent with the derived one based on our cluster sample Ty, o
RV00E0.09 (orthogonal). Again we found disagreement between the present slope and
the published one 0.5 £+ 0.07 (orthogonal) by Lopes et al] (2009) due to the differences
in the size and mass regime between the two samples. The present slope 0.59 4+ 0.06
(BCES(Y|X)) agrees with the one, 0.61 £ 0.05, published by Wen et all (2012) who
estimated the richness within Roqg.

The observed relation, Loy o< LZ7T#017 (orthogonal), is in good agreement with
the expected one, Lx oc L?7" (orthogonal), from the scaling relations. Popesso et al.
(2005) investigated the relation based on a sample of 69 clusters with optical mass, a
sample of 49 clusters with mass estimated from the temperature with an overlap of 16
clusters, and the combined sample of 102 systems at z < 0.25, they found the slopes
derived from the orthogonal algorithm are 1.59 + 0.10, 1.89 £+ 0.11, and 1.79 + 0.10,
respectively. Lopes et all (2009) found a slope of 1.62 £+ 0.11 derived from a sample
of 104 clusters at z < 0.1. The X-ray luminosities in their works were obtained from
ROSAT data and were not estimated within a fixed aperture but were calculated from
the X-ray luminosity profile. Their optical luminosities were estimated within Rsqg
based on the SDSS data. Once again the present slope is not consistent with the ones
derived in those studies due to using different procedure to estimate the X-ray and
optical luminosities in addition to the different luminosity regime of the samples.

The present slope 2.71 4+ 0.17 of Lsgg — L, relation agrees well with the published
one 2.67 £ 0.12 by Wen_ef all (2009) based on a sample of 146 clusters at z < 0.42.
The BCES(Y|X) slope, 1.53 £ 0.11, is shallower than the slope obtained by the BCES
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orthogonal algorithm. We note that the BCES(Y|X) slope is consistent with the slopes
(orthogonal) published by (Popesso et all, P005; Lopes et all, 2009). Regarding the X-
ray luminosity-richness relation, the present exponent Lsgg o R3-433025 {5 consistent
within 1.20 with the expected one Lx o R33! (orthogonal) and it is higher than
the observed one, 2.79 + 0.13, by Wen_ef_all (2009). [Lopes et all (2009) found much
shallower slope 1.64 + 0.10 (orthogonal) than the present one and this might be due to
the same reasons mentioned above. The BCES(Y|X) slope, 1.50 £ 0.14, is consistent
with the published one, 1.64 £+ 0.10 (orthogonal), by [Lopes et all (2009).

The current slope of Msp9 — L relation, 0.97 4+ 0.07 (orthogonal), is shallower than
the expected one, 1.33 £ 0.12, from the scaling relations. [Popesso et all (2005) inves-
tigated the same relation based on the three samples mentioned above and they found
slopes (orthogonal) of 1.25 + 0.06, 0.93 + 0.06, 1.09 + 0.04, respectively. Similarly,
Lopes et all (2009) found slopes of 1.09 £+ 0.07, 0.99 £ 0.10, and 1.06 £ 0.04 derived
from an optically selected sample of 127 systems, X-ray selected sample of 53 clusters,
and the combined sample of 180 clusters at z < 0.1, respectively. The two parameters
(mass and the optical luminosity in the r—band) were estimated within Rspo in these
investigations as our measurements. The current slope is consistent with the slope
values from those studies. The BCES(Y|X) provides a shallower slope of 0.70 4 0.05.

Regarding M — R relation, we found a relation of Msog o< RM'5%099 (orthogonal)
that is shallower than the expected one, Msoo o< R'%Y (orthogonal). Lopes et al] (2009)
found the slope (orthogonal) of the relation derived from the three samples mentioned
above are 1.01 + 0.07, 0.95 £ 0.09, 1.04 £ 0.04, respectively. Their richness and mass
were estimated within Rsg9. The later value is consistent within 1.20 from the present
slope. The slope derived from the BCES(Y|X) method 0.71 £ 0.06 is shallower than
the one derived from the BCES orthogonal regression method.

The orthogonal scatter (in a logarithmic scale) of these relations was computed in a
similar way as mentioned in the previous section. We note that the BCES orthogonal
algorithm provides smaller scatter than the one derived using the BCES(Y|X) routine.
Using the same fitting algorithm, we found the relation between the cluster properties
and the optical luminosity have slightly smaller scatter than the relations with the
cluster richness. This means that the cluster optical luminosity correlates slightly
better than the richness with the cluster global properties (Thp, Lsoo, and Msgg).

The cluster richness and optical luminosity show a correlation with the cluster X-
ray temperature, luminosity and mass. The relation between the cluster richness and
Tap, Lsoo, and Msgo has an orthogonal scatter of 41%, 51%, and 41%, respectively while
the relation between the optical luminosity and the same properties has an orthogonal
scatter of 38%, 48%, 38%, respectively.

The most important parameter of galaxy clusters to be used in cosmological studies
is the mass. We showed that the cluster mass can be estimated using a very cheap
estimator (richness or optical luminosity) that can be determined from ground-based
photometric data. The optical luminosity correlates with the cluster mass with an
orthogonal scatter of 38%. [Popesso et all (2005) showed that the optical luminosity
correlates with the cluster mass much better than the X-ray luminosity. They found
an orthogonal scatter in the range 20-30% of Loptical — M relation and an orthogonal
scatter 38-50% of Lx — M relation. Here we found a slightly higher scatter 38% of
Ms00 — Ly relation and this is due to including many galaxy groups among our sample,
which are the main source of the scatter (Popesso et all, 2004).
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Figure 5.7: Correlation between the X-ray spectroscopic aperture temperature, 7,
and both richness, R (left), and optical luminosity, L, (right), of the subsample with
redshift of < 0.42. Same best-fit-lines in Figure b= are plotted.
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Figure 5.8: The X-ray bolometric luminosity, Lsgg, is plotted against the cluster rich-
ness, R (left), and the optical luminosity, L, (right). The best-fit-lines are the same in
Figure b4.
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Figure 5.9: The cluster mass, Mg, is plotted versus the cluster richness, R (left), and
the optical luminosity, L, (right). The best-fit-lines are the same in Figure 54.

5.5 Summary

We re-identified the BCGs of the optically confirmed cluster sample (574 systems) from
the 2XMMi/SDSS galaxy cluster survey as the brightest galaxy among the luminous
cluster member galaxies within R509. We found that about 74 percent of the identified
BCGs are fulfill the magnitude and colour cuts of the spectroscopically targeted LRGs in
the SDSS-III'BOSS. For each BCG, we determined its absolute magnitude and optical
luminosity in the r—band based on the cluster redshift and the SDSS photometric data.
We presented the relation between the absolute magnitude of the BCGs with the cluster
redshift. The relation between the optical luminosity of the BCGs with the cluster mass
was investigated, which shows that the massive clusters have luminous BCGs. We
determined the net count of the luminous cluster member galaxies, richness, and their
summed luminosity in the r—band, cluster optical luminosity, within Rgqo, of 214 galaxy
groups and clusters in the redshift range of 0.03-0.42 with available X-ray temperatures
from our survey. This subsample comprises systems in low and intermediate mass
regime. The estimated optical luminosity is tightly correlated with the cluster richness.
We investigated the correlations of the X-ray temperature, luminosity, and the cluster
mass with both the optical richness and luminosity of this subsample. The orthogonal
scatter in these relations was measured, which indicates that the optical luminosity
correlates slightly better than the richness with the cluster global properties. The
relation between the cluster richness and T, Lsoo, and M5oo has an orthogonal scatter
of 41%, 51%, and 41%, respectively while the relation between the optical luminosity
and the same properties has an orthogonal scatter of 38%, 48%, 38%, respectively.
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Chapter 6

Summary, Conclusions, and
Outlook

6.1 Summary and Conclusions

In this thesis I have conducted a serendipitous search for galaxy clusters based on
the largest X-ray serendipitous source catalogue, 2XMMi-DR3, and the largest optical
survey, SDSS. The aims of my survey are to identify new X-ray detected clusters, to
trace the evolution of their X-ray scaling relations, and to investigate the correlations
between their X-ray and the optical properties. The X-ray cluster candidates are se-
lected among the extended X-ray sources in the 2XMMi-DR3 catalogue. To study the
properties of these cluster candidates, the redshifts need to be determined. Therefore,
the survey is constrained to those candidates that are in the footprint of the SDSS-DR7
in order to measure their optical redshifts. However, the X-ray spectroscopy provides
a tool to measure the X-ray redshift, unfortunately it is only possible for very bright
X-ray sources (about 4 percent of the cluster candidates list). Optical redshifts can be
obtained from the literature ([Lakey et all, 2011), using the photometric redshift of the
cluster galaxies ([I'akey et all, 2013a), or using the spectroscopic redshift of the cluster
luminous red galaxies (LRGs) from the SDSS data base ([Iakey et all, 20T3K). The
optically confirmed cluster sample with redshift measurements can be used to investi-
gates various scaling relations e.g. the X-ray luminosity-temperature relation ([Lakey
ef_all, 2011, Z0134), relations between the BCG and the cluster properties as well as
the correlations between the X-ray and optical properties of the clusters ([Lakey et all,
P013d). The summary of the main contributions from the thesis work is as the follows:

1. In Chapter 2 I described the 2XMMi/SDSS Galaxy Cluster Survey. The X-ray
cluster candidates are selected from extended sources classified as reliable detec-
tions (with no warning about being spurious) in the 2XMMi-DR3 catalogue (Waf-
son_ef_all, 2009) at high galactic latitudes, |b| > 20°. The overlap area between
the XMM-Newton fields and SDSS imaging is 210 deg?. After excluding possi-
ble spurious X-ray detections and low redshift galaxies that appear resolved at
X-ray wavelengths through visual inspections of X-ray images and X-ray-optical
overlays, the X-ray cluster candidates list comprised 1180 objects with at least
80 net photon counts, of which more than 75 percent are new X-ray discoveries.
We have demonstrated that the 2XMMi-DR3 catalogue that was based on the
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archival XMM-Newton data is a rich resource for identifying new X-ray detected
clusters ([Lakey et all, POTT).

2. A quarter of the X-ray cluster candidates had been previously published in op-
tical cluster catalogues based on the SDSS data. Cross-correlations of the X-ray
cluster cluster candidates with the recent and largest optical cluster catalogues
constructed by Hao efall (2010); Wen_ef all (2009); Koesfer efall (2007); Szabo
ef_all (2011) within a matching radius of one arcmin confirmed 275 clusters and
provided us with the photometric redshifts for all of them and the spectroscopic
redshifts for 120 BCGs. Based on the cluster redshifts given in those catalogues,
we extracted all available spectroscopic redshifts for the cluster members from re-
cent SDSS data (SDSS-DRS8). Among the confirmed cluster sample, 182 clusters
have spectroscopic redshifts for at least one cluster galaxy. More than 80 percent
of the confirmed sample are newly identified X-ray clusters and the others had
been previously identified using ROSAT, Chandra, or XMM-Newton data ([[akey

3. T have reduced and analysed the X-ray data of the optically confirmed cluster sam-
ple with redshifts from the literature in an automated way following the standard
pipelines of processing the XMM-Newton data. In this pipeline, I extracted the
cluster spectra from EPIC(PN, MOS1, MOS2) images within an optimal aperture
with a radius representing the highest signal-to-noise ratio. The spectral fitting
procedure provided the X-ray temperature for 175 systems, which was published
as the first cluster sample from our survey. In addition, I derived the physical
properties (Rs00, Lsoo and Msgp) of this sample from an iterative procedure using
the published scaling relations ([Takey et all, 201T).

4. In Chapter 3 I described a finding algorithm developed to detect the optical coun-
terparts of the X-ray cluster candidates and to measure their redshifts using the
photometric and, if available, the spectroscopic redshifts of surrounding galax-
ies from the SDSS-DRS& data. The cluster is recognized if there are at least 8
member galaxies within a radius of 560 kpc from the X-ray emission peak with
photometric redshift in the redshift interval of the redshift of the likely identified
BCG, zp,Bcg £0.04(1+ 2, Bcg). The BCG was identified as the brightest galaxy
among those galaxies within one arcmin from the X-ray position that show a peak
in the histogram of their photometric redshifts.

The cluster photometric and spectroscopic redshift is measured as the weighted
average of the photometric and the available spectroscopic redshifts, respectively,
of the cluster galaxies within 560 kpc from the X-ray position. The measured
redshifts are in a good agreement with available redshifts in the literature, to date
301 clusters are known as optically selected clusters with redshift measurements.
Also, 310 clusters of the optically confirmed cluster sample have spectroscopic
redshifts for at least one cluster member galaxy. The measured photometric
redshifts are in a good agreement with the measured spectroscopic ones from the
survey. The cluster redshifts of the optically confirmed cluster sample span a
wide redshift range from 0.03 to 0.70 ([Lakey et all, 20133).

5. Ireduced and analysed the X-ray data of this sample in a similar way as described
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above. We presented a cluster catalogue from the survey comprising 345 X-ray
selected groups and clusters with their X-ray parameters derived from the spectral
fits including the published sample by [Takey et all (2001). In addition to the
cluster sample with X-ray spectroscopic data, we presented the remainder of the
optically confirmed cluster sample with their X-ray parameters based on the flux
given in the 2XMMi-DR3 catalogue. We used the 2XMMi-DR3 flux because of
their low quality X-ray data, which is not sufficient to perform spectral fitting.
This sample comprises 185 groups and clusters with their fluxes and luminosities
in the energy band 0.5-2.0 keV.

For both subsamples, we estimated the physical properties (Rs500, Lsoo and M)
from an iterative procedure based on published scaling relations. The measured
temperatures and luminosities are in good agreement with published values for
the sample overlap (114 systems) with the XMM Cluster Survey (XCS, Mehrfens
ef—all, 2012). Comparison of the cluster luminosities of the sample with the
luminosities of the identified clusters from ROSAT data (Piffaretfi-ef all, 2011)
shows that our X-ray detected groups and clusters are in the low and intermediate
luminosity regimes apart from few luminous systems, thanks to the XMM-Newton
sensitivity and the available XMM-Newton deep fields ([Lakey et all, Z0T34).

. As a first application of the confirmed cluster sample with measured X-ray tem-
peratures, we investigated the Lx — T relation for the first time based on a large
cluster sample of 345 systems with X-ray spectroscopic parameters drawn from a
single survey. The current sample includes groups and clusters with wide ranges
of redshifts, temperatures, and luminosities. The slope of the relation is con-
sistent with the published ones of nearby clusters with higher temperatures and
luminosities (Pratf efall, 2009; Miffal et all, 2011). The derived relation is still
much steeper than that predicted by self-similar evolution (see Chapter 3, Section
3.4.4).

We also investigated the evolution of the slope and the scatter of the Lx — T
relation with the cluster redshift. After excluding the low luminosity groups, we
find no significant changes of the slope and the intrinsic scatter of the relation with
redshift when dividing the sample into three redshift bins. In addition the slopes
of the relations of the three subsamples are in agreement with the corresponding
published slopes of the XCS subsamples (Hilfon ef all, P012). When including
the low luminosity groups in the low redshift subsample, we found its Lx — T
relation becomes flatter than the relation of the intermediate and high redshift
subsamples ([Lakey et all, 20134).

. In Chapter 4 I presented a sample of 324 X-ray selected galaxy groups and clusters
associated with at least one Luminous Red Galaxy (LRG) that has a spectroscopic
redshift in the SDSS-DR9 (Ahnefall, 200%). The redshifts of the associated LRGs
are used to identify the BCGs and the other cluster galaxies with spectroscopic
redshifts. The cluster spectroscopic redshift is computed as the weighted average
of the available spectroscopic redshifts of the cluster galaxies within 500 kpc. The
cluster sample spans a wide redshift range from 0.05 to 0.77 with a median redshift
of z = 0.31. In addition to re-identify and confirm the redshift measurements
of 280 clusters among the published cluster sample from our survey by [Takey
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6. SUMMARY, CONCLUSIONS, AND OUTLOOK

10.

ef all (2013a), we extended the optically confirmed cluster sample by 44 systems.
Among the newly constructed sample, 55 percent are newly discovered systems
and 80 percent are new X-ray detected galaxy groups and clusters. The measured
redshifts and the X-ray flux given in the 2XMMi-DR3 catalogue were used to
determine the X-ray luminosity and mass of the cluster sample ([lakey et all,
2013H).

. In Chapter 5 we investigated the correlations between the optical properties of

the BCGs with the cluster properties, as a second application of the optically
confirmed cluster sample from our ongoing survey. To check those correlations, 1
re-identified the BCGs of the whole optically confirmed cluster sample (574 sys-
tems) as the brightest galaxy among the luminous cluster member galaxies within
R500. We found that 74 percent of the re-identified BCGs fulfill the magnitude
and colour cuts of the spectroscopically targeted LRGs in the BOSS (SDSS-III).
For each BCG, we determined its absolute magnitude and optical luminosity in
the r—band. We investigated the relation between the absolute magnitude of the
BCGs with the cluster redshift. It shows a linear relation indicating the BCGs
are brighter in the high redshift clusters, which is consistent with the result ob-
tained by Wen ef all (2012). The relation between the optical luminosity of the
BCGs with the cluster mass was also investigated, which indicated that the more
massive the cluster, the more luminous the BCG is. The slope of this relation is
consistent with the published one by Mitfal'et all (2009) ([Lakey et all, 2013d).

. As a third application of the optically confirmed cluster sample, we investigated

the correlation between the optical properties (richness and luminosity) and the
X-ray properties (temperature, luminosity, mass). To investigate these relations,
we determined the net luminous cluster member galaxies within Rggg, richness,
and their summed luminosity in the r—band, cluster optical luminosity, of 214
galaxy groups and clusters in the redshift range of 0.03-0.42 with available X-ray
temperatures from our survey. This subsample comprises systems in low and
intermediate mass regime. The estimated optical luminosity is tightly correlated
with the cluster richness.

We investigated the correlations of the X-ray temperature, luminosity, and the
cluster mass with both the optical richness and luminosity of this subsample. The
orthogonal scatter in these relations was measured. According th the measured
scatters, the optical luminosity correlates slightly better than the richness with
the cluster global properties. The relation between the cluster richness and T,
Ls00, and Msoo has an orthogonal scatter of 41%, 51%, and 41%, respectively,
while the relation between the optical luminosity and the same properties has an
orthogonal scatter of 38%, 48%, 38%, respectively ([lakey et all, 2013d).

Finally, the constructed sample from our ongoing survey is the largest X-ray
selected cluster catalogue to date based on X-ray data from the current X-ray
observatories (XMM-Newton, Chandra, Suzaku, and Swift/XRT). It comprises
574 groups and clusters with their optical and X-ray properties, spanning the
redshift range 0.03 < z < 0.77. More than 75 percent of the cluster sample are
newly discovered clusters at X-ray wavelengths. About 40 percent of the sample
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are new systems to the literature according to current entries in the NED ([Takey
ef_all, ROT3A).

6.2 Future perspectives

I have presented the optically confirmed cluster sample (574 systems) from the 2XMMi/SDSS
Galaxy Cluster Survey, which is about half of the X-ray cluster candidates list (1180
objects). In the future I plan to study the remainder of the X-ray cluster candidates,
which were not identified by the current detection algorithms since they are either
poor or at high redshifts. For the distant clusters, we plan follow-up by imaging and
spectroscopy. For those X-ray cluster candidates that have member galaxies detected
in the SDSS imaging and not be identified as groups or clusters by the algorithms
used in this thesis, I plan to improve these algorithms to constrain their redshifts. By
confirming the remainder of the X-ray cluster candidates, especially distant ones, and
measuring their redshifts, we will be able to trace the evolution of Lx — T relation and
X-ray-optical relations as well as to asses the selection effects on those relations.

Since the current survey was successful, a natural extension is to continue to enlarge
the catalogue of X-ray selected galaxy groups and clusters based on the upcoming ver-
sion (not yet published) of the XMM-Newton serendipitous source catalogue, 3XMM.
The 3XMM catalogue is about 30 percent larger than the 2XMMi-DR3 catalogue. The
cluster redshifts will be measured based on the available large optical surveys e.g. the
Sloan Digital Sky Survey (SDSS), the Canada-France-Hawaii Telescope Legacy Survey
(CHFTLS), the European Southern Observatory (ESO) archive and the Hubble Space
Telescope (HST) archive, and Infrared surveys by UKIDSS, the NASA’s Spitzer Space
Telescope (SST) and the Wide-field Infrared Survey Explorer (WISE). This extension
will be in the frame work of the ARCHES (Astronomical Resource Cross-matching for
High Energy Studies) project, which is funded by the 7th Framework of the European
Union.
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Appendix A

Gallery

We present a gallery of four galaxy clusters from the first cluster sample with
different X-ray fluxes and data quality at different redshifts covering the whole redshift
range of the sample. For each cluster, X-ray flux contours (0.2-4.5 keV) are overlaid
on combined image from r, ¢, and z-SDSS images. The upper panel in each figure
shows the X-ray-optical overlays. The field of view is 4’ x 4’ centred on the X-ray
cluster position. In each overlay, the cross-hair indicates the position of the brightest
cluster galaxy (BCG), while in Figure A.4 the cross-hair indicates the cluster stellar
mass centre although it is obvious that the BCG is located at the X-ray emission peak.
In each figure, the bottom panel shows the X-ray spectra (EPIC PN (black), MOS1
(green), MOS2 (red)) and the best fitting MEKAL model. The full gallery of the first
cluster sample is available at http://www.aip.de/groups/xray/XMVM_SDSS_CLUSTERS/
17498 htmll.
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Figure 1:  detid = 275409: 2XMMI J143929.04-024605 at z, = 0.1447 (Fgp [0.5 —
2] keV =0.63 x 1071 erg em=2 s71).

114



01 ¢

0.01 |

normalized counts 5 ke

10+ L |

ralio

Energy [keV)

Figure 2: detid = 090256: 2XMM J083454.8+4553422 at z, = 0.2421 (Fgp, [0.5—2] keV =
165.21 x 10714 erg em=2 s71).
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Figure 3: detid = 312615: 2XMM J091935.0+303157 at z, = 0.4273 (Fgp [0.5—2] keV =
16.03 x 10714 erg em=2 s71).
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Figure 4: detid = 097911: 2XMM J092545.54-305858 at z, = 0.5865 (Fgp [0.5—2] keV =
759 x 107 erg em™2 s71).
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Appendix B

Selection criteria of LRGs

We used the colour and magnitude cuts that were used to select the spectroscopic
targets to construct BOSS galaxy sample in the SDSS-III project. The selection criteria
of galaxies targeted in BOSS were given in (Padmanabhan et al. 2013) and were
provided in the BOSS homepage ®.

The BOSS includes two samples of galaxies,

(i) The BOSS “LOWZ* Galaxy Sample, z < 0.4
The selection cuts are as follows:

1. |e1| < 0.2, to define the colour boundaries of the sample around a passive stellar
population, where ¢; = (r —i) — (¢ —r)/4.0 — 0.18

2.r <135+ ¢ /0.3, to select the brightest galaxies at each redshift, where q =
0.7(¢g — r) + 1.2[(r — i) — 0.18)]
3. 16 < r < 19.6, to define the faint and bright limits

(ii)) The BOSS “CMASS“ Galaxy Sample, 0.4 < z < 0.8
The colour and magnitude cuts are as follows:

1. d; > 0.55, to isolate high-redshift objects, where d; = (r —i) — (¢ — r)/8.0

2.1 < 19.86 + 1.6(d;. — 0.8), to select the brightest or more massive galaxies with
redshift

3. 17.5 < i < 19.9, to define the faint and bright limits

4. r —1i < 2, to protect from some outliers

Note that we did not apply the criteria that were used to perform a star-galaxy
separation since we dealt only with objects that were classified as galaxies indicated
by spectroscopic class parameters given in the SpecObj table. Note also all colours are
computed using model magnitudes while the magnitude cuts are applied on compos-
ite model (cmodel) magnitudes. All magnitudes are corrected for Galactic extinction
following Schlegel et al] (T99R).

*http://www.sdss3.org/dr9/algorithms/boss_galaxy_ts.php
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APPENDIX C

L8°0
880
290
68°0
L0'T
LE°T
99°1
gg'0
6470
cL 0
16°0
Staxd
LO0°T
61°1
€v'e
61°€
10°C
68°1

89°C
€T
86°0
ev't
€90
o1t
L1
86°T

0T'1

Lve
00'v
6V'C
v0'¥
29'8
96°¢
628
G0'c
€9°¢
ve'e
ViV
€e1l
67
8L°€
V911
8L°GT
90°6
9T’V
90°ct
ve'6
ve'8
12°0¢C
9T
LE'8
G6°LT
cL L
va'g
L6'TT
81°¢C
L9°L
16’V
816
88°L
€8°LC
TL°9T
ge'er
€6°0T
1€'¢
LE'9
L8'€
qLg
69°TT
LO'€T
G¢c'9
99V
669
99°¢
€TV
ve'8
€06
ST'TT
67'8
166
166
Sv01
9¢°L
vre
ce'g

Syl
€90
9%°0
280
T9°€T
LE°G
98T
8€°0
710
€10
€L0
|9 VA
61°C
G8'¢
9€°G1
IV've
I¢°€T
0g°0T
6711
6L°L
€V IT
8€'¥S
70T
80°6
0¢'7¢
9%
L8°C
L8°9
Lvo
067V
02'¢c
99°€1
€99
29'8V
¥4'9¢
19°€C
80°8
9€'T
0g'v
€90
ve'e
68°CT
vect
16°¢
€vo
9¢°¢
€€0
16°C
Vil
125as
80°6T
(4
ge'9
V6T
veot
999
TL°0
iT'e

vag
299
L1°C
069
€LY
0T'%¢
€1°8¢€
LYV T
€0°g
8¢'¢
G99
9769
v°0T
00'8
02°68
oy LIT
6619
69°CT
9T 10T
9V'v9
TL'8Y
vI'vve
76°9
09° 1%
9€°6¥¢C
66°GC
9671
|G VL
08'T
¢6°CE
LL0T
¢E'69
08°67
11°€69
6C°6LT
¥8'CS1
6996
66°€T
8G°CT
fact
€2°0C
€0°9L
L6°8L
¢0°ce
9L'8
ov'Le
€2°C
G6°L
99°09
8C'GG
67°GL
qgov
VL7V9
SCVvL
1629
vvie
8€'V
8€°9T

90°¢€

09°¢

69°0

8G°C

12°6¢C
LETT
V6T
G9°0

8C'T

8G°0

Ge'1

v6've
89V

€€°'g

8¢ 0¥
G6°08
8¥°LT
96°CT
20°09
9¢'€e
€9°€C
€9'78
47"

70'1C
0T°L8
I8°TT
T9°L

11°9C
€80

6€°€T
VLY

LGTE
8¢°0¢C
66°S8C
9G°€6
9C'1L
LYY
€0°L

LT°GT
66°0

L9°6

7162
£8'8¢C
9201
€LC

89°LT
61°0

€0V

6S°VC
81°6¢C
96°8¢
v'1ic
€9'€e
99'v¢
99°9¢
66°GT
I8'1

€6°L

L1°0
S1°0
L2°0
91°0
6S°0
ST'0
8T°0
120
60°0
ST'0
810
Svo
810
4]
o

cL0

8L'TT

0€'C
80°¢
9¢°¢
79T
[4ic]
€90
6L°T
Va1
291
260
ogct
67°6
00'€
L0'T

780

79'8€V
98°GLY
9¢° 12V
0e' VLY
0g°'css
ST'9LY
T1€°L9¢
9T°€6¢€
TL 69V
L6°997
99°067
04°'8€9
TEGLY
8¢ LTV
6€°609
96'V.L9
€0°9€9
8801V
gc’L09
L8°6€S
€6°1€S
TE'TIL
70°L67
06°L99
T0°6L9
LV'T6S
997609
€€'899
99°€6¢
L2099
L8°00¢
09 1vS
€€ 109
1€ 194
€869
ce'E69
cLT19¢
1L°667
LR
9L°887
00787
I7°g€9
€L°T0L
[4alg)
0L°G0¢
v 98¥
86 VvV
G9°GLY
60667
1€°299
¢8'9T19
19°699
9C°GLS
1c'e9q
gv'019
8C09S
0g°LTV
8T 8LV

L6V
e{0n 4
VLT
ve'v
ge'9
TL°9
89°¢
€6°C
ov'e
(a4
or'e
or'g
L2°g
909

60°9

gege o
L2920
¥8ST0
66L2°0
88€9°0
€709°0
76€7°0
0TLT0
9.02°0
TLITO
7602°0
620¥°0
8.8¢€°0
LEGTO
9IYve 0
9C¥4'0
€L89°0
0v.L9°0
82890
8GS9°0
GL09°0
8TV¥°0
L86T'0
96870
LG€9°0
4c9T’0
G89¢€°0
0TLE0
€62C°0
80S¥°0
880¢€°0
L6990
¥80L°0
TGTL0
748080
¥92L0
9969°0
vEe8E0
L8SY'0
99¢T°0
LT€S9°0
8¥EV0
vSL20
€697°0
9¥ET 0
2€89°0
G€90°0
6E€1€°0
¥99.L°0
96.LG°0
o8y 0
68770
8¥24°0
0€S9°0
16770
98€ET°0
8CEE0
TL6T0

TO0T0Z120S0
TOE0E9TSCO
T0LTT0TSS0
T042T01SS0
T0CTCOTSS0
TOTO¥¥90S0
1020787070
T0T0T6CT0S0
TO€087S0€0
1020902050
T0020T¥0S0
TOV0LTT10V0
TOTOSTIOVO0
TO8TLO¥0€0
T0T00TS0V0
1010025070
1050965070
1072S€20€0
TOT0EY90C0
T0T0LETOVO
T0L08LTOVO
T0TO¥02T0TO0
T00T97E€0TO
T080092TT0O
TOTO¥09€TO
T0T0SLS0E0
TOTOSE0STO
TOTOSE0STO
T0906CTTTO0
TO90LS.LVTO
TOTOVIET00
TOTOVIETO00
T0L0V€0L00
T0T09¥20C0
TOOT8ZITTO
TOTO¥6CSTO0
T00T9960T0
T00T9960T0
T09T9€S0€0
T0€0LLTYTO
T020€L00C0
T0T0¥LS200
TO0T0663800
T0ZO860TTO
T0S184920€0
T0€0LT€0C0
T020S¥10€0
TOT0966S10
TOT0¥€00C0
102099¥020
1020997020
T0S099CTIT0
T0T0€8CITO
TOVCV.L8V 10
TOLOL6TITTO
TO0TO0E06600
TOT0LESOCO
TOT0LESOCTO

829209
G081V Ve
209€6°'¢C
Gcy06°'C
06866°C
6L798°6€
T80TT €~
LLTPG'9
TTSS6°LT
€9979°8¢
GT66L°6C
99160°09
GE€98T°0-
G9T1C LT
9C9ET Ve
€999T'7e
GOVVL L
86620°C
0v¥9€°0-
c065€°9¢€
000L1°8%
I886T'¥¢€
967€9°CT
L08LO GE
6667S°1¢C
€T107C 0-
G988E°€E
9V6LG'E
97689°9C
69897°8¢€
ovT6T e~
VLGET €~
vvigov
86710°0-
9€68C°0
9C6TL'V
9L818°LE
0g98€8°LE
8TcTLL'EE
V8LVY'8S
€60G.L°L
8921V 0€
L89€6°GT
Ge0ee 0-
€666.L°9T
16Cv0'0
01¥90°0T
089€8°T
8TGIL°EE
TVoLT L
91V.L6°9
0€V6C° €T
8V9LE6E
79ge8¢e-ge
80L¢C'€
TPIER LT
66900°9¢€
GTL80'9€

LLLES VST
L8881 081
GT08SG 94T
LI9TTV 9LT
61008 TLT
9T68G°8GT
LG6TG LST
€L6ES 07T
0€CeT et
02612 0€T
0€9€1°9¢1
9LTvLCTl
01€CS 1€¢E
0TTL8'14C
T68CV'61C
8180€'61C
1097902
9GL0S 671
8CEVO 6V1T
VE96S IV T
GyIL8'CCT
9¢868°09¢C
6LLOE VYT
T9LL86€T
£0€8E°LET
G98TELTT
L9T97°€TT
8LCCE'€TT
659988°91C
GCELLGTIT
6170€°€1C
€GLETEIT
9€9.8°G0C
LG0LL G0T
0911¥°50C
Y061L°70C
96808°€0C
TSEVL €0T
16¢69°¢0C
96¢.L2'20C
I71€9°10C
8TTLT T0T
0T90€°€6T
GE€E0T I6T
79S0T 16T
066V1°88T
6CGET'881
V1692 L8T
GG189°981
€206€' V81
LIEVT VST
8€CC0 €8T
8L06€°C8T
PIGET 18T
L8ITG VLI
00972°691
92€86°G9T
VLEE6°GIT

YET090+0'1Z6TCIL TININXT
Yeveve+e ar00T Il ININXCT
609520+2 6TOVTIL IININXCT
SIPSTO+¥ IPSPITL IININXCT
996520+0°CTLCTIIL TININXCT
€ST1G6€+7 1CFE0TL TININXT
8€90€0-0°L00€0TL TININXT
0€2£90+5'602260f IININXCT
8TLSLT+E'€STS80r ININXT
L¥8E8E+9°250TV80L ININXC
LGLY6T+L2EVTR0L ININXT
62500S+2'8S0T80L IININXT
0TTT00-6°G090Cc TININXT
TPCTLT+E 6TLYITL TININXT
0T80VE+6'CVLEVIL TININXT
61STVE+6 ETLEVIL TININXT
OvPrLO+V 6VSVETL TININXT
L¥T10T0+8° 1085601 ININXCT
TSTC00-€°0199601 TININXT
2€129e+1'€29260r IININXCT
TTOT8V+T°621T80L TININXT
G9TIVE+S CEETLIL ININXT
SG08ETT+S'ETLIINL ININXT
TPP0SE+9°0€69ST ININXT
6GCETCH6 TE6VSTL ININXCT
¥Z¥100-8'8T60STL INWINXGT
61€2E0+0 TGESTIL INWINXCT
IVPECO+T LTIESTIL ININXT
TTIV9T+L'TeLTV I ININXT
L08Z8¢+G"S0ETVIL NINXT
CELTE0-0'CTIETVIL ININXT
8160€0-6'9GCTIVIL ININXT
TS0E0V+E€ 0EEVETL ININXT
€20000-6"V0EVETL ININXT
TCLT00+L SETVETIL ININXT
60€VV0+S TSREETL ININXC
806VLEFT PISEETL ININXE
6T0SLE+T'8SVEETL ININXT
0Z97€€+T 9FV0EETL ININXT
§99285+8'G06CET ININXT
€0SPLO+S TEIZETL ININXC
SYPc0e+0'G052ET ININXT
CT9SST+P'€TESTT ININXT
676100-8°87¥¥CIl ININXC
6GLYIT+E STIITIL WINXCT
€€2000+6°S€TETTL WINXCT
06€002+V'2ETETTL WINXT
ZT0ST0+9°€06221 ININXT
geSyee+g ev9TTIr ININXT
GE0TLO+9'E€ELITTIL ININXT
928S990+€°8G91C 1 ININXC
6ELTET+ESOTICIL ININXC
YETT6E+6°CE60CTL ININXC
L0ETSE+HV PPS0CTIL ININXE
GTSTE0+0'FOSETTL ININXT
€967LT+0'6S9TTTL ININXT
§2009€+6°SGE0TTL ININXT
€1509¢+0PPEOTTIL ININXC

61L02€
ggg61e
gIe8TE
€9e81¢
I88LIE
887S1E
91cs1e
7T8c1¢
L6TTTE
TLLOTE
649860¢
€6760¢
0T8L8T
VEG8LT
1vESLT
8TEGLT
9G.LV.LT
€C199¢
€V679C
69779C
LS€T9C
¢6€00¢
0€6.L8T
8LGE8T
86EV8T
TTE€08T
0TT8LT
0G084LT
G80VLT
9GLELT
899141
G6STLT
€70991
606791
gesvot
8T6EIT
avecot
¢8ETIT
969091
T€009T
0076ST
6L98ST
8€THVT
STILVT
020LVT
800€¥VT
€66CV1
8¢0O0VT
LLT6ET
gggeer
1eveel
L6IVET
€61€ECT
c6¥CeT
8998¢T
€eeect
gLGTCT
TGETTT

122



PapuULIXy 6€° 19 ST €L9T°0 T ¥SLT0 G60°8T GIVE6'ST 86€£0€°€E6T 06T€0V6.L0T6CTVI9LETT 8ET6VT

PopULIXH 96°16¢€ L 9€87°0 T €697°0 986°61 8¥¥Te 0~ G80TT 161 T9CEVS6VTVILTLILETT STILVT

I1-1odeq 8€'TT (44 L9120 T 9¥€T 0 LGELT 9T66L°9T 0090T 16T GGG688TGSETIRIILETT 020L¥T

PopusIxXy vice 14 9LTIL O T z€89°0 6€0°1C €LEVO0 8G6V 1 88T VIOGLI6LSTOLIVILETT 800€FVT

PopusIXy v6°¢€1 1T ¥190°0 14 G€90'0 LL09T L9190°0C €TEET ]8T 0E€YP9€£S0T86C899.LETT €66CT1

11-1odeq 11°L9 ST €00€°0 T 6€1€°0 LIV'ST 00vE8'T 8089C L8T 89G67L6E6TSLTIGILETT 8CO0F%T

PopuaIxXy €02y 14 L2790 T $99L°0 GLT°0C G899L°€E 8CI89°98T 8%¥9CCT6EE69CTTSI99LETT LLTI6BET

PopuaIxXy TL°€€T 9 T€LS°0 T 96.5°0 ¥9L°0C 68891 L 6LESE PRI S8VTLTGRTTIL6TI9LETT GGGeGeT

11-1edeq L9°78 ST 92870 T cv8y0 €VL 8T 96€L6°9 €T6ET V8T 6C8ETTIE6VL6TI9LETT 1TVSET

PopuOIXH  L0°0TT 8 £CLY'0 T 68V7°0  OT€'6T  €066C'ST  066T0°€ST  6V066S06L0S6TIOLECT  LEIVET

I1-1edeq 1762 €1 98780 1 8%GG'0 60761  6EELE6E  8888E'C8T  T0S0SSLO6LIIFIILECT  €6IEET

popuaIXy T8°9% € G629°0 1 0899°0  962°0%  0LF8€°GE  OTLEF'IST  FHS0LS6LO6TTISI9LECT  TEVTET

I1-1edeq T6°TE 4 £9€7°0 4 16%%°0  PEI'ST 1699T'€  8E8TCPLT  LGP9LLI9S0EOTSILETT  8998TT

PapuaIxXy S8 VL 8 68170 T 98€¥°0 SIE 6T eVTE] LT TE€TYT 691 €967¥8CTG896¥899.LETT €€T8TT

11-1odeq v9°LT 1T L9T€°0 T 8TEE0 989°8T 92900°9¢ C0986°99T 9V8LBTI6VTYEETIILETT GLSTCT

11-1tedeq 1v'cl €T LL6VO T cL6Y'0 09961 68980°9¢€ T8LE6°GIT T6LLBT6VTREETIILETT TGETCT

PapuaIxXy €T'vT T 8L0S°0 € €867°0 GT6'6T VOSTE ¥ CLITT €9T LTLT6LIBETEI099LETT €9E8TT

11-1edeq co'ce 8 geE8Y'0 T Z867°0 868°6T C9L6T VY €¥¥90°€9T1 €8ELTLIBETEIN99LETT 68I8TT

11-1edeq vevy o1 08670 T 960S°0 20961 S¥€20'9 GLLIT 09T 9¥9T90T9V86C8G9LETT T90CTT

I1-1odeq gg'ge CI L09€°0 T TLLEO 79L°81 TLEIY G 86969 LCT Y2E€9L0ET6L6C]GI9LETT TTTIOTT

PopusIxXy vies L 01970 T [44cia) 60161 ]89ET 1€ TIPI9 LST 80GST009¥LTTIG99.LETT L6660T

11-1odeq 8L°LT o1 9¢0e°0 T Z80€°0 00G'8T 6C8€E°S GTVIG LCT G68LST0VICT09¥S9LETT 098601

PopusIXy 9G°LT i4 V1L 0 T 09040 8¥8°0C ¥9090°0 6L2G6°9CT 960TTSGLTOLIPSILETT S6260T

PopuaIxXy $6°0T i T9€C°0 T I8%2°0 €0G°LT 0048L°CT GTSOR'TICT 89G9G9698L690T99LETT GT1S90T

11-1odeq 0¥'gcc 91 617E°0 T €89¢€°0 00g°61 TEEI0' 1TV T6S0T IGT TTLLLTTESTSVTI9LETT I¥2901

11-1odeq 90°€LT 8 T02€°0 T z80¢€°0 $9G°'81 902¥6°'1T 8CT9G 0CT T8T9GTTTLY99€S9LETT LESG0T

PapuaIxXy 61°CE c1 TEET0 S GTT1'0 STL9T 0L98C°C €L6TE 0CT TT6S668GCS99€S9LETT S0LV0T

PopuaIXH TL8Y 6 TETT0 1 6150 GE9'LI 9.79S°'c  686£¢°0ST  T60SLIPESFSLTSILECT  06EF0T

11-1edeq ¥2°'G9 o1 TSFE0 1 SPFE'0 860761 12909'c  96LE6'6FT  60CFFOFESFSLIGILETT  90EE0T

I1-1edeq 19°Te €T 1£22°0 1 0620 600°ST 6STOS'E  6T98C'CFT  FGETLFPEOTO9FSILECT  0SS660

11-1odeq S8 1V L G6LC 0 T 110€°0 TS6LT 9GE€66°GE 09SPT°GPT €9.L8€90€06ETT99.LETT 9Z¥660

11-1odeq L9°1¢€ 9T VLLEO T GLOTV'0 STIV'6T LEILL O 960G€°0€T 6€9CV.LTRTTTLIVILETT 629160

11-tedeq ve9v ST Tveeo € cv.LEO PIT'ST 99GT9°6T GLTIR'6CT TTLS80TS96L0TLI9LETT 082160

11-1edeq 8CT'¥9 eT g91g9°0 14 06150 TGC 6T LEBYR' TS EVEV6 LTT PITL96096CLTTSILETT 688680

PapPULIXH L6°0T 14 g9¥9°0 T L0T19°0 L97°0C CI6L9°CS G9608°LCT IPCIVIVI6TOLTSILETT 128680

11-1odeq 0L 7T LT 8CST0 14 06920 TIL'LT 976¥78'8- LVSVL 8E LL80LTOL600SESILETT 6880€0

11-1odeq 0€'cT LT L¥ST0 T €992C°0 ovG LT GT6¥8'8- €LITVV '8¢ L0OS6ET0L600SES9LETT 9¥.L0€0

PopuULIXy 9¢°LT € ggge9'0 T GZ89°0 8¥¥°'0C 16¥2E 0 00180°0¢€ 6EVE9TO9TTLOLSGILETT L6ST1C0

I1-1odeq €eTh1 CI 8CTV0 T 66770 €99°61 TL0ES' S 7GL86°8C 68€09TLV0E998L9LETT €¥0120

PopusIxXy T19°€LY 0c TG6T°0 € L¥0T°0 LEGLT 65929°0 LESTOTT ST688E0VLYRLEIILETT 9860T0

PopusIXy QY ELY ST ¥6L1°0 14 99810 €IT LT €98LY°6- 2€808°0T CET098ETLOEITSILETT $95L00

PopuaIXy £€9°62F% L LT1S°0 € 6759S°0 L¥0°0C 17284 0 ¥S089°6 Y¥18CYRT670CE99LETT SELS00

(92) (g2) (¥2) (¢2) (z2) (12) (02) (61) (81) (1) (1)
(od3) (D04d) (8op) (8op) (D04g)

Mkt ssgo ;TN 5% 5N 6°% 5w 508d AL sPIfqo »P1IOP
Z8'1 L8 ST°g vy ee g8'0 0g'L 6€°0 A 91919 L0V S¥9C°0 T0S0TT9SS0 €0299°0 S0€LR8'8CT €76€00+S°6CSTISTIL IININXT LITTEE
VLT 8¢€'8 vy LT°1¢ TL°0 669 0€0 86°C 12°909 STV cvLT O T0908.20S0 GRST0'1- T6.L8T VTT LS00TO-T'60LSTTIL IININXC 2T06C¢E
880 68°¢ S6°0 $<°9 ¥¥°0 LL°T ST0 96°0 L 797 vy 000€°0 TOTO0CTSSO 79€1C°0 8LE98' 61T 672100+€ LT6EVIL TININXT 809.C¢€
cL'c ¥9°6 €L9T Ge¥vL 60°L TL'8¢ €0 TL'T €9°€€es 61°L TTIL0 T0ZOPSTOS0 TOS0T 0~ G9.L08°L1CT 8T9000-8'€TTIETIL IININXC L8¢€LTE
90'C 2g 01 99°¢ 99°6¥ z6'T z8'1¢ 19°0 069 19'8€9 89V TeIe0  10L08PZ0S0  SE6TT'S  €ICIESIE  CPLOSO+6'PITEHIL ININXE — VEOLTE
16T 0S'6 g9'9 SLVY 6LT gg'eT 0 £g'¢ 16719 6T I8%€°0  TOT090T0S0  €LE8S'T-  8LFTS'F0Z  TOSETO-6'SOSEETIr IININXG  969STE
18°0 gLe 121 6.9 820 LT% 110 €8°0 SOVIF [t i 6¥8€°0  TOTOT9E0S0  T0SGE'S  FSOTS'G6T  STTES0+6'S00STIr ININXEG — €1833€
9T'T (44l a4 9T'¥I 00T i 91°0 8T'T gL 68F €S°G 0027’0  TOTOT9E0S0  €E€0TE'S  FOIEE'T6T  LESTSO+F 6T6VCIrL ININXE — 93LTTE
08T 79°8 8€'6 €¥'€9 89°¢ TT'8T ST'0 IT°T 92°609 ceL gsy.L0 TOTO00€94S0 0CTLG TV G60TL LT STIPEIP+8°0S0ECTlr ININXGT 89C1CE

123
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