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Zusammenfassung

Im Rahmen des hierarchischen Modells sind die Eigenschaften des heißen Gases innerhalb von
Galaxienhaufen eng mit der Strukturbildung im Universum verknüpft, wodurch sich Röntgen-
durchmusterungen gut für kosmologische Studien eignen. Um kosmologische Parameter mit
Hilfe von Galaxienhaufen in aktuellen und zukünftigen Röntgendurchmusterungen genau bes-
timmen zu können, ist ein besseres Verständnis der Selektionseffekte im Zusammenhang mit
der Detektionsmethode von Galaxienhaufen erforderlich. In Kapitel 2 streben wir ein besseres
Verständnis der Morphologie von Galaxienhaufen an um Korrekturen zwischen den verschiede-
nen Kerntypen sowie Kovarianzen mit Röntgenleuchtkräften in die Selektionsfunktionen einzu-
beziehen. Insbesondere untersuchen wir die morphologischen Abweichungen zwischen einer
neu beschriebenen Charakterisierung von Oberflächenhelligkeitsprofilen und einem häufig ver-
wendeten einfachen β-Modell. Wir untersuchen einen neuartigen Ansatz zur Beschreibung von
Oberflächenhelligkeitsprofilen, bei dem die überschüssige Kühlkern-Emission in den Zentren
der Galaxienhaufen mittels Wavelet-Zerlegung modelliert wird. Morphologische Parameter und
die Residuen wurden mit klassischen einfachen β-Modellen verglichen, die an die gesamten
Oberflächenhelligkeitsprofile angepasst wurden. Die Verwendung einfacher β-Modelle zur Be-
schreibung des Ensembles der gesamten Oberflächenhelligkeitsprofile führt im Durchschnitt zu
einer von Null verschiedenen Unausgewogenheit (0,032 ± 0,003) im äußeren Teil der Galax-
ienhaufen, d.h. zu einem systematischen Unterschied der Oberflächenhelligkeit von etwa 3%
bei großen Radien. Darüber hinaus zeigen die β-Modelle einen allgemeinen Trend zur Un-
terschätzung des Flusses im Außenbereich bei kleineren Kernradien. Die Fixierung des β-
Parameters auf 2/3 verdoppelt die Unausgewogenheit und vergrößert die Residuen eines ein-
fachen β-Modells um bis zu mehr als 40%. Die Modellierung des Kernbereichs bei der Anpas-
sung reduziert die Auswirkungen dieser beiden Effekte erheblich. Zusätzlich finden wir eine
positive Skalierung zwischen morphologischen Parametern und Temperatur sowie eine negative
Korrelation von etwa −0,4 zwischen Ausdehnung und Helligkeit. Wir demonstrieren die Ein-
schränkungen bei der Modellierung von Galaxienhaufen mit einfachen β-Modellen und empfeh-
len diese mit Vorsicht zu verwenden, insbesondere wenn die Systematiken nicht berücksichtigt
werden. Unsere nichtparametrische Analyse der selbstähnlich-skalierten ”Emission Measure”-
Profile zeigt keine systematischen Unterschiede zwischen den verschiedenen Kerntypen in den
äußeren Bereichen der Galaxienhaufen wenn man die Medianprofile betrachtet.

Wie bereits erwähnt ist ein Schlüsselfaktor in Röntgendurchmusterungen die Selektionsef-
fekte zu verstehen um Galaxienhaufen in kosmologischen Untersuchungen nutzen zu können.
Die Abhängigkeit der Röntgenemission vom Quadrat der Gasdichte führt zu einer vorherrschen-
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den Rolle von kühlen Kernen bei der Detektion von Galaxienhaufen. Der Beitrag der kühlen
Kerne zur Röntgenleuchtkraft skaliert nicht mit der Masse der Haufen oder der Kosmologie und
beeinflusst daher die Verwendung von Röntgenhaufen bei der Berechnung kosmologischer Pa-
rameter. Eines der wichtigsten wissenschaftlichen Ziele von eROSITA (extended Roentgen Sur-
vey with an Imaging Telescope Array) ist es, kosmologische Modelle mit einer kompletten Him-
melsdurchmusterung einzuschränken. In Kapitel 3 schlagen wir ein Schema zur Detektion von
Galaxienhaufen in Bezug auf eROSITA vor, das die Verwendung von Galaxienhaufenzentren bei
der Detektion vermeidet. Wir berechnen theoretische Erwartungen und charakterisieren die Ef-
fizienz dieses Schemas durch Simulationen. Unsere Monte-Carlo-Simulationen der bevorstehen-
den eROSITA-Mission enthalten bekannte Vorder- und Hintergrundkomponenten. Realistische
Simulationen von Punktquellen im Himmeldurchmusterungsmodus erlauben es uns nach räum-
lichen Skalen zu suchen, bei denen das Signal ausgedehnter Quellen nicht durch den Fluss von
Punktquellen verunreinigt wird. Wir leiten eine Kombination von Skalen und Schwellenwerten
ab, die zu einem sauberen Katalog von ausgedehnten Quellen führen. Mit Hilfe von diesem
Katalog ist es uns möglich die kernausgeschnittene Leuchtkraft mittels externer Massenmessun-
gen zu kalibrieren. Wir beschreiben eine Methode um die Ergebnisse dieser Kalibrierung in
die Berechnung der endgültigen kernausgeschnitten Leuchtkraft einzubeziehen. Ähnlich wie bei
anderen Detektionspipelines für Galaxienhaufen untersuchen wir Stichproben bei verschiedenen
Flüssen und Kernradien. Dabei finden wir viele Ähnlichkeiten mit der Pipeline die verwendet
wurde um Galaxienhaufen in einer 400 Quadradgrad großen ROSAT PSPC Durchmusterung,
der 400d Durchmusterung, zu detektieren. Beide Detektionsmethoden benötigen eine große An-
zahl von Photonen für kompakte Galaxienhaufen um die Kontamination durch Punktquellen zu
reduzieren. Der Vorteil unserer Pipeline besteht in der Sensitivität gegenüber den äußeren Pro-
filen von Galaxienhaufen. Diese zeichnen sich durch große Kerngrößen aus und haben wenig
Variation bei einer fixen Masse des Haufens. Die Detektion von Galaxienhaufen durch deren
Außenbereiche verbessert die Charakterisierung der Haufen in der Himmelsurchmusterung mit
eROSITA und wird gut charakterisierte Kataloge von Galaxienhaufen mit einfachen Selektions-
funktionen liefern.

Die Masse eines Galaxienhaufens ist nicht direkt beobachtbar aber ein wichtiger Parame-
ter für kosmologische Studien. Die Messung der kernausgeschnittenen Röntgenleuchtkraft in
Himmelsdurchmusterungen bietet einen streuungsarmen Massenproxy, der für die Charakter-
isierung von Galaxienhaufen nützlich ist. Bei der Durchführung der Messung muss man die
Umrechnung zwischen den für die Messung leicht verfügbaren Winkelskalen und den physikalis-
chen Skalen, in denen der Kern des Haufens definiert ist, berücksichtigen. Ein solches Problem
wurde erfolgreich in thermischen Sunyaev-Zel’dovich-Effekt Experimenten gelöst. Der Comp-
ton y-Parameter wird iterativ rekonstruiert indem ein universelles Profil des Drucks angenommen
wird. In ähnlicher Weise diskutieren wir in Kapitel 4 eine neue Methode die das Wissen über
das Röntgenoberflächen-Helligkeitsprofil des Haufens mit der partiellen Messung des Haufen-
flusses kombiniert, um iterativ die kernausgeschnittene Leuchtkraft und Masse zu rekonstruieren.
In ersten Tests untersuchen wir die Leistungsfähigkeit und Grenzen der Methode mit Hilfe von
Simulationen der eROSITA Himmelsdurchmusterung. In einem idealisierten Szenario, d.h. bei
Abwesenheit von Punktquellen und Hintergrund, rekonstruiert die aktuelle Implementierung die
Massen der Haufen innerhalb eines Faktors von ungefähr fünf.



Abstract

In the framework of the hierarchical model the intra-cluster medium properties of galaxy clusters
are tightly linked to structure formation, which makes X-ray surveys well suited for cosmological
studies. To constrain cosmological parameters accurately using galaxy clusters in current and fu-
ture X-ray surveys, a better understanding of selection effects related to the detection method of
clusters is needed. In Chapter 2 of this thesis, we aim at a better understanding of the morphology
of galaxy clusters to include corrections between the different core types and covariances with
X-ray luminosities in selection functions. In particular, we stress the morphological deviations
between a newly described surface-brightness-profile characterization and a commonly used sin-
gle β-model. We investigated a novel approach to describe surface brightness profiles, where the
excess cool-core emission in the centers of the galaxy clusters is modeled using wavelet decom-
position. Morphological parameters and the residuals were compared to commonly-used single
β-models, fitted to the overall surface brightness profiles. Using single β-models to describe the
ensemble of overall surface brightness profiles leads on average to a non-zero bias (0.032±0.003)
in the outer part of the clusters, that is an approximate 3% systematic difference in the surface
brightness at large radii. Furthermore, β-models show a general trend toward underestimating
the flux in the outskirts for smaller core radii. Fixing the β parameter to 2/3 doubles the bias and
increases the residuals from a single β-model up to more than 40%. Modeling the core region
in the fitting procedure reduces the impact of these two effects significantly. In addition, we find
a positive scaling between shape parameters and temperature, as well as a negative correlation
of approximately −0.4 between extent and luminosity. We demonstrate the caveats in modeling
galaxy clusters with single β-models and recommend using them with caution, especially when
the systematics are not taken into account. Our non-parametric analysis of the self-similar scaled
emission measure profiles indicates no systematic core-type differences of median profiles in the
galaxy cluster outskirts.

As already mentioned, one key ingredient in using galaxy clusters as a precision cosmo-
logical probe in large X-ray surveys is understanding selection effects. The dependence of the
X-ray emission on the square of the gas density leads to a predominant role of cool cores in
the detection of galaxy clusters. The contribution of cool cores to the X-ray luminosity does
not scale with cluster mass and cosmology and therefore affects the use of X-ray clusters in
producing cosmological constraints. One of the main science goals of the extended ROentgen
Survey with an Imaging Telescope Array (eROSITA) mission is to constrain cosmology with a
wide X-ray survey. In Chapter 3 of this thesis, we propose an eROSITA galaxy cluster detec-
tion scheme that avoids the use of X-ray cluster centers in detection. We calculate theoretical
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expectations and characterize the performance of this scheme using simulations. We performed
Monte Carlo simulations of the upcoming eROSITA survey, including known foreground and
background components. By performing realistic simulations of point sources in survey mode,
we searched for spatial scales where the extended signal is not contaminated by the point-source
flux. We derive a combination of scales and thresholds which result in a clean extended source
catalog. We designed the output of the cluster detection to enable calibration of the core-excised
luminosity as a mass proxy using external mass measurements. We provide a way to incorporate
the results of this calibration in producing the final core-excised luminosity. Similarly to other
galaxy cluster detection pipelines, we sample the detection space of the flux – cluster core radius
of our method and find many similarities with the pipeline used to detect clusters in a 400 square
degree ROSAT PSPC survey, the 400d survey. Both detection methods require large statistics
on compact clusters in order to reduce the contamination from point sources. The benefit of our
pipeline consists of the sensitivity to the outer cluster shapes, which are characterized by large
core sizes with little cluster to cluster variation at a fixed total mass of the cluster. Galaxy cluster
detection through cluster outskirts improves the cluster characterization using eROSITA survey
data and is expected to yield well-characterized cluster catalogs with simple selection functions.

The mass of a galaxy cluster is not directly observable but is an important parameter for
cosmological studies with galaxy cluster surveys. The measurement of the core-excised X-ray
luminosity in cluster surveys offers a low-scatter mass proxy, which is useful for cluster charac-
terization. Performing the measurement, one has to address the conversion between the angular
scales readily available to perform the measurement and physical scales in which the cluster core
is defined. Such a problem has been successfully addressed by thermal Sunyaev-Zel’dovich ef-
fect experiments, which adopt a universal pressure profile to iteratively reconstruct the Compton
y-parameter. Similarly, we discuss a new method in Chapter 4 which combines knowledge of the
cluster X-ray surface brightness profile with the partial measurement of the cluster flux to itera-
tively reconstruct the core-excised luminosity and mass. In first tests, we study the performance
and limitations of the method on simulations of the eROSITA all-sky survey. In an idealized
scenario, that is the absence of point sources and background, the current set-up recovers the
cluster masses within a factor of approximately five.



Chapter 1

Introduction

1.1 Prelude

Among other things, modern astronomy tries to expand our knowledge and understanding of
cosmology and the driving forces behind the expansion and structure formation histories of our
Universe. Galaxy clusters offer a unique probe to study the matter distribution over a wide range
of redshifts, allowing us to test different cosmological models independently of other methods,
such as supernovae type Ia and the cosmic microwave background. In addition, galaxy clusters
are interesting objects from an astrophysical point of view and are studied over a wide range of
the electromagnetic spectrum. Imaging in the X-ray band is among the most sensitive and robust
methods to detect and analyse galaxy clusters. Current X-ray observatories such as XMM-Newton
and Chandra are designed to make detailed studies of individual objects and allow the statistical
analysis of cluster samples with hundreds of objects. In July 2019 a powerful X-ray instrument,
the extended ROentgen Survey with an Imaging Telescope Array (eROSITA), was launched to
investigate the nature of dark energy by detecting approximately one hundred thousand groups
and clusters of galaxies, reaching out above a redshift of one. However, the challenge of translat-
ing these into cosmological constraints goes well beyond the simple detection of sources in the
all-sky-survey data. It is important to understand the characteristics of the sample and the de-
tected sources themselves. To exploit the full observational capability of eROSITA, one requires
an accurate surface-brightness model of galaxy clusters, as well as a suitable detection method,
including a handle on the observational systematics to determine the level of completeness and
purity. In this thesis work we explore novel approaches to addresses both.

This thesis is structured as follows. In Chapter 1, we present the theoretical background of
current cosmological models and structure formation. We introduce general properties of and
science with galaxy groups and clusters, including cosmological studies. We discuss the basic
concept of X-ray observatories, in particular ROSAT and eROSITA. Finally, we highlight the
importance and challenges with structure detection in X-ray images.

In Chapter 2, we introduce a new and unbiased approach to characterize surface brightness
profiles of galaxy clusters and compare it to a commonly used model. We study the scaling
between shape parameters and cluster temperature, as well as the correlations between shape
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parameters and luminosity at fixed temperature.
In Chapter 3, we propose a novel galaxy cluster detection method, discuss it in the framework

of eROSITA and compare its performance to existing detection schemes through simulations.
In Chapter 4, we discuss applications and prospects with eROSITA that are currently ongo-

ing. This includes a self-consistent framework to measure core-excised luminosities and a brief
discussion of eROSITA’s capabilities to improve our understanding of scaling relations.

Finally, we conclude the thesis in Chapter 5 with a brief summary of the main results. This
thesis, in particular Chapter 2 and 3 include sections of the peer reviewed publications Käfer
et al. (2019) and Käfer et al. (2020), respectively.

1.2 Cosmological model
According to current measurements, the Universe formed around 13.8 Gyr ago (Planck Collab-
oration et al., 2018) after an initial acceleration from a very hot and dense state, often referred
to as the Big Bang. As a result of the finite speed of light, we are not able to observe the en-
tire Universe but regions inside a sphere with cosmological-model-dependent radius, the Hubble
radius. Since light needs a finite time to travel from the origin of the emission to the observer,
we always look back into the past. The Universe is considered homogeneous and isotropic on
large enough scales, which is called the cosmological principle. Based on these assumptions, we
can theoretically describe the evolution and composition of the Universe using a theory of grav-
ity. The most established geometric theory is Einstein’s general relativity, which describes the
space-time structure by the distribution of matter or energy in the Universe. The space-time is a
four-dimensional continuum, consisting of a three-dimensional spatial vector and a time variable.

The expansion of space increases the relative distances of the fixed points on the grid on
which the spatial vector is defined. This evolution of the Universe’s length scales due to its radial
expansion is described in the time-dependent cosmic scale factor a(t). The position of a matter
element at arbitrary time t is then defined with respect to the 3-dimensional position on the fixed
grid at time t0 according to

~r(t) = a(t)~r(t0). (1.1)

Choosing the time t0 to be the current age of the Universe, the scale factor today is a(t0) = 1 by
convention. Distances in the Universe are defined with a metric and one solution to Einstein’s
field equations is the Robertson-Walker metric (Robertson, 1935; Walker, 1935), which describes
the distance between two objects in space-time ds2 according to

ds2 = c2dt2 − a2(t)
[
dχ2 + f 2

K(χ)
(
dθ2 + sin2 θdψ2

)]
. (1.2)

The spatial position is described with the spherical coordinates χ, θ and ψ. The comoving angular
diameter distance fK(χ) is a function of the comoving radial coordinate χ and depends on the
space curvature parameter K according to

fK(χ) =


K−1/2 sin(K1/2χ) (K > 0)
χ (K = 0).
(−K)−1/2 sinh[(−K)1/2χ] (K < 0)

(1.3)
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In case of electromagnetic radiation, θ and ψ are constant and ds = 0. The comoving distance
between an observer and an object that emits at time t is therefore

χ(t) =

∫ t0

t

c
a(t′)

dt′. (1.4)

This implies a cosmological redshift z for photons, which is defined as the relative change be-
tween observed and emitted wavelength

z B
λobs − λem

λem
=

1
a(t)
− 1. (1.5)

The dynamics of the Universe, that is the evolution of the scale factor, are described by the two
independent Friedmann equations( ȧ

a

)2

=
8πG

3
ρ +

1
3

c2Λ −
Kc2

a2 (1.6)

ä
a

=
4πG

3

(
ρ +

3p
c2

)
+

1
3

c2Λ, (1.7)

where G is the gravitational constant, ρ the total energy density, p the total pressure, Λ is Ein-
stein’s cosmological constant, and K is the space-time curvature constant. The second Friedmann
equation defines the rate of the accelerated expansion of the Universe. The expansion rate of the
Universe is defined by the first Friedmann equation and commonly known as the Hubble param-
eter

H(t) B
ȧ(t)
a(t)

. (1.8)

According to current measurements, today’s expansion rate, the so-called Hubble constant, is
H0 = (67.66 ± 0.42) km s−1 Mpc−1 (Planck Collaboration et al., 2018), where 1 pc ≈ 3.1 · 1016 m.
The first Friedmann equation demonstrates that the total energy-density value depends on the
geometry of the Universe and requires a precise calibration in case of a flat universe with K = 0,
referred to as critical density

ρcrit(t) =
3H(t)2

8πG
. (1.9)

In case the density is greater than the critical density, K is positive and the space-time geometry
is defined as closed. If the density is smaller than the critical density, K is negative and the
geometry is considered open. The dimensionless density parameters of the individual energy
components i are defined as ratios with respect to the critical density

Ωi(t) B
ρi(t)
ρcrit(t)

. (1.10)

The total energy density today and the curvature of the Universe is defined as Ω0 =
∑

i Ωi(t0) and
ΩK = 1 − Ω0. Current measurements are consistent with a flat geometry of the Universe, mea-
suring ΩK values close to zero with ΩK = 0.0007 ± 0.0037 (Planck Collaboration et al., 2018).
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The current concordance model is known as the Lambda Cold Dark Matter model (ΛCDM) and
establishes that the Universe is composed of four energy components that contribute to the to-
tal energy budget: radiation, baryonic matter, dark matter, and dark energy. Neutrinos have a
special role because they contribute differently to the energy budget, depending on their masses
and present-day velocities. The effective total number of neutrino families Neff = 2.99 ± 0.17
(Planck Collaboration et al., 2018) is in agreement with the Standard Model of particle physics
prediction of Neff = 3.046. The sum of the neutrino masses is with

∑
mν < 0.12 eV very small

but the observational evidence of neutrino oscillations implies that these leptons have masses
greater than zero. We describe the four energy components in more detail.

Radiation

Radiation includes electromagnetic radiation and relativistic particles with velocities much larger
than their rest mass energy, for example photons and neutrinos, respectively. In addition to the
expansion of space-time (∝ a−3) the radiation density is proportional to a cosmic-redshift-induced
energy shift (∝ a−1) such that ρr(a) = ρr,0a−4.

Baryonic matter

Baryons are particles with velocities much smaller than the speed of light which interact strongly
electromagnetically. Due to their negligible gravitational pressure support, the evolution of the
baryon density scales with the cosmic expansion as ρb(a) = ρb,0a−3. Time evolutions of other
matter components have the same proportionality.

Dark matter

The existence of an additional invisible matter component in galaxy clusters was postulated be-
cause the measured velocity dispersion in the Coma Cluster was higher than expected from the
calculated masses of the galaxies (Zwicky, 1933). Dark matter is a type of matter assumed to be
non-baryonic with very low interaction cross-sections. Therefore, direct detections have not yet
been accomplished, but we indirectly observe its gravitational impact on baryonic matter. The
three categories hot, warm, and cold dark matter are defined according to the particle velocities.
An example for hot and warm dark matter are relativistic and non-relativistic neutrinos, respec-
tively. A common model for cold dark matter is weakly interacting massive particles (WIMPS)
like the neutralino. Dark matter characteristics inferred from the history of structure formation
favour a mixture of warm and cold dark matter. Generally, we label the total dark-matter energy
density as ρDM.

Dark energy

Supernovae type Ia measurements of the relation between observed distances and redshifts indi-
cate an accelerated expansion of the Universe caused by a form of energy density with negative
pressure which makes up roughly two thirds of the total energy budget, the so-called dark en-
ergy (Riess et al., 1998; Perlmutter et al., 1998). The general time evolution of the dark-energy
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density is

ρDE = ρDE,0 · exp
[
−3

∫ a

1

1 + w(a′)
a′

da′
]
. (1.11)

If the equation of state w is equal to minus one, the dark-energy density is constant and referred to
as cosmological constant. Beyond the ΛCDM more generalized models are under discussion, for
example w0CDM with a constant equation of state with w , −1 or wCDM with a time-evolving
equation of state.

Total matter energy density

The total matter energy density of the Universe is defined as the sum of the baryonic and dark
matter component

Ωm = Ωb + ΩDM. (1.12)

The total energy budget is then

Ω0 = Ωr + Ωm + ΩDE + ΩK . (1.13)

Assuming a cosmological constant as dark energy, the first Friedmann equation can be rewritten
as

H(t)2 = H2
0

(
Ωra−4 + Ωma−3 + ΩΛ + ΩKa−2

)
= H2

0 E(a)2. (1.14)

Often the dimensionless Hubble function, E(a), is written in a redshift dependent way using Eq.
1.5 through

E(z) =
√

Ωr(1 + z)4 + Ωm(1 + z)3 + ΩK(1 + z)2 + ΩΛ. (1.15)

1.3 Structure formation
In contrast to the cosmological principle, observations of, for example the distribution of galaxies
or galaxy clusters as tracers (e.g., Colless et al., 2001; Eisenstein et al., 2011) indicate that the
present day Universe is not homogeneous on scales smaller than approximately 100 Mpc (see
Fig. 1.1). The observed structure evolved from tiny density perturbations in the early Universe
driven by quantum fluctuations and increased to macroscopic scales by an inflation phase (Guth,
1981; Linde, 1982). This initiated the accretion of matter into regions of increasing overdensity,
so-called filaments and corresponding underdense regions, so-called voids. The intersection
points of filaments are called knots, which eventually experience mergers with other overdense
regions and collapse into virialized objects decoupled from the expansion of the Universe. The
most massive virialized objects are galaxy clusters. Observing the spatial and mass distribution
of galaxy clusters allows to study the evolution of structure formation, which strongly depends
on the cosmological model and cosmological parameters. In the following two subsections, we
provide a qualitative description of the density perturbations and their collapse that lead to the
global distribution of matter in the Universe, the so-called Large Scale Structure (LSS).



6 1. Introduction

Figure 1.1: The galaxy distribution obtained from spectroscopic redshift surveys and from mock
catalogues constructed from cosmological simulations. The small slice at the top shows the
CfA2 ”Great Wall” (Geller and Huchra, 1989), with the Coma cluster at the centre. Drawn
to the same scale is a small section of the SDSS, in which an even larger ”Sloan Great Wall”
has been identified (Gott et al., 2005). This is one of the largest observed structures in the
Universe, containing over 10 000 galaxies and stretching over more than 1.37 billion light years.
The wedge on the left shows one-half of the 2dFGRS, which determined distances to more than
220 000 galaxies in the southern sky out to a depth of 2 billion light years. The SDSS has a
similar depth but a larger solid angle and currently includes over 650 000 observed redshifts in
the northern sky. At the bottom and on the right, mock galaxy surveys constructed using semi-
analytic techniques to simulate the formation and evolution of galaxies within the evolving dark
matter distribution of the ”Millennium” simulation (Springel et al., 2005) are shown, selected
with matching survey geometries and magnitude limits. Figure and caption taken from Springel
et al. (2006).
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1.3.1 Linear growth of density perturbations
The matter density at given comoving coordinates and time ρ(~x, t) and the mean matter density
ρ̄(t) characterize the primordial density field by the matter density contrast

δ(~x, t) =
ρ(~x, t) − ρ̄(t)

ρ̄(t)
. (1.16)

The time evolution of the density contrast is driven by gravitational interaction and depends on
the component dominating the total energy density in addition to the considered perturbation
scale. For the scope of the thesis, we focus on the epoch of matter domination, assuming a
negligible contribution of radiation. The linear evolution of the density contrast for small per-
turbations is found by solving the continuity, Euler, and Poisson equation which characterize
mass conservation, momentum conservation, and the potential field, respectively. With the com-
petition between pressure support and gravity, as well as the friction represented by the Hubble
parameter, the equation reads

δ̈ + 2Hδ̇ = δ

(
4πGρ̄(t) −

csk2

a2

)
, (1.17)

with the speed of sound cs. The solution of this differential equation is a linear combination
of a decaying D− and a growing mode D+, where only the growing mode is of broader physical
interest. For cold dark matter the pressure is zero and the growing mode in the ΛCDM framework
reads

D+(z) =
2
5

ΩmE(z)
∫ ∞

z

1 + z′

E(z′)3 dz′, (1.18)

which is the so-called linear growth factor. Due to the strong E(z) dependency, the growth factor
is sensitive to cosmological parameters.

1.3.2 Spherical collapse
The formation of galaxy clusters can be expressed by a simple non-linear and spherically-
symmetric model, the so-called top-hat model. An overdense region that accretes matter has
a decreasing expansion compared to its environment because of the greater gravitational poten-
tial and eventually expands up to a maximum radius. Then, the overdense sphere decouples
from the general Hubble flow of the Universe and recollapses into a virialized object with half
the radius at the turnaround. Solving the equation of motion of a sphere r̈ = −GM/r2 in the
spherical collapse framework for an Einstein-deSitter Universe with Ωm = Ω0 = 1 results in a
mean density of the collapsed perturbation within the virialized region with respect to the critial
density of

ρcoll

ρcrit(z)
= 18π2 ≈ 178 C ∆vir. (1.19)

The final overdensity at the time of equilibrium, ∆vir, shows only a weak dependence on cosmol-
ogy and is commonly used to define the virial radius of galaxy clusters. The total cluster mass is
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Figure 1.2: The halo mass function derived from dark-matter-only N-body simulations (DMonly)
and hydrodynamical simulations which include baryons (Hydro). The mass function is measured
at several redshift slices of the Magneticum simulations, with the lines representing the best-fit
functions. The redshift decreases from bottom to top, meaning more and more massive halos are
forming with time. Figure taken from Bocquet et al. (2016).

usually defined within a certain overdensity radius

Mtot(< r∆) B
4
3
π∆ρcrit(z)r3

∆, (1.20)

where ∆ = 200 is used as virial radius. A perturbation will collapse and form a virialized
structure if its overdensity with respect to the initial density field is δ+(tvir) ≈ 1.69 at the time of
virialization.

1.3.3 Halo mass function
The dependence between the time evolution of galaxy clusters and cosmological parameters
makes clusters interesting observational targets to constrain cosmological models. However,
observations of the formation history of individual objects is unfeasible due to the large cosmo-
logical time scales. Instead, we study the population in a statistical way as a function of mass and
redshift. The distribution of dark matter haloes, in which galaxy clusters are believed to reside,
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is called the halo mass function and describes the number density of haloes of a given mass at
a particular redshift (see Fig. 1.2). The general functional form of the halo mass function is
described by the fraction of the total volume that collapses into a halo of given mass divided by
the occupied comoving volume of these haloes and is given by (Sheth and Tormen, 1999)

dn(M, z)
dM

=
ρ̄m,0

M

(
d lnσ−1(M, z)

dM

)
f (σ, z). (1.21)

The mean matter density at redshift zero is given by ρ̄m,0 = ρcrit,0Ωm. The variance of the linear
density field, σ(M, z), holds the dependence on cosmology and the power spectrum, P(k, z).
The power spectrum is a function of redshift and wavenumber k = 2π/λ, with length scale λ.
Assuming that the initial density field is described by a Gaussian distribution with a density
contrast that spatially averages to zero, the variance of the perturbed density field is

σ2(M, z) =
1

2π2

∫
P(k, z)|W̃(k)|k2dk. (1.22)

The Fourier transform of the top-hat window function

W̃(k) =
3[sin(kR) − kR cos(kR)]

(kR)3 (1.23)

smooths fluctuations whose scales are smaller than the size of the initial perturbations needed to
obtain an object of mass M, namely R(M) = (3M/4πρm). The redshift evolution of the variance
is expressed by the growth factor

σ(M, z) = σ(M, 0)
D+(z)
D+(0)

. (1.24)

A statistical characterization of the large scale structure is the matter power spectrum

P(k, z) = T 2(k)
(

D+(z)
D+(0)

)2

A · kns . (1.25)

The modification of the power spectrum’s shape as a result of non-gravitational effects is de-
scribed by the transfer function T (k). The index, ns, and amplitude at redshift zero, A, character-
ize the primordial power spectrum. An index value of one would correspond to a scale-invariant
power spectrum and measured power-spectrum indices are slightly smaller than unity ns ∼ 0.966
(Planck Collaboration et al., 2018). The amplitude needs to be measured observationally and is
defined as the present variance of the matter distribution for a comoving radius of R = 8 h−1Mpc
for a top-hat window function. This choice of R comes from galaxy-counts results which found
that the variance of the galaxy number density on these spatial scales is close to unity (Davis and
Peebles, 1983). The variance on these scales determines the number of haloes in the Universe
by the height of the density peaks and is referred to as σ8. It is expected that the profile of the
halo mass function is universal and its shape therefore independent of cosmology. The halo mass
function is calibrated using structure formation simulations by fitting the halo abundance func-
tion f (σ, z) (Sheth and Tormen, 1999; Jenkins et al., 2001; Reed et al., 2003; Warren et al., 2006;
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Reed et al., 2007; Watson et al., 2013; Bocquet et al., 2016; Despali et al., 2016). A widely used
model in galaxy-cluster studies is the one by Tinker et al. (2008)

f (σ, z) = AT(z)
( σ

bT(z)

)−aT(z)

− 1
 exp

(
−cT(z)/σ2

)
, (1.26)

with overall mass-function amplitude AT, slope and amplitude of the low-mass power law aT

and bT, as well as the cut-off scale where the halo abundance decreases exponentially cT. The
parameters AT, aT, bT, and cT depend on redshift and the overdensity ∆

AT(z) = AT,0(1 + z)−0.14, (1.27)

aT(z) = aT,0(1 + z)−0.06, (1.28)

bT(z) = bT,0(1 + z)−αT(∆), (1.29)
cT(z) = cT,0, (1.30)

log10 (αT(∆)) = −

[
0.75

log10 (∆/75)

]1.2

. (1.31)

The importance of the halo mass function for cosmology lies in the strong dependence of its
shape on cosmological parameters. This makes abundance studies of galaxy groups and clusters
as a function of redshift a powerful tool for precision cosmology. However, to exploit the full
cosmological potential with the 100 000 galaxy clusters expected to be detected with eROSITA,
we require an accuracy of the mass-function of a few percent.

1.4 Clusters and groups of galaxies

In our Universe galaxies are not uniformly distributed in space but rather tend to group in so-
called galaxy groups and clusters. The clustering of galaxies is seen in the projection of observed
galaxies on the sky (e.g., Sharp, 1986; Colless et al., 2001; Eisenstein et al., 2011). Originally,
groups and clusters were identified by the spatial concentration of galaxies and the definition of
the categorization into groups or clusters was based on the number of member galaxies within
a sphere of characteristic diameter D. A group consists of typically more than three and less
than 50 galaxies within D . 1.5 h−1Mpc and a cluster has more than 50 galaxies and extends
beyond D & 1.5 h−1Mpc (Abell, 1958). The space between the galaxies is filled with diffuse
and collisionally ionized gas, the intracluster medium (ICM). The main component of the total
galaxy-cluster mass is in the form of dark matter. Galaxy clusters are considered the most mas-
sive relaxed cosmic structures in our Universe and thus are believed to reside in the knots of the
large-scale structure. Therefore, clusters are interesting targets for observational cosmology and
to study structure-formation history. In addition, diverse astrophysical aspects can be studied,
amongst others shocks, the metal-enrichment history, or the physics of Active Galactic Nuclei
(AGN). In this section we review the properties of galaxy groups and clusters in more detail.
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1.4.1 Composition
Galaxy groups and clusters extend over a total mass range of 1012 M� to a few 1015 M�. Four
main components contribute to the total mass budget.

Dark matter

Dark matter makes up approximately 80% of the total galaxy-cluster mass and provides the
gravitational attraction needed for the ICM to be gravitationally bound as well as the galaxies in
the halo that it forms. Typical mass-to-light ratios of clusters are M/L ≈ 300 h M�/L�, which
means at least a factor of ten larger than mass-to-light ratios of early-type galaxies. Therefore,
clusters of galaxies must contain significantly more mass than is visible in galaxies and the
majority of the cluster masses must be in the form of non-baryonic dark matter, the so-called
missing mass problem (Zwicky, 1933).

Intracluster medium

Approximately 15% of the total cluster mass is comprised of baryonic gas, the so-called intra-
cluster medium (ICM). This gas originates from ambient baryonic matter, which is accreted onto
larger structures like clumps and knots during the structure-formation process. In this process
the potential energy of the baryonic matter is converted into kinetic energy, which in turn is con-
verted into heat by adiabatic compression and shocks (e.g., Borgani and Kravtsov, 2011). As a
result of the deep potential wells of clusters, the baryonic gas is heated to typical temperatures
of 1–15 keV, where 1 keV/kB ≈ 1.16 × 107 K using the Boltzmann constant kB. Hydrogen and
helium atoms are fully collisionally ionized at these temperatures and metals are in hydrogen- or
helium-like states. With densities of 10−3–10−1 particles cm−3 the ICM is an optically thin plasma
and has metalicities of approximately 0.3 times the solar abundance (Arnaud et al., 1992).

Galaxies

Galaxies provide approximately 5% of the total cluster mass. As a result of tidal interactions
with other galaxies and ram-pressure stripping within the ICM, clusters show greater fractions
of elliptical galaxies than the field. This makes member galaxies of clusters redder than field
galaxies at similar redshift. Cluster members can be determined by their position in galaxy colour
versus magnitude diagrams (Gladders and Yee, 2000). This so-called red-sequence technique is
used in cluster-finder algorithms for optical identification. A giant elliptical galaxy close to the
cluster centre is referred to as the brightest cluster galaxy (BCG).

Relativistic particles and magnetic fields

The energy content of relativistic particles and magnetic fields, which are of the order of a few
µG, is a negligible fraction compared to the total thermal energy of clusters. However, non-
thermal relativistic particles that are for example accelerated due to shocks driven in the ICM
by interactions (Bonafede et al., 2014), gyrate in the magnetic field, and thus emit synchrotron
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Figure 1.3: Multi-wavelength observations of the ”Toothbrush Cluster”. Galaxies and stars
(upper left) are observed in the optical with the Subaru telescope. The radio (lower left) and
X-ray emission (upper right) trace the highly relativistic electrons and the hot ICM, respec-
tively. The gravitational-lensing map (lower right) represents the mass concentration, which
is primarily dark matter. The composite image in the center demonstrates that the emission
at different wavelengths originates from different populations. Figures taken from https:
//chandra.cfa.harvard.edu/photo/2016/archives/.

https://chandra.cfa.harvard.edu/photo/2016/archives/
https://chandra.cfa.harvard.edu/photo/2016/archives/
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emission that can be observed at radio wavelengths. This diffuse and extended synchrotron emis-
sion is usually categorized into radio relics, meaning elongated radio sources in the peripheral
regions of galaxy clusters with steep radio spectra (S ν & ν

−1.2) as well as radio haloes, which are
large-scale radio sources with low surface brightness found in the centre of some clusters that
typically follow the morphology of the ICM.

1.4.2 Emission mechanisms
The emission processes of the ICM in X-ray are thermal bremsstrahlung, line emission and
recombination. We discuss these processes in more detail in this section and show typical X-ray
spectra of galaxy clusters in Fig. 1.4. We assume that the electrons are in thermal equilibrium
with the other gas particles, which is a reasonable assumption for galaxy cluster studies because
the equilibration time scales are with a few 108 yr within r500, rather short compared to the Hubble
time (Reiprich et al., 2013).

Bremsstrahlung

Above electron temperatures of kBTe & 2 keV the primary component of the ICM spectrum is
thermal bremsstrahlung of electrons that are accelerated in the vicinity of atomic nuclei, so-called
free-free emission. The acceleration of the nuclei and therefore their contribution to this emission
process is negligible due to their much greater mass. The bremsstrahlung emissivity at frequency
ν, with elementary charge e, electron mass me, ion charge Z, as well as ion and electron densities
ni and ne, respectively is

εff
ν =

25πe6

3mec3

(
2π

3mekB

)1/2

︸                 ︷︷                 ︸
= 6.8 · 10−38 ergK1/2cm3s−1Hz−1

gff(Z,Te, ν)Z2neniT−1/2
e exp

(
−

hPν

kBTe

)
. (1.32)

The Gaunt factor gff corrects for quantum effects and for the impact of distant collisions. For
a hydrogen plasma the Gaunt factor slowly decreases with frequency (Karzas and Latter, 1961;
Kellogg et al., 1975). The thermal bremsstrahlung spectrum is smooth overall and continuous,
with a power-law shape at low energies (hPν � kBTe) and an exponential drop at high frequencies
(hPν & kBTe). The bremsstrahlung cutoff shifts to higher energies for higher gas temperatures
and can therefore be used to determine the electron temperature in measured X-ray spectra of
galaxy clusters. The emissivity integrated over all frequencies is approximately

εff ∝ T 1/2
e n2

e . (1.33)

Line emission

At typical ICM temperatures the wavelengths of emission lines caused by a transition between
quantized energy states of heavy elements, so-called bound-bound emission, are in the X-ray
regime. The Fe-K complex for example composes of a helium-α-like iron multiplet around
6.7 keV and hydrogen-like ion lines around 6.97 keV. Below electron temperatures of kBTe .
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Figure 1.4: Expected X-ray emission spectra of a hot and optically-thin plasma for three temper-
atures of 1 keV (black), 3 keV (red), and 9 keV (green). The continuum emission from thermal
bremsstrahlung is the dominant component and shifts to higher photon energies for hotter gas.
Toward lower temperatures atomic transitions and recombination radiation become more impor-
tant, which makes line features, for example the Fe-L and Fe-K complex at approximately 1 keV
and 6.8 keV, more prominent. Figure taken from Reiprich et al. (2013).
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2.5 keV the Fe-L complex at approximately 1 keV has a significant contribution to the total emis-
sivity. The labels L and K denote electron transitions to a principal quantum number of 2 and 1,
respectively. The line emission can be modelled to determine the redshift and the abundance of
galaxy clusters. X-ray calorimeters like the Soft X-ray Spectrometer (SXS) aboard the Hitomi
X-ray Observatory allow measurements of Doppler shifts and broadening of emission lines to
infer bulk and turbulent motions with high precision (Hitomi Collaboration et al., 2016).

Recombination

Recombination processes have a minor contribution to the continuum radiation spectrum in the
form of radiative recombination, dielectronic recombination and two-photon transitions. The
Ar xvii dielectronic recombination line, for example, is discussed in the explanation of weak
unidentified emission features in stacked galaxy-cluster spectra (Bulbul et al., 2014). The total
emissivity of recombination and line emission is approximately

εfb+bb ∝ T−0.6
e n2

e , (1.34)

and therefore decreases with increasing electron temperature because more and more metals
become fully ionised (Sarazin, 1986).

1.4.3 Galaxy cluster profiles

Galaxy clusters are spatially extended objects in the X-ray with diameters of up to a few mega-
parsecs for massive objects. In this section we describe the most important radial density param-
eterizations for this work.

Density profiles of dark matter haloes

Numerical simulations allow the study of the dark matter haloes in which galaxy groups and
clusters form. Within the ΛCDM framework, virialized objects have a universal density profile
of the dark matter halo matching the so-called NFW profile (Navarro et al., 1997),

ρNFW(r) =
ρs

x(1 + x)2 (1.35)

x B
r
rs
. (1.36)

The scale radius rs represents the radius at which the logarithmic slope of the profile is equal to
minus two and ρs is the corresponding density at the scale radius. The NFW profile has a cusp
at radii much smaller than the scale radius, with an inner slope of ρNFW(r) ∝ r−1. At radii much
greater than the scale radius, the outer slope is ρNFW(r) ∝ r−3. Observations in the optical and
X-ray support this parametric form of the density profile (e.g., Pointecouteau et al., 2005).



16 1. Introduction

The β-model

One of the most common models used to describe the gas-density distribution of clusters is the
β-model (Cavaliere and Fusco-Femiano, 1976), which assumes that the matter distribution in
the potential well follows the model of a self-gravitating isothermal sphere and that the galaxy
density is described by a so-called King-profile (King, 1962). Under the assumption that the
underlying total matter density is well traced by the gas, the gas-density distribution is described
by the β-model

ρg(r) = ρg,0

1 +

(
r
rc

)2− 3
2β

, (1.37)

with central gas density ρg,0. The slope β = µmpσ
2/kBT encapsulates the ratio between the

specific kinetic energies in galaxies and gas. The core radius rc parameterizes the extent scale of
the profile. All three parameters ρg,0, β, and rc need to be constrained by observations because
they cannot be derived from theory. The density distribution is not a direct observable but is
closely related to the X-ray surface brightness

S X =
1

4π(1 + z)4

∫ ∞

−∞

εdl, (1.38)

which is proportional to the total emissivity ε integrated along the line of sight l. As ε ∝ n2
e (see

Eqs. 1.34 and 1.33) and ρg ∝ ne, the surface brightness can be rephrased using Eq. 1.37 to

S X(R) = S X,0

1 +

(
R
rc

)2−3β+ 1
2

, (1.39)

with projected radius from the cluster centre R. The outskirts of observed surface brightness
profiles are in general well described by a β-model. In the presence of central excess emission
the β-model underestimates the central part and a double β-model S X = S X1 + S X2 can improve
the quality of the fit.

1.4.4 Mass determination
The total mass is a fundamental property of a galaxy cluster and can be derived from observations
at different wavelengths by applying suitable theoretical models. The determination of galaxy
cluster masses is relevant for precision cosmology in order to study the evolution of the halo mass
function. In addition individual mass measurements are needed to calibrate observed scaling
relations.

Galaxy velocity dispersion

Photometric and spectroscopic observations of galaxies can be used to follow-up and identify
cluster candidates by obtaining their redshifts and measuring the galaxies radial velocities. As-
suming that the velocity distribution of member galaxies is Gaussian due to being in a common
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gravitational potential, a fit to the velocity distribution of the targeted galaxies allows to separate
member galaxies from projected galaxies at different redshifts. Typical velocity dispersions in
galaxy clusters are of the order of 103 km s−1 (Sarazin, 1986), which corresponds to crossing
times of approximately 1 Gyr. This lead to the assumption that galaxy groups and clusters are
relaxed systems, which allow us to calculate the total mass using the virial theorem because the
total kinetic energy of the galaxies is related to the total gravitational potential energy for a sta-
ble, self-gravitating, spherical distribution of objects with equal mass. A spherically symmetric
system with gravitational radius rG and mass-weighted radial velocity dispersion σr has a total
virial mass of

Mvir =
3rGσ

2
r

G
. (1.40)

We note that the assumption of spherical symmetry and relaxation might not be valid in interact-
ing systems that undergo dynamical formation.

Gravitational lensing

General relativity predicts that the path of photons traveling from a distant source to the observer
gets bent by an intervening distribution of matter, a so-called gravitational lens (e.g., Schneider
et al., 1993). The deflection of light and thus the distortion of the background source is inversely
proportional to the distance to the optical axis defined perpendicular to the source and lens plane.
Photons that pass closer to the lens are therefore bent more and the source appears more tangen-
tially stretched. One distinguishes two main regimes of lensing, depending on the geometrical
configuration expressed by the critical surface density of the lens Σcrit = c2DS/(4πGDLDLS).
Here, DS, DL, and DLS are the distances between observer and source plane, observer and lens
plane, as well as source and lens plane, respectively. If the projected lens-mass density is greater
than the critical surface density, multiple magnified and distorted source images are observed.
This regime is referred to as strong lensing. In the weak lensing regime just slightly distorted
single images of the background sources are observed. This requires a statistical analysis by
averaging over many lensed images to determine the mass distribution of the lens out to large
radii. This is done by creating a shear profile by measuring the intrinsic alignment and shear
induced due to gravitational lensing of each background source. This shear profile is fitted by a
model that reconstructs the mass distribution of the lens as a function of radius. One of the sim-
plest model is the singular isothermal sphere, which describes the mass distribution according to
ρ = σ2/2πGr2. Another common model is the NFW profile (see Eq. 1.35). If a galaxy cluster
acts as a lens (Zwicky, 1937), weak lensing allows to determine the cluster’s mass independent
of its dynamical state or the type of matter the cluster is made off. This makes lensing masses
reliable cluster mass estimates. There are however systematic biases in cosmic shear results, for
example due to the incomplete knowledge of a telescope’s point-spread function (PSF) shape and
size (Massey et al., 2013). In addition, the LSS of the Universe acts as lens too, a weak effect that
is the so-called cosmic shear. This, together with the superposition of other mass distributions
along the line of sight, reduces the accuracy in the measurement of weak gravitational lensing.
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Hydrostatic X-ray mass

In the X-ray regime, galaxy cluster masses are derived under the main assumptions of spherical
symmetry and hydrostatic equilibrium between the gas and the gravitational potential Φ

1
ρg

dPg

dr
= −

dΦ

dr
= −

GM(< r)
r2 , (1.41)

where the total mass within radius r defines the gravitational potential. The pressure is charac-
terized by the ideal gas equation

Pg =
kB

µmp
ρgTg, (1.42)

with mean molecular weight µ and the proton mass mp. The hydrostatic mass of a galaxy cluster
is derived by combining Eqs. 1.41 and 1.42 to

M(< r) = −
kBTgr
Gµmp

(
d ln ρg

d ln r
+

d ln Tg

d ln r

)
. (1.43)

The measurement of the total hydrostatic mass therefore relies on extracting gas density and
temperature profiles out to large radii. The assumptions of spherical symmetry and hyrdostatic
equilibrium might be violated for interacting systems. In addition, numerical simulations imply
that neglecting kinetic gas motions, mainly turbulence and bulk motions, might bias hydrostatic
mass estimates low by approximately 10% to 15% as a result of a fraction of the galaxy cluster’s
energy content that is not yet thermalized (Nagai et al., 2007; Meneghetti et al., 2010). A sim-
ilar bias is found when comparing hydrostatic masses to weak lensing masses (e.g., Mahdavi
et al., 2013; Applegate et al., 2016). X-ray measurements of the non-thermal pressure support
to calibrate the biases in hydrostatic mass estimates find a lower bias of approximately 6% at
r500 (Eckert et al., 2019). Once substructure is excised properly, profiles of ICM properties tend
to follow the predictions of simple gravitational collapse beyond the cooling region (Ghirardini
et al., 2019).

Gas mass

The gas mass within a given radius r can be derived by integrating the gas-density profile over
the corresponding volume according to

Mg(< r) =

∫
V
ρg(r)dV ′ (1.44)

= 4π
∫ r

0
r′2ρg(r′)dr′, (1.45)

where the last equation holds under the assumption of spherical symmetry. The ratio between
gas mass and total mass of a cluster defines the gas-mass fraction fg B Mg/Mtot. Compared
to the mass fraction of hot gas fg(z) = Υ(z)(Ωb/Ωm) (Allen et al., 2011), the gas-mass fraction
in cluster outskirts typically converges toward the cosmological ratio of Ωb/Ωm ≈ 15%. Star
formation and other baryonic effects are taken into account by Υ(z).
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Thermal Sunyaev-Zel’dovich effect

Cosmic microwave background (CMB) photons that pass through the galaxy cluster interact in
approximately 1% of the cases through inverse-Compton scattering with the energetic electrons
of the ICM. As a result, the CMB spectrum is blue-shifted on average. This spectral distortion is
known as the Sunyaev-Zel’dovich (SZ) effect (Sunyaev and Zeldovich, 1972) and is observed in
the millimeter-wavelength regime. The interaction of the CMB radiation with the hot electrons
of the ICM causes a less than 1 mK distortion of the blackbody spectrum of the CMB by boost-
ing the energies of CMB photons by approximately kBTe/mec2 per collision. As a result, the
CMB intensity below 217 GHz decreases, whereas the intensity at greater frequencies increases
compared to the average CMB signal (see Fig. 1.5). This spectral distortion of the thermal SZ
(tSZ) effect can be expressed as a relative change in the CMB temperature

∆TSZ

TCMB
= fν(x)y = fν(x)

∫
ne

kBTe

mec2σTdl, (1.46)

where x B hν/kBTCMB represents a dimensionless frequency, y the Compton-y parameter, mec2

the electron’s rest mass, σT the Thompson cross-section, and fν(x) is the frequency dependent
function including relativistic corrections δSZ according to

fν(x) =

(
x

ex + 1
ex − 1

− 4
)

[1 + δSZ(x,Te)] . (1.47)

The total SZ-signal is calculated by integrating the Compton-y parameter over the projected
surface area

YSZ =

∫
ydΩ ∝

∫
neTedV ∝ MgTg. (1.48)

The so-called integrated y-parameter YSZ depends directly on the mass and temperature of the
gas and is therefore expected to have a tight correlation with the total cluster mass for a given
gas mass fraction. The linear dependence of the tSZ signal on the electron density makes it
less sensitive to inhomogeneities of the ICM than X-ray emission. Comparing Eq. 1.46 to the
pressure of an ideal gas (see Eq. 1.42) shows that the Compton-y parameter is proportional to the
integrated pressure along the line of sight. The absolute calibration therefore requires additional
data. The advantage of the tSZ effect is its redshift independence, making it a unique tool to
observe galaxy clusters at high redshift.

1.4.5 Self-similar model
Kaiser (1986) introduced a theoretical framework to describe observables of galaxy groups and
clusters based on the following main assumptions. Galaxy clusters form from initial peaks of
the density field due to gravitational collapse in a scale-free or self-similar manner. There is no
preferred scale of the initial density fluctuations such that the amplitude of the density contrast
is described by a power-law ∆(k) ∝ kn. During the formation and evolution of clusters gravity
is the dominant source of energy input into the ICM such that other physical processes do not
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Figure 1.5: The undistorted (dashed line) CMB spectrum gets distorted when CMB photons pass
through the ICM of a galaxy cluster, causing a decrement in the CMB intensity at frequencies
below approximately 217 GHz and an intensity increase above this frequency. Therefore, galaxy
clusters appear as a negative signal (blue) in the low frequency bands and as a positive signal
(red) at higher frequencies compared to the average CMB signal (lower panel). This makes
it easier to differentiate the detected clusters at low frequencies from radio-emitting galaxies,
which appear as positive ”hot spots” in the low and the high passbands. The upper right panel
shows the relative spectral distortion. Figures taken from Carlstrom et al. (2002) and http:
//sci.esa.int/jump.cfm?oid=47697.

http://sci.esa.int/jump.cfm?oid=47697
http://sci.esa.int/jump.cfm?oid=47697
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introduce additional scales. With these assumption, the self-similar model considers galaxy clus-
ters as identical versions of one another, scaled by redshift evolution, ρcrit(z) = ρcrit(0)E(z)2, and
virial mass. Due to the assumed similar formation history, the self-similar model predicts simple
power-law relations between different galaxy cluster properties, such as mass and observables.
These so-called scaling relations are discussed in more detail in Sect. 1.4.6.

1.4.6 Scaling relations
Scaling relations describe the correlation between different galaxy cluster properties as power
laws derived from the self-similar model. For cosmological purposes, it is particularly interest-
ing to relate cluster quantities that are easy to measure to the unobservable cluster mass. An
approximate relation exists between cluster mass and radius M ∝ r3. However, the redshift evo-
lution of scaling relations in general depends on the chosen radius with in which the mass is
calculated. This redshift evolution can be expressed in different parametric forms (Voit, 2005)
and we choose a scale radius calculated from the spherical collapse model according to

M∆ =
4π
3
· ∆ · ρcrit,0E2(z)r3

∆. (1.49)

We will provide a brief overview of the most relevant scaling relations that include X-ray prop-
erties.

Mass-temperature relation

The mass-temperature scaling directly links the energy budget of the ICM to the total mass and
is therefore expected to show low scatter of the order of approximately 10–15%. Under the
assumption of virial equilibrium, the mass-temperature correlation is

T ∝
M
r
∝ M2/3E2/3(z)∆1/3 (1.50)

M ∝
T 3/2

E(z)∆1/2 . (1.51)

This implies that clusters of the same mass are hotter at higher redshifts. The slope of the mass-
temperature relation for clusters obtained from simulations (e.g., Kravtsov et al., 2005; Nagai
et al., 2007) and observations (e.g., Chen et al., 2007; Zhang et al., 2008; Vikhlinin et al., 2009b)
are generally in agreement with the self-similar prediction. However, precise measurements of
cluster temperatures from observed spectra require a few hundred photon counts.

Luminosity-temperature relation

Assuming a pure bremsstrahlung emissivity (Eq. 1.33), the luminosity of a galaxy cluster is
expressed as

L ∝ εr3 ∝ T 1/2n2
er3 ∝ T 2 f 2

g ∆1/2E(z), (1.52)
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where the last proportionality assumes ne ∝ ρg and uses Eq. 1.51. This relation has the advantage
that both observables are determined almost independently of each other. Observationally, the
slope of the luminosity-temperature is found to be steeper than self-similar predictions (e.g.,
Pratt et al., 2009; Reichert et al., 2011; Eckmiller et al., 2011) and are found to be even steeper in
low-mass galaxy group studies (Ponman et al., 1996; Balogh et al., 1999; Maughan et al., 2012).

Luminosity-mass relation

Replacing the temperature according to Eq. 1.50 in Eq. 1.52 derives the luminosity-mass relation

L ∝ M4/3 f 2
g ∆7/6E7/3(z), (1.53)

which implies that objects of the same mass are more luminous at higher redshifts. The X-ray
luminosity can be determined by measuring the flux and redshift of a source, meaning that the
luminosity-mass relation is particularly interesting to constrain masses in the low-photon regime,
for example in all-sky surveys or for clusters at high redshift. However, the intrinsic scatter of
the relation is approximately 40% (e.g., Vikhlinin et al., 2009a), driven by non-gravitational
processes in the cores of clusters. Excising the cluster-core regions typically reduces the scatter
by more than half (e.g. Markevitch, 1998; Mittal et al., 2009; Pratt et al., 2009).

1.5 Galaxy clusters as cosmological probes

Two general approaches to study cosmology rely on measuring distances to infer the geome-
try of the Universe or studying the evolution of structure formation. Galaxy clusters offer the
opportunity to study several independent cosmological tests of different physical origin which
comprise both of the aforementioned strategies. These complementary tests allow us to check
for consistency among one another and to additional cosmological probes such as supernovae
type Ia experiments. We summarize key aspects in this section and refer to Allen et al. (2011) for
a more detailed review. An example of parameter constrains from various cosmological probes
is shown in Fig. 1.6.

Galaxy cluster number counts

For cosmological studies, galaxy clusters are considered to occupy dark matter haloes which
reside in the knots of the LSS. Clusters therefore trace the dark matter, which is a dominant part
in the history of structure formation. In a nutshell, the matter density and amplitude of the density
fluctuations can be constrained by measuring the number density of galaxy clusters as a function
of mass and redhsift, meaning by measuring the halo mass function, which is explained in detail
in Sect. 1.3.3. In addition, the redshift evolution of cluster number counts puts constrains on the
linear growth of density perturbations, which depends on the matter and dark energy density.
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Figure 1.6: Joint 68.3% and 95.4% credibility regions for different cosmological probes and two
sets of cosmological parameters (Ωm,σ8) and (Ωm,w0). The left panel shows the comparison
between constrains of the mean-matter density Ωm and the amplitude of matter perturbations
σ8 obtained from cluster counts and observations of the CMB power spectrum with the two
instruments WMAP and Planck. The right panel shows the credibility regions for Ωm and the
dark energy equation of state w0 from galaxy cluster data and other cosmological probes. In
general, the shape and orientation of the credibility regions indicate the degeneracy level between
the individual parameters, for example the strong degeneracy between Ωm and σ8 for cluster
observations. Figures taken from Mantz et al. (2015).
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Clustering of clusters and matter power spectrum

Measurements of the spatial distribution of clusters constrain cosmological parameters in a com-
plementary way to other cosmological tests, which helps to break degeneracies and to improve
constraining capabilities. The large-scale distribution of galaxy groups and clusters is character-
ized by the correlation function and constrains the matter and dark-energy densities. The matter
power spectrum is the Fourier transform of the correlation function and probes the matter density
and the density-fluctuation amplitude by its shape and amplitude. Large area surveys are required
to obtain reliable measurements of the clustering. Clustering signals have been measured in the
X-ray (e.g., Moscardini et al., 2000; Allevato et al., 2012; Finoguenov et al., 2015; Pacaud et al.,
2016), as well as in the optical with the Sloan Digital Sky Survey (Mana et al., 2013).

Baryonic acoustic oscillations

Baryonic Acoustic Oscillations (BAOs) are periodic density fluctuations of baryons and observed
by wiggles in the matter power spectrum originating from the time period after photon decou-
pling, when the baryons and the dark matter were settling into each other’s potentials. The
position and amplitude of these oscillations are primarily sensitive to the geometry, as well as the
baryon and dark energy content of the Universe (e.g., Hu and Dodelson, 2002; Anderson et al.,
2012).

Baryon fraction measurements

As discussed in Sect. 1.4.4, the total matter density can be inferred if one assumes that the baryon
fraction fb is universal and that the fraction in galaxy clusters does not differ significantly from
the cosmic mean. The baryon fraction in galaxies however is affected more by non-gravitational
processes due to their small extent and shallower potential well. In addition to stars as tracers of
baryons in galaxies, the cosmic baryon density can be predicted by primordial nucleosynthesis
models. The total matter density is then calculated according to Ωm = Ωb/ fb.

Absolute distance measurements as standard candles

The relation between the angular size on the sky and the physical size of a cluster determines the
angular diameter distance. Once the angular diameter distance is measured, the Hubble constant
can be determined according to

DA =
1

1 + z
c

H0

∫ z

0

dz′

E(z′)
. (1.54)

This approach relies on the combination of X-ray and SZ observations due to their different
dependences on the gas density ∆TCMB ∝

∫
neTedl and S X ∝

∫
n2

eΛeedl, respectively. The Λee

parameter is the X-ray cooling function. Defining the line-of-sight increment dl = DAdθ, the two
integrals can be jointly solved for the angular diameter distance

DA ∝
∆T 2

CMBΛee

S XT 2
e
∝

cz
H0

(1.55)
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Combined with the redshift information of the cluster and a model of the density distribution, the
Hubble parameter serves as normalization of the theoretical angular diameter distance relation.
This allows galaxy clusters to be used as standard candles (Carlstrom et al., 2002; Bonamente
et al., 2006).

1.6 X-ray observatories

Cosmic X-ray emission is absorbed and scattered in the earth’s atmosphere and cannot be di-
rectly observed from the ground. High-energy X-ray photons can penetrate the atmosphere more
easily than low-energy X-rays. Thus, one requires larger altitudes to detect softer X-ray emis-
sion. To observe galaxy clusters in X-ray for example requires observatories at at least a few
hundred kilometers altitude. Due to these circumstances, X-ray astronomy developed only after
the Second World War with the technology of the Aggregat 4 rocket. The first direct detection
of a cosmic X-ray source, the Sun, was performed in 1949 by the United States Naval Research
Laboratory. In 1962, Giacconi et al. (1962) intended to study fluorescence X-ray lines created
by the interaction of the moon’s surface with solar X-rays and discovered the first X-ray source
outside our solar system, Scorpius X-1, as well as the cosmic X-ray background. Longer obser-
vations compared to rocket and balloon experiments were made possible with the launch of the
first earth-orbiting X-ray observatory, the Uhuru satellite (Giacconi et al., 1971), in 1970. Within
3 years, Uhuru performed the first X-ray all-sky survey and detected 339 sources. Several suc-
cessful X-ray missions followed this pioneering work, and we describe the two most relevant
ones for this thesis in Sects. 1.6.1 and 1.6.2.

1.6.1 The ROSAT telescope

The ROentgen SATellite (ROSAT, Truemper 1982) was launched on the 1st of June 1990 and
performed the first X-ray all-sky survey with an imaging telescope within the first 6 months
of the mission using the Position Sensitive Proportional Counter (PSPC) detectors in the focal
plane (see Fig. 1.7). Each of the two redundant PSPC detectors on-board ROSAT, PSPC-B and
PSPC-C, consists of two counters. One counter is used to determine the position and energy
of X-ray events by two perpendicular cathode grids and an anode grid, respectively. Another
anode grid is used as anti-coincidence counter to reject background events. All grids are placed
in a housing with a thin plastic entrance window. The gas mixture inside the housing absorbs an
incoming X-ray photon through the photoelectric effect. The emitted primary electron ionizes
the gas, causing an amount of secondary electrons approximately proportional to the photon’s
energy. This secondary electron cloud is amplified through the electric field between the cathode
and anode grid and, as well as the induced cathode signal, further processed by pre-amplifiers.
The gas supply required to operate the PSPC ran out in 1994 and until ROSAT’s shutdown in
Februrary 1999, observations were performed only with the third detector on-board, the High
Resolution Imager (HRI).
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Figure 1.7: Schematic image of the ROSAT telescope. The dashed lines represent X-ray pho-
tons entering from the left. The X-rays are focused onto the focal plane assembly through
a double reflection on the four nested parabola/hyperbola mirror pairs. Figure taken from
https://projects.mpe.mpg.de/heg/rosat/mission/rosat/payload.html.

1.6.2 The eROSITA telescope

The extended ROentgen Survey with an Imaging Telescope Array (eROSITA, Merloni et al.
2012; Predehl et al. 2018) is the soft (0.3–10 keV energy range) X-ray instrument on-board of
the Russian/German Spectrum Roentgen Gamma (SRG) mission. It was launched on the 13th
of July 2019 from the Baikonur Cosmodrome and consists of 7 identical mirror modules, each
with 54 nested Wolter-I type (Wolter, 1952) shells, as well as an X-ray baffle that reduces the
stray light caused by single reflections at the mirror’s surface by more than 90% (Friedrich et al.,
2014). Each mirror system has its own charge-coupled device (CCD) detector (Meidinger et al.,
2014). A schematic diagram of eROSITA is shown in Fig. 1.8. The pn-CCD chips are back-
side illuminated silicon based semiconductor detectors and are operated fully depleted. The p-
(postive-) and n- (negative) layers are doped to obtain excess electron holes, that is the lack of
electrons, and loosely bound excess electrons in the outer shells of the atoms used for doping,
respectively. Incident radiation generates electron-hole pairs and the charge is separated and am-
plified. In single photon counting, the signal amplitude is proportional to the deposited charge.
An improved quantum efficiency and the response to low-energy X-ray photons is achieved by
a very thin pn-junction. Five of the seven CCD chips have on-chip filters in addition to the fil-
ter wheel, which block visible and ultra-violet light from the detector to minimize a potential
shift or broadening of the measured X-ray lines. The two telescope modules (TMs) without
on-chip filter, TM-5 and TM-7, are affected by an unexpected optical light leak, which lead to
contamination with high event rates per frame in the beginning of the mission. In order not to
accumulate optical-irradiation data of limited scientific use in the mass memory, the primary
threshold of the analogue-to-digital converter was raised to 150 ADU. After a successful cali-
bration and performance-verification phase (see Fig. 1.8), as well as entering its operating orbit
around the second Lagrangian point (L2), the all-sky-survey phase of the SRG spacecraft started
on the 8th of December 2019. eROSITA will perform eight all-sky surveys within the next four

https://projects.mpe.mpg.de/heg/rosat/mission/rosat/payload.html
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Figure 1.8: Schematic diagram of the eROSITA telescope structure (left panel) and the adaptively
smoothed, exposure-corrected image of the interacting galaxy clusters Abel 3391 and Abel 3395.
The observation was a target during eROSITA’s performance-verification phase and the detection
of the filament in between the two clusters demonstrates eROSITA’s tremendous capabilities in
the soft X-ray regime. Figures taken from Merloni et al. (2012) and https://www.mpe.mpg.
de/7360702/presskit-erosita-firstlight.

https://www.mpe.mpg.de/7360702/presskit-erosita-firstlight
https://www.mpe.mpg.de/7360702/presskit-erosita-firstlight
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years. In the 0.5–2 keV band eROSITA is expected to be approximately 20–30 times deeper than
the RASS and in the hard band (2–10 keV) it will provide the first ever true imaging survey of the
whole sky. The main science goal of the eROSITA mission is the observation of approximately
one hundred thousand groups and clusters of galaxies to derive tight constraints on cosmologi-
cal parameters. Furthermore, eROSITA offers the opportunity for numerous additional science
topics, including AGNs, time domain astrophysics (e.g., tidal disruption events, transients, X-ray
flares, gamma-ray burst afterglows, AGN variability), stars (e.g., activity cycles, stellar emission
lines, X-ray irradiation of exoplanets), Solar System (e.g., charge exchange emission), diffuse
emission (e.g., supernova remnants, galactic structures of soft diffuse X-ray emission), normal
galaxies, and compact objects (e.g., neutron stars, pulsars, quiescent black holes).

1.7 Structure detection in X-ray images
The detection of sources in X-ray images is crucial for subsequent scientific analysis and achieved
by locating regions which have a statistically significant overdensity of photons over the back-
ground. Most often this task is complicated because X-ray images contain few photons. This is
particularly challenging for extended sources for which the photons are spread over a large area.
In addition, different background components and instrumental characteristics make the analysis
of X-ray images more difficult. The latter includes PSF effects and vignetting, meaning the de-
crease of the effective area with off-axis angle, which are both a function of the photon energy
and the location on the detector. Detected objects are typically classified into two categories,
point-like and extended sources. Extended sources, such as galaxy groups and clusters, show
extended X-ray emission that might exceed the instrument’s PSF. Point-like sources, such as
AGNs, are unresolved objects with sizes smaller than the PSF of the telescope. The complicated
shape of the PSF however might make point-like sources appear as extended or compact galaxy
clusters might appear point-like. This makes a proper classification, for example by comparing
PSF-model to PSF-convolved-extent-model fits to the detected sources, difficult. Possible strate-
gies to find X-ray clusters are through optical follow-up observations (e.g., Klein et al., 2018)
or analyzing the spectra of the sources. In Chapter 3 we explore a novel approach for eROSITA,
namely the direct detection of sources by their extended emission. In the following subsections,
we give a general overview of two relevant source-detection algorithms for this thesis.

1.7.1 Sliding cell
The sliding cell method scans an X-ray image in incremental steps using a detection cell of a
predefined size and shape. In each step, the signal-to-noise ratio within the detection cell is com-
pared to a threshold value or to the local background and the cell position is marked as source if
a signal-to-noise ratio criterion is fulfilled. The cell shapes range from a simple box to a matched
filter. The cell size can, for example, be fixed, adaptive as a function of observational character-
istics, or increasing with successive runs of the algorithm to gain sensitivity for extended objects.
However, this method has drawbacks in the detection of extended objects, especially for those
with an extent that is larger than the cell size. The method can split extended sources into multiple
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Figure 1.9: Contiguous significant wavelet coefficients for differently-sized features. If features
at two successive scales reside within a linking radius, they are considered to belong to the same
object. Figure taken from Starck and Murtagh (2006).

detections or merge close by sources within a cell and is therefore mostly robust in the detection
of isolated point sources. The splitting of close-by sources and the source characterization can
be improved by a subsequent maximum likelihood analysis.

1.7.2 Wavelet transform

A wavelet algorithm can isolate structures of different sizes by a multi-scale decomposition of
the image through wavelet transforms (Slezak et al., 1990). The wavelet functions are scalable,
oscillating, have a null normalisation, and are zero outside a given spatial regime. An image
I(x, y) is convolved with the a wavelet function W to obtain wavelet-coefficients planes wa of
given scale a through

wa = I(x, y) ∗W
( x
a
,

y
a

)
. (1.56)
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This allows decomposition of the image into a set of wavelet coefficients planes of different
scales in which structures with sizes similar to the corresponding scale are isolated (see Fig. 1.9).
Wavelet transforms like the à trous (Holschneider et al., 1989) make it possible to reconstruct the
original image by summing up the individual planes

I(x, y) =

n∑
i=1

wi(x, y). (1.57)

The significance of structures over the Poisson noise needs to be evaluated on each scale to
remove insignificant features. Different statistical models have been proposed to evaluate if a
wavelet coefficient is significant, meaning not as a result of noise. These include the methods of
Slezak et al. (1994) who used the Anscombe transformation to transform X-ray images with high
enough photon counts into an image with Gaussian noise; Vikhlinin et al. (1995) and Damiani
et al. (1997) who defined significant thresholds based on the assumption of Gaussian local noise
and Monte Carlo simulations, respectively; the method based on wavelet function histogram
by Starck and Pierre (1998) to calculate the probability that a wavelet coefficient originated
from noise. Regardless of the statistical method used, significant wavelet coefficients at each
wavelet scale are kept and cross-matched between the different scales. The wavelet algorithm
is sensitive to extended, low-surface-brightness objects with a variety of shapes. In addition, no
prior knowledge about flat background components is necessary.

1.7.3 Wavelet decomposition
The wavelet decomposition method uses the wavelet transform to reveal structures of particular
angular size within an image. In a simple wavelet analysis, the image is convolved with a family
of kernels of different sizes. Significant local maxima in the convolved image represent detected
sources. Similar to the sliding cell algorithm, this approach works well if the sources are isolated.
If there are two (or more) sources located close-by this simple analysis might fail, especially if
one of the sources is significantly brighter than the other. This is demonstrated in Fig. 1.10.
The wavelet decomposition method minimizes this effect by detecting the point sources first,
subtracting them from the image and then detecting extended sources in the residual image.
More details about this method can be found in Chapters 2.2.1 and 3.2.1 of this thesis.
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Figure 1.10: A comparison between a simple wavelet analysis (upper right panel) and a wavelet
decomposition method (lower left panel) in the case of a bright point source in the vicinity of
an extended source (upper left panel). The brightness profiles are extracted within the dashed
strip. The point source dominates on all wavelet planes (solid lines) when using a simple wavelet
convolution and the two objects will be detected as a single extended source, which might result
in a false cluster detection. The wavelet decomposition method separates the point-source emis-
sion on small scales from the emission of the extended source on larger scales. Summing up the
three smallest and largest scales individually allows for a decomposition of the image into the
two components (lower right panel). Figure taken from Vikhlinin et al. (1998).
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Chapter 2

Toward a characterization of X-ray galaxy
clusters for cosmology

Clusters of galaxies are formed from the collapse of initial density fluctuations in the early Uni-
verse and grow hierarchically to the densest regions of the large-scale structure. This makes
them the most massive (Mtot ∼ 1014–1015 M�) gravitationally bound structures in our universe
and their virialization timescales are less than the Hubble time. The gas between the galaxies,
the intra-cluster medium (ICM), has been heated to temperatures1 of several 107 K by gravita-
tional collapse. The primary emission mechanism of this hot, fully-ionized thermal plasma is
thermal bremsstrahlung and line emission of heavy elements, such as iron. The majority (ap-
proximately 85 %) of the baryonic component is in the form of the hot ICM. Therefore, the
most massive visible component can be traced by X-ray emission, which makes X-ray astron-
omy a great and important tool to study galaxy clusters. However, flux-limited galaxy cluster
samples compiled from X-ray surveys suffer from selection effects like Malmquist bias, that is
the preferential detection of intrinsically brighter sources (a more detailed discussion of different
selection effect biases is compiled in e.g., Hudson et al. 2010; Giodini et al. 2013). Another form
of selection effect arises from the different core-types of galaxy clusters. In the central regions of
galaxy clusters, gas is able to cool more efficiently compared to the outskirts. Several diagnostics
were proposed to identify and categorize galaxy clusters according to their different core-types,
for example a central temperature decrease (Sanderson et al., 2006), mass-deposition rates (Chen
et al., 2007), cuspiness (Vikhlinin et al., 2007), or surface brightness concentration (Santos et al.,
2008). Galaxy clusters exhibiting cool-cores show centrally-peaked surface brightness profiles,
whereas non-cool-core clusters have flat profiles. In surveys differently shaped profiles are de-
tected with different efficiencies. Even for the same brightness, cool-core clusters may be more
easily detected since their surface brightness profiles are more peaked. Therefore, the central
emission sticks out more above the background. The preferential detection of cool-core objects
close to the detection threshold of flux-limited samples leads to the so-called cool-core bias (e.g.,
Eckert et al., 2011; Rossetti et al., 2017). It is crucial to take such selection effects into account
in cosmological studies to obtain unbiased results. One possibility to quantify these biases is
running the source detection chain on well-defined simulations. The quantification of the com-
pleteness, that is the fraction of detected clusters as function of mass and redshift, requires an
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accurate galaxy cluster model as input for such simulations.

Outside the core regions, scaled radial profiles (e.g., temperature, pressure, or entropy pro-
files) of galaxy clusters show a so-called ”self-similar” behavior (e.g., Zhang et al., 2007; Ghi-
rardini et al., 2018a). It is believed that this is the result of a similar formation process of galaxy
clusters, namely that tiny density perturbations in the early universe are amplified by gravitational
instabilities and grow hierarchically, yielding the large-scale structure observed today. Galaxy
clusters are then believed to correspond to the densest regions of the large-scale structure. This
formation history motivated the theoretical consideration of the self-similar model (e.g., Kaiser,
1986), where all galaxy clusters share the same average density and evolve with redshift and
mass according to prescriptions given by spherical gravitational collapse. Therefore, galaxy
cluster observables such as X-ray luminosity, spectral temperature, or gas mass are correlated to
the total cluster mass. Assuming gravity is the dominant process, the self-similar model predicts
simple power-law relations between those cluster observables and the total mass, so-called scal-
ing relations (e.g., Maughan, 2007; Pratt et al., 2009; Mantz et al., 2010, 2016; Maughan et al.,
2012).

In this work, we aim toward a proper characterization of galaxy cluster shapes using dif-
ferent surface brightness parameterizations. We investigate scaling relations between surface
brightness parameters and temperature by use of the HIghest X-ray FLUx Galaxy Cluster Sam-
ple (HIFLUGCS), a statistically complete, X-ray-selected, and X-ray flux-limited sample of 64
galaxy clusters compiled from the ROSAT all-sky survey (RASS, Voges et al. 1999). In addition
we study the covariances between shape and other galaxy cluster parameters. The impact of the
different core-types on the obtained scaling relations and covariances are quantified. The goal
of this study is to improve our understanding of galaxy cluster shapes. This serves as a basis
for simulations quantifying selection effects, amongst others, for the future X-ray all-sky sur-
vey performed by the extended ROentgen Survey with an Imaging Telescope Array (eROSITA,
Merloni et al. 2012; Predehl et al. 2018). In addition, the obtained covariance matrices can be im-
plemented in current cosmological studies using the COnstrain Dark Energy with X-ray galaxy
clusters (CODEX) sample, for example.

Throughout this chapter a flat ΛCDM cosmology is assumed. The matter density, vac-
uum energy density, and Hubble constant are assumed to be Ωm = 0.3, ΩΛ = 0.7, and H0 =

70 km s−1 Mpc−1 with h70 B H0/70 km s−1 Mpc−1 = 1, respectively. The natural logarithm is
referred to as ’ln’ and ’log’ is the logarithm to base ten. All errors are 1σ unless otherwise
stated.

The majority of the work in this chapter is based on the peer reviewed publication Käfer et al.
(2019).

1X-ray gas temperatures are often expressed in kiloelectronvolt (keV). Using the Boltzmann constant kB,
1 keV/kB ≈ 1.16 · 107 K.
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2.1 Data

2.1.1 The sample
The HIghest X-ray FLUx Galaxy Cluster Sample (HIFLUGCS, Reiprich and Böhringer, 2002;
Hudson et al., 2010) comprises 64 galaxy clusters, constructed from highly complete cluster
catalogs based on the ROSAT all-sky survey (RASS). The final flux limit of fX(0.1–2.4 keV) =

20 · 10−12 erg s−1 cm−2 defines the X-ray-selected and X-ray flux-limited sample of the brightest
galaxy clusters away from the Galactic plane. Although statically complete, HIFLUGCS is not
necessarily representative or unbiased with respect to the cluster morphology (Hudson et al.,
2010; Mittal et al., 2011). Eckert et al. (2011) calculated a significant bias in the selection of
X-ray clusters of about 29% in favor of centrally peaked cool-core objects compared to non-
cool-core (NCC) clusters. We minimize these kind of selection effects by restricting our study to
objects above a temperature of 3 keV. This temperature threshold excludes the low mass galaxy
groups, which are closer to the HIFLUGCS flux threshold and therefore have a high cool-core
fraction as discussed in the introduction of Chapter 2. Originally, the cluster RX J1504.1-0248
was not included in HIFLUGCS. This object is a strong cool-core (SCC) cluster that appears
only marginally extended in the RASS, meaning that its extent is comparable to the ROSAT
survey point-spread function (PSF). To avoid biasing our results because of the small extent of
this system compared to the ROSAT PSF, this cluster is excluded in our full analysis. In total,
we consider 49 galaxy clusters above our selected temperature threshold of 3 keV.

2.1.2 Data analysis
Pointed ROSAT observations were used whenever available. The pointed data is reduced with
the ROSAT Extended Source Analysis Software package (Snowden et al., 1994) as described in
Eckert et al. (2012). Otherwise RASS data from the public archive are used. There are 4 ob-
jects without pointed observations above our representative temperature threshold of 3 keV and
excluding those from the analysis does not change our results significantly. Therefore, we do not
expect our results to be affected by the use of heterogeneous data. All images for count rate mea-
surements are restricted to the ROSAT hard energy band (channels 42–201 ≈ 0.4–2.0 keV) due to
higher background levels in the soft band. Luminosities are taken from Reiprich and Böhringer
2002, which means that they are based on ROSAT data and are not corrected for cooling flows.
The central temperature drop of the ICM in cool-core clusters biases the estimation of the cluster
virial temperature, that is the temperature of the hot gas which is in hydrostatic equilibrium with
the potential well of the cluster. This bias is a source of scatter in scaling relations related to
temperature and can be minimized by excluding the central region for the temperature fitting.
Since we are interested in how the galaxy cluster shape parameters scale with temperature, we
adapt core-excised HIFLUGCS temperatures measured by Hudson et al. 2010 using Chandra’s
Advanced CCD Imaging Spectrometer (ACIS) data. We re-scale all temperatures greater than
2 keV due to the Chandra calibration package updates according to the Mittal et al. (2011) best-fit
relation

T4.1.1 = 0.875 · T3.2.1 + 0.251, (2.1)
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which links temperature measurements (in keV) between the Calibration Database (CALDB)
3.2.1 and CALDB 4.1.1. The reader is referred to the aforementioned papers in this subsection
for a detailed description of individual data analysis steps.

2.1.3 Masses
We adapt M500 values of the ”Union catalog” (Planck Collaboration et al., 2016) calculated
by Planck Sunyaev-Zel’dovich (SZ) observations, which contains detections with a minimum
signal-to-noise of 4.5. We note that SZ mass uncertainties are small due to being purely statis-
tical and are not propagated when rescaling radii. The advantage of using masses calculated by
the use of the YSZ − M relation in this study is that they are statistically not covariant with X-ray
parameters and less affected by galaxy cluster core states (Lin et al., 2015). Above our selected
temperature threshold of 3 keV there are four galaxy clusters without counterpart in the Planck
catalog (Hydra-A, A1060, ZwCl1215, A2052). These clusters are rejected for studies that re-
quire characteristic masses or radii. Assuming spherical symmetry, the galaxy cluster masses
can be transformed into r500 values according to

r500 =

(
3M500

4π · 500ρcrit,z

)1/3

. (2.2)

2.2 Analysis

2.2.1 Surface brightness profiles
Using King’s (1962) analytical approximation of an isothermal sphere, measured X-ray surface
brightness profiles of galaxy clusters are well described2 by a β-model (Cavaliere and Fusco-
Femiano, 1976)

sX(R) =

N∑
j=1

s0, j

1 +

(
R

rc, j

)2−3β j+0.5

. (2.3)

For each component j, s0, j is the central surface brightness, which means at projected radial
distance R = 0, rc, j is the core radius of the gas distribution, and the slope β j is motivated by the
ratio of the specific energy in galaxies to the specific energy in the hot gas. For galaxy clusters
exhibiting a central excess emission due to the presence of cool cores, a double (N = 2) β-
model can improve the agreement between model and data as one component accounts for the
central excess emission while the other accounts for the overall cluster emission. However, the
two components are highly degenerate and except for very nearby galaxy clusters, the ROSAT
point-spread function is insufficient to resolve the core regions since the apparent size of the
objects is smaller. Therefore, a single (N = 1) beta model is used to describe the galaxy cluster
emission and the central excess emission is included in the background model. Simulations
(Navarro et al., 1995; Bartelmann and Steinmetz, 1996) indicate that the measured β values are
biased systematically low if the range of radii used for fitting is less than the virial radius of the
cluster. The advantage of using ROSAT PSPC data to determine the surface brightness profiles is
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in the large field-of-view and the low background, allowing to trace the galaxy cluster emission
to relatively large radii.

Wavelet decomposition

We use a wavelet decomposition technique as described in Vikhlinin et al. (1998). The technique
is implemented as wvdecomp task of the publicly available ZHTOOLS3 package. The basic idea
is to convolve the input image with a kernel which allows the isolation of structures of given
angular size. Particular angular sizes are isolated by varying the scale of the kernel. The wavelet
kernel on scale i used in wvdecomp is approximately the difference of two Gaussians, isolating
structures in the convolved image of a characteristic scale of approximately 2i−1. The input image
is convolved with a series of kernels with varying scales, starting with the smallest scale. In each
step, significantly detected features of the particular scale are subtracted from the input image
before going to the next scale. This allows, among other things, to decompose structures of
different sizes into their components, for instance in the case of point-like sources in the vicinity
of an extended object. Wavelet kernels have the advantage of a simple linear back transformation,
meaning that the original image is the sum of the different scales. We define a scale around
0.2 r500 up to which all emission from smaller scales is classified as contamination and is included
in our background modeling for the core-modeled single β-model approach. The galaxy clusters
0.2 r500 wavelet scales are around 3–5 (2–3) for pointed (survey) observations. This corresponds
to 4–16 pixel (2–4 pixel), with a pixel size of 15′′ (45′′). The detection threshold of a wavelet
kernel convolved image is the level above which all maxima are statistically significant. Vikhlinin
et al. (1998) performed Monte-Carlo simulations of flat Poisson background to define detection
thresholds such that one expects on average 1/3 false detections per scale in a 512 × 512 pixel
image. We adapt a slightly more stringent threshold of 5σ.

Likelihood function

Under the assumption that the observed counts are Poisson distributed, the maximum-likelihood
estimation statistic to estimate the surface brightness profile parameters is chosen to be the Pois-
son likelihood. The so-called Cash statistic (Cash, 1979) is derived by taking the logarithm of
the Poisson likelihood function and neglecting the constant factorial term of the observed counts

lnL ∝
∑

i

Oi ln (Mi) − Mi, (2.4)

where Mi and Oi are the model and observed counts in bin i, respectively. The model counts
of the background sources using wavelet decomposition, Bwv,i, are not Poissonian. We assume
this background component without error, meaning that just the total amount of counts show
dispersion. Thus, we can add this background component to the model counts (Greiner et al.,

2We note that the assumption of single β-models is that the hot gas and the galaxies are in hydrostatic equilibrium
and isothermal.

3Please contact A. Vikhlinin for the latest version of ZHTOOLS (avikhlinin@cfa.harvard.edu).

mailto:avikhlinin@cfa.harvard.edu


38 2. Toward a characterization of X-ray galaxy clusters for cosmology

2016). In the same way, we add an additional particle background component, Bp,i, to Eq. 2.4
for pointed observations. Then, the likelihood function becomes

lnL ∝
∑

i

Oi ln
(
Mi + Bwv,i + Bp,i

)
−

(
Mi + Bwv,i + Bp,i

)
. (2.5)

A single β- plus constant background model is used to describe the surface brightness of each
cluster (see Eq. 2.3, using N = 1 and dropping the index j)

si(Ri) = s0

1 +

(
Ri

rc

)2−3β+0.5

+ bc. (2.6)

The projected radii, Ri, are placed at the center of the bins. By use of the exposure map, we
calculate the proper area, αi, and the vignetting corrected mean exposure time, εmean,i. The model
counts in each bin are then calculated by multiplying Eq. 2.6 with the corresponding area and
exposure time

Mi = si(Ri) · αi · εmean,i. (2.7)

2.2.2 Point-spread function
The ability of an X-ray telescope to focus photons, in other words its response to a point source,
is characterized by its point-spread function. More peaked cool-core objects are affected more
by PSF effects compared to non-cool-core objects. The ROSAT PSF depends amongst others on
photon energy, off-axis angle and observation mode. A detailed description of the ROSAT PSF
functions is presented in Boese (2000). We use the Python package pyproffit4 to calculate PSF
mixing matrices based on Eqs. 7 and 30 of Boese (2000) for pointed and survey observations,
respectively. These matrices are folded in our surface-brightness-profile-fitting method to obtain
PSF unconvolved parameters.

2.2.3 Emission measure profiles
This subsection describes our approach to obtain background subtracted self-similar scaled emis-
sion measure profiles. First, the outer significance radius and background level of each galaxy
cluster are iteratively determined using the growth curve analysis method (Böhringer et al., 2000;
Reiprich and Böhringer, 2002). The outer significance radius determines the maximum radius
out to which galaxy cluster emission is detected and thus to which radius each profile is extracted.
Background-subtracted and logarithmically binned surface-brightness profiles are converted into
emission measure profiles using the normalisation of a partially absorbed Astrophysical Plasma
Emission Code (APEC) model

10−14

4π[DA(1 + z)]2

∫
nenHdV. (2.8)

The total weighted hydrogen column density (calculated with the method of Willingale et al.
(2013))5 is used to describe the absorption by the atomic and molecular Galactic column density

4https://github.com/domeckert/pyproffit
5http://www.swift.ac.uk/analysis/nhtot/index.php

https://github.com/domeckert/pyproffit
http://www.swift.ac.uk/analysis/nhtot/index.php
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of hydrogen. Metallicities are fixed to 0.35 Z� and the abundance table compiled by Anders and
Grevesse (1989) is used. The emission measure along the line-of-sight,

EM(R) =

∫
nenHdl, (2.9)

is self-similar scaled according to Arnaud et al. (2002) and

T ∝ (E(z)M500)2/3 (2.10)

by

∆3/2
z (1 + z)9/2

(
E(z)M500

2 · 1015 M�

)1/3

, (2.11)

where ∆z is calculated using the density contrast, ∆c, and matter density parameter at redshift z,
Ωz = Ωm(1 + z)3/E(z)2, according to

∆z = ∆cΩm/
(
18π2Ωz

)
. (2.12)

Under the assumption that the cluster has just virialized, Bryan and Norman (1998) derived an
analytical approximation of ∆c for a flat universe from the solution to the collapse of a spherical
top-hot perturbation

∆c = 18π2 + 82w − 39w2, (2.13)

with w = Ωz − 1.

2.2.4 Scaling relations
In this subsection we describe the basic principle of our linear regression routine to obtain scaling
relations. A set of two variates, x/y, is fitted by a power-law relation according to

log y/ny = m · log x/nx + b. (2.14)

The pivot elements, nx/y, are set to the median along a given axis, such that the results of the
slope and normalisation are approximately uncorrelated.

Likelihood function

Linear regression of the scaling relations is performed using a Markov chain Monte Carlo (MCMC)
posterior sampling technique. We adapt an N dimensional Gaussian likelihood function

L =

N∏
n=1

1
2π
√

det(Σn + Λ)
exp

(
−

1
2

r̃ T
n (Σn + Λ)−1r̃n

)
, (2.15)

extended compared to Kelly (2007) to account for intrinsic scatter correlation. The intrinsic
scatter tensor, Λ, is described in more detail in Sect. 2.2.4. The uncertainty tensors Σn account
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for measurement errors in the independent and the dependent variables and r̃n denote the residual
vectors. For illustration purposes, this is how these two objects would look like in a bivariate
example:

r̃n =

 xn − x̃n

yn − m x̃n − b

 (2.16)

Σn =

 σx,n
2 0

0 σy,n
2

 (2.17)

In this study, the correlation between different measurement errors in the uncertainty tensor is set
to zero. The ”true” coordinate x̃n is normal-scattered according to the intrinsic scatter tensor via x̂n

ŷn

 ∼ N

 x̃n

m x̃n − b

 ,Λ
 . (2.18)

We integrate out, which means that we marginalize over, x̂n and ŷn. The scatter along the inde-
pendent axis, λx, of the intrinsic scatter tensor is fixed to avoid degeneracies. This means that
for this study the intrinsic scatter in temperature is fixed to 20 %, that is λT = 0.11 (Kravtsov
et al., 2006). The correlation between the intrinsic scatter values of the two variates x and y,
λxy, is of particular interest for this study and will be described in more detail in Sect. 2.2.4.
We use the emcee algorithm and implementation (Foreman-Mackey et al., 2013) for optimiza-
tion. A chain is considered as converged when the integrated autocorrelation time is greater than
one-hundredth of the chain length.

Covariance

The linear relationship and thus the joint variability between two or more sets of random variables
can be quantified by the covariance between those variates. In the simple case of two variables x
and y, each with a sample size of N and expected values x̄ and ȳ, the covariance is given by

cov(x, y) B
1

N − 1

N∑
i=0

(xi − x̄i)(yi − ȳi). (2.19)

The degree of correlation can be calculated by normalizing the covariance to the maximum pos-
sible dispersion of the single standard deviations λx and λy, the so-called Pearson correlation
coefficient:

λxy B
cov(x, y)
λxλy

. (2.20)

The Pearson correlation coefficient can take values between −1 and +1, where 0 means no linear
correlation and +1 (−1) means total positive (negative) linear correlation. In the general case of n
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sets of variables {X1}, . . . , {Xn}, the covariances can be displayed in a matrix, where the first-order
covariance matrix is defined by

Λl,m B cov(Xl, Xm). (2.21)

In the previous example of two variables x and y, the covariance matrix reads

Λ =

cov(x, x) cov(y, x)

cov(x, y) cov(y, y)

 =

 λ2
x λxyλxλy

λxyλxλy λ2
y

 . (2.22)

The latter equality makes use of Eq. 2.19, which implies that the covariance of a variate with
itself, that is cov(x, x), reduces to the variance of x or the square of the standard deviation of
x. The off-axis elements are rewritten by solving Eq. 2.20 for the covariance and using the
symmetry λxy = λyx.

Calculating the Pearson correlation coefficient between the ranked variables is a non-parametric
measure of a monotonic relationship between the variables and is called the Spearman rank-order
correlation coefficient.

Selection effects

As already discussed in the introduction of Chapter 2, centrally peaked galaxy clusters are more
likely to enter an X-ray selected sample due to their enhanced central emission. Mittal et al.
(2011) investigated this effect by applying the HIFLUGCS flux limit to Monte Carlo simulated
samples. Assuming HIFLUGCS being complete, one can vary the input fractions of different
core-types in the simulations to match the observed ones. The intrinsic scatter increases the
normalization of the luminosity-temperature relation because up-scattered clusters have a higher
chance of lying above the flux threshold. In this study, we are not trying to determine the true
luminosity-temperature relation but are interested in the residuals of the sample with respect to
the mean to study the intrinsic scatter covariances. Therefore, we are neglecting Malmquist bias
in the parameter optimization, although it is present in HIFLUGCS. To investigate the effect of
Malmquist bias on the best-fit shape-temperature relation parameters and the intrinsic scatter cor-
relation coefficients, we artificially decrease the luminosity-temperature relation normalization
and find that the differences are insignificant.

2.2.5 Cool-core classification
Hudson et al. (2010) used HIFLUGCS to compare 16 different techniques to differentiate cool-
core and non-cool-core clusters. The central cooling time, tcool, was found to be suited best
and used to classify clusters into three categories. Clusters with central cooling times shorter
than 1 Gyr are classified as strong-cool-core (SCC) clusters. They usually show characteristic
temperature drops toward the center and low central entropies. Clusters exhibiting high central
entropies and cooling times greater than 7.7 Gyr are classified as non-cool-core (NCC) clusters.
In intermediate class with cooling times in between those of SCC and NCC clusters are classified
as weak-cool-core (WCC) clusters. We adapt the Hudson et al. (2010) classification scheme and
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Figure 2.1: Surface brightness (left panel) and self-similar scaled emission measure profiles
(right panel) for HIFLUGCS objects with temperatures greater than 3 keV. Strong-cool-core,
weak-cool-core, and non-cool-core clusters are labeled as SCC, WCC, and NCC, respectively.

categorization of HIFLUGCS clusters for this study. There are 45 galaxy clusters above our
selected temperature threshold of 3 keV with mass estimates in the Planck ”Union catalog”. The
amount of each core-type category is 15, 16, and 14 for SCC, WCC, and NCC, respectively. For
one of the SCC and three of the WCC objects, no ROSAT pointed observations are available and
RASS data is used.

2.3 Emission measure profiles

This section describes a model-independent way to test the surface brightness (SB) behavior
between different core-type populations by comparing their background subtracted self-similar
scaled emission measure (EM) profiles. We show the SB and self-similar scaled EM profiles
in Fig. 2.1. Outside the cluster core the galaxy clusters show self-similar behavior, as already
discussed in several previous studies (e.g., Vikhlinin et al. 1999). The self-similar scaled EM
profiles show a smaller intrinsic scatter compared to the surface brightness profiles in the 0.2–
0.5 r500 range. It is reduced by 28% (33%) with respect to the median (weighted mean). To
investigate possible differences between the core-type populations, the EM profiles are stacked
according to their core types by calculating the weighted mean and the median, as shown in the
top panel of Fig. 2.2. The bottom panel of Fig. 2.2 shows the ratio of the average EM profiles
sorted according to their core types. The statistical errors on the weighted means or medians
are very small. The error bars indicated on the plot correspond to uncertainties calculated by
bootstrapping the data, that is by shuffling the profiles with repetition, repeating the operation
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10 000 times and computing the median and percentiles of the output distribution. The bootstrap
errors thus include information on the sample variance and non-Gaussianity of the underlying
distribution.

The weighted mean profiles reveal in a model-independent way the existence of subtle dif-
ferences between the galaxy cluster populations. The amplitude of this effect between SCC and
NCC clusters in the 0.2–0.5 r500 radial range is up to 30% and confirms the finding of Eckert et al.
(2012). Compared to the heterogeneous sample of Eckert et al. (2012) HIFLUGCS is statisti-
cally complete, which confirms the result in a more robust way. If true, this finding implies that
the outskirts are affected by the core-type and a detection algorithm tailored to the galaxy clus-
ter outskirts will be more sensitive to the more abundant NCC objects, which needs to be taken
into account in selection functions. In addition one could determine the statistical likelihood for
the core-state of a particular galaxy cluster. However, the asymmetric bootstrap errors indicate
an underlying non-Gaussian distribution or that the sample is affected by outliers. The median
profiles, which are more robust against outliers, do not reveal the same trend of the emission
measure ratios. As a test, we exclude the strong cool-core profile that deviates most with respect
to the median within 0.2–0.5 r500 (Abell 3526). This cluster also shows the smallest statistical er-
rors in this radial range. The weighted mean ratios resembles well the trend of the median when
excluding this single cluster from the analysis. This reveals that the weighted mean is driven
by an outlier with small statistical errors. Therefore, we conclude that there is no indication of
a systematic core-type differences in the galaxy clusters 0.2–0.5 r500 radial range. Nevertheless,
this comparison is useful because outliers like Abell 3526 will affect the selection function. The
investigation of a possible redshift evolution of this analysis is left to a future study. Beyond
0.5 r500 the difference between SCC and NCC clusters become larger. Eckert et al. (2012) dis-
cussed gas redistribution between the core region and the outskirts as possible explanation. In
this scenario, the injected energy due to a merging event flattens the density profile of interact-
ing objects. Assuming that NCC clusters are more likely to have experienced a recent merging
event, their self-similar scaled EM profiles would be different compared to CC objects. Another
explanation could be the current accretion of large-scale blobs. Clusters with higher mass ac-
cretion rates show a larger fraction of non-thermal pressure in simulations (Nelson et al., 2014).
Again assuming that NCC objects are merging clusters, the discrepancies can be explained by
the different non-thermal energy content. However, this scenario seems unlikely since we expect
to detect such structures in our wavelet images. An additional explanation can be that the dark
matter halos of NCC and CC objects have different shapes and thus a different concentration at a
given radius.

2.4 Large-scale center and ellipticity
The wavelet decomposition allows us to study galaxy cluster parameters on large scales. The
one scale around 0.2 r500 is used to determine the center and ellipticities using the SExtractor
program (Bertin and Arnouts, 1996). This minimizes the impact of the different core states on
these parameters. The chosen scale contains most of the cluster counts outside the core region
and is therefore a good tracer for large-scale properties. Including scales up to around 0.5 r500
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Figure 2.2: Top panels: Weighted mean (left panel) and median (right panel) self-similar scaled
emission measure profiles for the individual core types of HIFLUGCS objects with temperatures
greater than 3 keV. Bottom panels: Ratio of the self-similar scaled emission measure profiles
between the different core type populations. Shown error bars were estimated with 10 000 boot-
strapping iterations. The shaded regions represent the intrinsic scatter values of each bin.
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(an additional 1–3 scales) shows that the median and mean difference in ellipticity is just about
10%. The ellipticity, e, of an ellipse with major-axis, e1, and minor-axis, e2, is defined as

e = 1 − e2/e1 (2.23)

and is shown as function of the cooling time in Fig. 2.3. The two parameters do not show
a significant correlation (Spearman rank-order correlation coefficient of 0.17). The medians
and sample standard deviations in the three bins are (0.24, 0.28, 0.25) and (0.08, 0.12, 0.14),
respectively. There are no highly elliptical clusters with short cooling times. Therefore, selecting
clusters above an ellipticity of approximately 0.3 creates a sample without SCC objects. The
universality of this result needs to be confirmed with galaxy cluster samples of larger sizes.

We perform a similar stacking analysis as in Sect. 2.3, where the sample is divided into 3 sub-
classes according to ellipticity, rather than core-state. The weighted mean and median profiles
are shown in Fig. 2.4. The median profiles do not show a difference between the sub-classes
except in the core region and the very outskirts.

We quantify the covariance between ellipticity and core radius in kpc. For a core-modeled
single β-model and fixed β-parameter, the Spearman rank-order correlation coefficient is 0.20,
which is no strong indication for a correlation. Allowing the β-parameter to vary introduces a
small positive correlation coefficient of 0.33. We see a similar behavior for best-fit core radii
using a single β-model.

Clusters with large cooling times show a large range of 2D ellipticities. Assuming that they
originate from the same population in 3D, the large scatter of ellipticity might be explained
by projection effects, meaning that triaxial halos with random orientations will yield a wide
range of observed 2D ellipticities. The verification of this effect using simulations is left to a
future study. Considering ellipticity adds supplementary information since it is not significantly
correlated with the core radius. The ellipticity in the galaxy cluster outskirts traces the amount
of baryon dissipation (Lau et al., 2012). Thus, ellipticity is linked and may help to constrain
cosmological parameters like the amplitude of the matter power spectrum, σ8. Halos form later
for lower σ8 values and are therefore on average more elliptical (Allgood et al., 2006; Macciò
et al., 2008). In addition, measuring ellipticity on several scales allows to indirectly study large-
scale gas rotation in galaxy clusters (Bianconi et al., 2013). This allows us to test if the ICM is in
hydrostatic equilibrium, an often made assumption in X-ray mass measurements. This makes the
ellipticity an interesting survey measure for the future eROSITA X-ray all-sky survey, where we
expect a range of ellipticities. The ratio of the weighted mean profiles between objects with low
and high ellipticity shows a slight offset. Since this offset is not visible in the median profile, it
cannot solely be explained by the larger non-Gaussianity per bin of elliptical surface brightness
distributions extracted in circular annuli.

Hashimoto et al. (2007) studied the relationships between the X-ray morphology and several
other cluster properties using a heterogeneous sample of 101 clusters taken from the Chandra
archive, out of which 18 objects are represented in HIFLUGCS. The ellipticity measurements
are in agreement with our study within a factor of approximately two, except for A0399. For
this cluster, the ellipticity calculated by Hashimoto et al. (2007) is a factor of 5.6 larger (0.284
compared to 0.051). We note that the semi-major and semi-minor axis are calculated in the
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Figure 2.4: Same as Fig. 2.2, except that the classification is done according to ellipticity.

same way, that is by the 2nd-order moments but we subtracted the central excess emission of the
cluster before. Including the central excess emission brings our results in better agreement with
Hashimoto et al. (2007), especially in the case of A0399. For a single β-model description of the
surface brightness profile, they find a slightly larger Spearman rank-order correlation coefficient
of 0.37, compared to 0.26, between ellipticity and core radius in kpc.

2.5 Analysis of the residuals

In this section we quantify how well the different model parameterizations represent the under-
lying HIFLUGCS surface brightness profiles. All profiles are fitted over the full extracted radial
range (see Fig. A.2) using an MCMC posterior sampling technique, taking uncertainties in the
measured surface brightness into account. In case of the core-modeled single β-model all con-
taminating sources, including the excess emission in the cluster core, are modeled according to
Eq. 2.5. For the single β-model fitting procedure we perform a classical approach of masking
contaminating sources that are detected on the wavelet images. This includes point-like sources
or extended emission like substructure but not emission from the cluster core. Thus the likelihood
functions for the two cases are different because for a single β-model, Bwv,i in Eq. 2.5 is equal
to zero for all i. The choice of priors is discussed in Appendix A.2. The background is modeled
with an additive constant. We note that not subtracting the background before fitting introduces
a positive degeneracy between the best-fit slope of the β-model and the background level. In this
framework, residuals are defined as (data-model)/model, meaning that positive (negative) resid-
uals indicate that the model under- (over-) predicts the observed surface brightnesses. We focus
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particularly on the 0.2–0.5 r500 radial range because most of the galaxy cluster counts outside the
non-scalable core regions are expected there.

2.5.1 Discussion: Single β-models
A single β-model is a widely used description to fit surface brightness profiles, especially in
the low statistics regime. Therefore, it is also commonly used to detect extended sources in X-
ray surveys. In Fig. 2.5 (top left panel), we show the fractional median of the residuals from
a single β-model in the 0.2–0.5 r500 radial range as function of core radius. There is a clear
trend of positive residuals toward smaller core radii. This means that the flux in the outskirts
is systematically under-predicted, especially for SCC objects (see Sect. 2.5.3). In addition,
the core radii of objects that exhibit cool-cores are systematically biased low since a single β-
model lacks degrees of freedom to model the central excess emission. Due to higher photon
statistics in the core region, a single β-model fit tends to be driven by the inner radial bins. As an
additional test we reduce the weight of the core region in the fitting procedure by assuming that
the variance in the Gaussian likelihood function is underestimated by a given fractional amount
f = 0.1. The qualitative behavior of the residuals remains the same. In cases where the cluster
outskirts are poorly fitted, the background level is not determined properly as well because its
level compensates for the poor fit in the outskirts. This influences the β value determination
as already discussed. The median of the β parameters is 0.59 and thus smaller than the often
assumed generic value of 2/3. The best-fit values of the surface brightness parameters are in
good agreement with Reiprich and Böhringer (2002).

The single β-model residuals for individual clusters have a wavy form. We investigate differ-
ent functional forms to describe the common deviations from a single β-model, but no significant
common form of the residuals could be found. The scatter around zero and bias in the 0.2–0.5 r500

radial bin are 0.092 and 0.032 ± 0.003, respectively. The non-zero bias reflects the same finding
as discussed above.

The residuals in the 0.2–0.5 r500 radial range from a single β-model with fixed β parameter
(β = 2/3) is shown in the bottom left panel of Fig. 2.5. The amplitude of the residuals for SCC
objects increases up to over 40%. Fixing the β parameter increases the scatter and bias to 0.161
and 0.066 ± 0.003, respectively.

2.5.2 Discussion: Core-modeled single β-models
The negative effects of a single β-model as described in Sect. 2.5.1 are reduced when modeling
the excess core emission by adding the counts on the small scales of the wavelet decomposition
to the model counts in the Poisson likelihood function (see Sect. 2.2.1). The residuals in the
0.2–0.5 r500 radial range are shown in Fig. 2.5 (top right panel). The measured residuals scatter
around zero and there is no bias between individual core types visible. The scatter around zero
in the 0.2–0.5 r500 radial bin is slightly reduced compared to the single β-model (0.074). Most
importantly, the bias gets more consistent with zero (−0.004 ± 0.003). In case of a fixed β pa-
rameter (bottom right panel of Fig. 2.5), the bias of a core-modeled single β-model is consistent
with zero (−0.001 ± 0.003) and the scatter is slightly increased (0.087). The median of the β
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parameters is larger compared to the single β-model case and with 0.696 close to the generic
value of 2/3.

To verify our core-modeling method and to confirm its results we excise the core region
(< 0.2 r500) in the single β-model fitting procedure. This is an independent way to avoid the single
β-model fit to be driven by the non-scalable core emission and to reduce residuals between model
and data in the cluster outskirts. In more than 90% of the cases, we find that this approach delivers
comparable best-fit parameters for β and core-radii as when modeling the core emission. Due to
excluding data, the constraining power is reduced and the degeneracy of the shape parameters
with the β-model normalization is larger. In several cases, this results in a larger mismatch of the
β-model fluxes compared to the real flux of the objects.

2.5.3 Flux comparison
This section compares the overall model flux, as well as the model flux in the cluster outskirts for
the single β-model and core-modeled single β-model to the measured flux in the corresponding
radial range. For each model, we calculate the cluster count rate by integrating a single β-
model with the corresponding best-fit parameters in a given radial range, that is 0−rx (the outer
significance radius) for the overall model flux and 0.2–0.5 r500 for the flux in the outskirts. We are
interested in flux ratios, in which the count rate to flux conversion factors of individual clusters
cancel each other out. We calculate the total flux of the single β-model including the central
excess emission and subtract the wavelet-detected central excess emission in the core-modeled
case. The median of the measured fluxes in the outskirts and the overall fluxes of the NCC and
WCC objects agree very well with each other. The measured overall single β-model fluxes of
the SCC objects are on average approximately 23% larger compared to the measured overall
core-modeled fluxes and the flux ratio has an intrinsic scatter of approximately 14% around the
median. The median accuracy between model and measured total flux is within approximately
4% (2%) for the (core-modeled) single β-model, regardless of the core-type or if the β value is
free to vary or fixed to 2/3. The flux in the outskirts of the core-modeled single β-model has
the same median accuracy of 2%. For the single β-model, the accuracy stays at the 4% level
for WCC and NCC objects. For SCC objects, for the single beta-model case, the flux in the
outskirts is biased low by 6% and increases to 10% when β is fixed to 2/3; meaning that the bias
is 3–5 times larger than for the core-modeled case. In all cases, the intrinsic scatter values of the
ratios are below 6%. The Spearman rank-order correlation coefficients do not reveal a significant
correlation between the flux underestimation and the cluster temperature.

2.6 Scaling relations
This section describes how the shape parameters scale with temperature and how they correlate
with luminosity. In Fig. 2.6, we show the core radius as a function of temperature, where the β
parameter is fixed to 2/3 to avoid degeneracies between the surface brightness parameters. We
note that the overall picture does not change when fixing β to the median of the full population or
the medians of the individual core-type populations. To account for a possible temperature de-
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Figure 2.5: Median of the fractional residuals from a single β-model (left panels) and a core-
modeled single β-model (right panels) in 0.2–0.5 r500 radial bins for individual HIFLUGCS ob-
jects above a temperature of 3 keV as function of core radius. For the bottom panels the β
parameter is fixed to 2/3 in the surface brightness parameter optimization.
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Figure 2.6: Core radius as a function of temperature for a single β-model (left panel) and core-
modeled (right panel) single β-model. The dashed lines and shaded regions represent the medians
and their intrinsic scatter of the individual core populations.

pendence, the core radii are divided by the square-root of the corresponding cluster temperatures
(see below for more details). The figure emphasizes the systematic differences between the in-
dividual core types in the modeling with a single β-model. The discrepancies get less prominent
when modeling the core region using the wavelet decomposition. In addition, the intrinsic scatter
is reduced by 8%, 11%, and 35% for NCC, WCC, and SCC objects, respectively. In both mod-
eling cases, the Spearman rank-order correlation coefficients indicate a stronger negative (−0.7),
a mild positive (0.3) and no significant (0) correlation for the NCC, WCC, and SCC populations,
respectively.

We determine scaling relations as outlined in Sect. 2.2.4. The best-fit relations between shape
parameters and temperature (Fig. 2.7), as well as luminosity and temperature are determined
simultaneously. This allows studying the covariances between shape and luminosity from the
joint fit. The best-fit values are shown in Tables 2.1 and 2.2. In Fig. 2.8, we show the correlation
between the shape parameters and luminosity. The Spearman rank-order correlation coefficients
between luminosity and β, as well as luminosity and core radius are 0.37 and 0.12 (0.32 and
0.22) for the (core-modeled) single β-model, respectively. When the β value is fixed to 2/3, the
luminosity-core radius correlation coefficients become mildly negative with -0.23 (-0.22).

The best-fit parameters of the single β-model and core-modeled single β-model scaling rela-
tions agree approximately on the 1σ level, except that in the latter case the intrinsic scatter value
of the core radius is reduced by almost a factor of two. In both modeling approaches the shape
parameters show a positive correlation with temperature. The shape parameters of galaxy clus-
ters are often fixed to generic values (e.g., β = 2/3) or scaling relations (e.g., rc ∝ r500, Pacaud
et al. (2018)). The assumption that the core-radius is proportional to r500, together with Eq. 2.10
results in a self-similar scaling of rc ∝ T 1/2. We find a core-radius-temperature relation with
a marginally steeper slope of 1.04 ± 0.37 (0.75 ± 0.20) for the (core-modeled) single β-model
compared to this expectation. Fixing the value of β to 2/3 results in 0.77 ± 0.14 (0.50 ± 0.16),
consistent with the self-similar value when modeling the excess core emission. We study the
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Table 2.1: Parameters from single β-model and core-modelled single β-model fits to the y-
temperature scaling relations. Listed are the slopes, m, normalizations, b, and intrinsic scatter
values, λy.

Single β-model

β = 2/3

yyy mmm bbb λyλyλy mmm bbb λyλyλy

β 0.19+0.06
−0.06 −0.82+0.09

−0.09 0.13+0.02
−0.01 - - -

rc 1.04+0.37
−0.37 2.94+0.61

−0.60 0.88+0.10
−0.09 0.77+0.14

−0.14 3.73+0.25
−0.25 0.62+0.06

−0.05

E(z)−1L0.1−2.4 keV 1.90+0.23
−0.23 99.16+0.37

−0.38 0.49+0.07
−0.06 2.26+0.14

−0.14 98.58+0.24
−0.24 0.52+0.06

−0.05

Core-modelled single β-model

β = 2/3

yyy mmm bbb λyλyλy mmm bbb λyλyλy

β 0.16+0.07
−0.07 −0.63+0.11

−0.11 0.16+0.02
−0.02 - - -

rc 0.75+0.22
−0.22 4.10+0.36

−0.36 0.52+0.06
−0.05 0.50+0.16

−0.16 4.48+0.26
−0.26 0.40+0.05

−0.04

E(z)−1L0.1−2.4 keV 1.86+0.22
−0.23 99.22+0.37

−0.38 0.50+0.07
−0.06 1.90+0.22

−0.23 99.17+0.37
−0.37 0.49+0.07

−0.06

Table 2.2: Correlation coefficients between different galaxy cluster parameters from single β-
model and core-modelled single β-model fits. Listed are the correlation coefficient values, λxy,
between the parameters x and y.

Single β-model Core-modelled single β-model

β = 2/3 β = 2/3

xxx yyy λxyλxyλxy λxyλxyλxy

β rc 0.60+0.09
−0.11 - 0.67+0.08

−0.10 -

β E(z)−1L0.1−2.4 keV −0.02+0.17
−0.17 - 0.02+0.16

−0.16 -

rc E(z)−1L0.1−2.4 keV −0.43+0.16
−0.13 −0.43+0.15

−0.13 −0.32+0.16
−0.15 −0.50+0.15

−0.13
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Figure 2.7: Scaling relations between single β-model (left panels) and core-modeled single β-
model (right panels) parameters and temperature. The HIFLUGCS clusters with temperatures
greater than 3 keV (black points) are used for optimization. Red points mark HIFLUGCS objects
below this temperature threshold for visualization. The orange lines and shaded regions show
the best-fit relations and their uncertainties, respectively. The blue dashed lines correspond to the
intrinsic log-normal scatter.
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Figure 2.8: Single β-model (left panels) and core-modeled single β-model (right panels) param-
eters as a function of luminosity. The HIFLUGCS clusters with temperatures greater than and
below 3 keV are marked as black and red points, respectively.
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correlation coefficients (Table 2.2) between the different galaxy cluster parameters by simultane-
ously fitting for the scaling relations and the intrinsic scatter tensor. We expect some degeneracy
between the single β-model parameters in the fitting, amongst others that a larger core-radius
is compensated by a steeper slope. This is reflected in the strong positive correlation between
core-radius and β. We do not find a significant correlation between β and luminosity. There is
a strong negative correlation between core radius and luminosity, meaning that at a given tem-
perature, more luminous objects tend to be more compact. For all modeling cases, the best-fit
correlation coefficients are consistent on a 1σ level. This implies, that the measured correlation
between core radius and luminosity is not significantly affected by modeling the central excess
emission. Neither this covariance nor the shape-temperature relations are taken into account in
existing simulations for eROSITA but may play a crucial role in understanding selection effects
related to the detection of clusters in X-ray surveys, which is a key ingredient for using X-ray
galaxy clusters as a precision cosmological probe. The findings presented here can be used to
perform more realistic simulations and a comparison between different sets of simulations allows
to study the impact of these covariances on obtained cosmological parameters.

2.7 Summary
X-ray morphologies of galaxy clusters play a crucial role in the determination of the survey selec-
tion function. We compare self-similar scaled emission measure profiles of a well defined galaxy
cluster sample (HIFLUGCS) above a representative temperature threshold of 3 keV. One outlier
(Abell 3526) with small statistical errors drives the weighted mean profiles of sub-populations
according to different core properties toward a different behavior of strong cool-core and non-
cool-core objects in the 0.2–0.5 r500 radial range. Excluding this object from the analysis or cal-
culating the median profiles reveals no systematic difference in the aforementioned radial range.
We conclude that there is no indication for a correlation between the behavior in the 0.2–0.5 r500

radial range and the core state, although the overall shapes of the SCC and NCC populations are
different. The median SCC profile shows a larger normalization toward the center and is steeper
compared to the median NCC profile. This leads to a turnover of the profile ratio at approxi-
mately 0.3 r500. The difference in the center can be explained by the core state but the difference
in the outskirts is still under debate. As discussed in Sect. 2.3 possible explanations are gas re-
distribution between the core region and the outskirts, the current accretion of large-scale blobs,
or different shapes of the dark matter halos leading to different concentrations at a given radius.
Characterizing galaxy cluster surface brightness profiles with single β-models is still state-of-the-
art in the determination of selection functions. We investigate the residuals of a single β-model
fit to the overall cluster profile, revealing that this description tends to underestimate the flux in
the galaxy cluster outskirts for less extended clusters. Fixing the β parameter to 2/3 increases
this effect dramatically, that is up to over 40%. In both cases, the core-radius measurement for
SCC objects are biased low. In addition, the intrinsic scatter values with respect to the medians of
the self-similar scaled extent parameters show a more than 1σ tension between strong and non-
cool-core objects. These three effects can be minimized by adapting a wavelet decomposition
based surface brightness modeling that is sensitive to the galaxy cluster outskirts and models the
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excess emission in the core region. Then, the fit is not driven by the local processes in the core.
Compared to a single β-model approach the residuals in the 0.2–0.5 r500 radial range are much
smaller and the core radii depend much more mildly on the core state. Our method to model
the excess core emission has very interesting applications for future galaxy cluster surveys, for
example with eROSITA. The performance study for high redshift objects with small angular ex-
tent and establishing the most robust method for clusters where r500 is unknown is left to a future
work. Using wavelet decomposition allows to determine large-scale ellipticities of the clusters.
The ellipticity is an interesting new survey measure for eROSITA since its determination does
not require many photon counts and it adds additional information to the β-model shape parame-
ters and core-excised luminosities. A detailed study of measuring galaxy cluster ellipticities with
eROSITA and its implications is left to a future work.

We study how shape parameters and luminosity scale with temperature. There is no signifi-
cant difference of the best-fit values between a single β-model and core-modeled single β-model,
except that the intrinsic scatter of the core radius is almost twice as large for the single β-model
case. The slope of the core radius-temperature relation is steeper than the self-similar prediction
of 1/2 but gets in agreement when fixing the β parameter to 2/3 in the surface brightness profile
modeling. More interestingly, the shape parameters are covarient with luminosity, meaning that
at a given temperature, more compact objects are more luminous. These covariances are usually
neglected in simulations to determine the survey selection function (Pacaud et al., 2007; Clerc
et al., 2018). In addition, these previous studies assumed a fixed β value, while we find that β
is a function of temperature. Taking shape-temperature scaling relations and shape-luminosity
covariances into account will lead to a more realistic set of simulated galaxy clusters and will
provide a better understanding of the survey completeness.



Chapter 3

Toward the low-scatter selection of X-ray
clusters: Galaxy cluster detection with
eROSITA through cluster outskirts

The expansion and structure formation history of the Universe is imprinted on the spatial distri-
bution and number density of its largest collapsed entities, galaxy clusters. This makes galaxy
clusters powerful probes for constraining cosmological parameters such as the dark energy equa-
tion of state (e.g., Vikhlinin et al. 2009b; Allen et al. 2011 for a review). Among others, X-ray
observations of galaxy clusters are of particular interest because they trace the bulk of the bary-
onic component, the hot intracluster medium (ICM). With the launch of the extended ROentgen
Survey with an Imaging Telescope Array (eROSITA, Merloni et al. 2012; Predehl et al. 2018)
in July 2019, X-ray astronomy ushers in a new era. As the primary instrument of the Russian-
German Spektrum-Roentgen-Gamma (SRG) mission, eROSITA will perform eight all-sky sur-
veys within four years. The unprecedented survey speed and capability over a wide range of
energies mean that the final all-sky survey will be approximately 20–30 times deeper than that of
its predecessor (the ROSAT all-sky survey, Voges et al. 1999) in the 0.5–2 keV energy range and
will provide the first ever imaging all-sky survey in the 2–10 keV energy band. With the expected
detection of 105 galaxy clusters (Pillepich et al., 2012), eROSITA will place tight constraints on
the dark energy equation of state, among others.

Understanding selection effects is an essential but complicated requirement for precision cos-
mology. Determining the selection function is especially complex for extended X-ray sources
because the detection probability and proper classification depend on their morphology, for ex-
ample (Eckert et al., 2011; Rossetti et al., 2016, 2017; Andrade-Santos et al., 2017; Lovisari
et al., 2017). The cluster outskirts (0.2–0.8 r500) are found to evolve with redshift in a self-similar
fashion (McDonald et al., 2017; Käfer et al., 2019) and exhibit low scatter (Ghirardini et al.,
2018b; Käfer et al., 2019). Therefore, cluster samples that are selected based on the properties
of cluster outskirts will closely trace the selection by cluster mass and reduce the systematics of
cluster use in cosmological studies. Another important aspect of detailed image decomposition
consists of the removal of point sources. In the extragalactic sky, the X-ray point-source popula-
tion is dominated by active galactic nuclei (AGN). Active galactic nuclei cause false detections
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through the noise in the realization of their photon distribution. In addition, they contribute to the
total flux of the cluster because the AGN halo occupation distribution extends to high masses,
especially at high redshifts (Allevato et al., 2012; Oh et al., 2014). The importance of AGN in
contaminating cluster fluxes of eROSITA observations has been highlighted by Biffi et al. (2018).

Spatial filtering of X-ray images to describe the emission that is produced on different spatial
scales has been introduced by Starck and Bijaoui (1991) and was successfully applied for source
detection in cluster cosmology (Vikhlinin et al., 1998; Pacaud et al., 2006). Finoguenov et al.
(2009, 2010b, 2015), Erfanianfar et al. (2013), Mirkazemi et al. (2015), and Gozaliasl et al.
(2019) applied the method to detect groups and clusters of galaxies using only the large scales
of the X-ray emission. In this study, we present the adaptation of the wavelet decomposition
method for eROSITA.

The chapter contains the characterization of the eROSITA point-spread function, simulations
of eROSITA observations of the extragalactic fields, calibration of the point-source model, de-
scription of the cluster detection pipeline, and its characterization using synthetic simulations.

Throughout this chapter we assume a WMAP9 cosmology with a matter density, vacuum
energy density, and Hubble constant of Ωm = 0.282, ΩΛ = 0.719, and H0 = 69.7 km s−1 Mpc−1,
respectively (Hinshaw et al., 2013). The dimensionless Hubble function is defined as E(z) =√

Ωm(1 + z)3 + (1 −Ωm −ΩΛ)(1 + z)2 + ΩΛ. Quoted errors are 1σ unless otherwise stated.
The majority of the work in this chapter is based on the peer reviewed publication Käfer et al.

(2020).

3.1 eROSITA and the eROSITA simulator
eROSITA is a new X-ray telescope that was launched in July 2019 on board the SRG. The full
description of the telescope can be found in Predehl et al. (2018).

3.1.1 Point-spread function
The point-spread function (PSF) of an X-ray telescope describes its ability to focus photons. The
image produced by a point source is blurred, mostly as a result of misalignments and micro-
roughnesses or is caused by the support structures of the instrument’s grazing incidence mirrors.
The shape and size of the PSF depends among others on the photon energy and its distance
from the optical axis. The current eROSITA PSF model is based on measurements made at the
PANTER X-ray test facility, where the PSF is sampled on an 11 × 11 grid, plus an additional
central 6 × 6 grid to increase the small off-axis angle density. Each grid is spaced by 6′, and the
two grids are displaced by 3′ with respect to one another. The energy dependence is sampled
using X-ray emission lines at photon energies of 0.3, 0.9, 1.5, 3.0, 4.5, 6.4, and 8.0 keV. The
PSF image at each position and energy is described by shapelets (Refregier, 2003), that is, by
a linear image decomposition into a series of differently shaped basis functions of characteristic
scales. The shapelet description is a convenient way to compress the PSF information over a
few coefficients. Two different scale parameters with individual shapelet coefficients are used in
order to reproduce the complex behavior of the PSF core on small scales and the PSF wings on
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large scales. Each of the seven eROSITA mirror modules are made out of 54 nested Wolter-I
type (Wolter, 1952) shells and have their individual PSF measurements. However, in the current
implementation of the X-ray telescope simulator (Sect. 3.1.4), the PSFs of all seven modules are
assumed to be the same, using only the shapelet reconstruction of flight module number 2. We
note that the eROSITA PSF will be different in orbit, for example, due to shaking of the telescope
during launch or temperature and gravitational effects. During the performance-verification and
all-sky survey phases, the eROSITA PSF will be determined and calibrated against ground-based
measurements.

3.1.2 Point sources and background components
We followed the recipe of Clerc et al. (2018) and used SIXTE1 (Dauser et al., 2019, see Sect.
3.1.4) to simulate eROSITA fields containing AGN and unresolved X-ray background. Indi-
vidual AGNs were drawn from a luminosity function down to a field exposure time-dependent
flux threshold and uniformly distributed in a field. Thus spatial clustering of AGNs and spatial
correlations between AGNs and galaxy clusters are not considered; this is the topic of a future
study. The AGN spectra of the low-luminosity tail of the distribution were stacked and redis-
tributed uniformly to construct an unresolved X-ray background component. Emission of the hot
plasma in the halo and disk of our Galaxy was simulated using a double MEKAL model (Mewe
et al., 1985, 1986; Liedahl et al., 1995) with temperatures of 0.081 keV and 0.204 keV (Lumb
et al., 2002). In addition, a non-vignetted eROSITA instrument particle background component
according to the expected radiation level at the Lagrange point L2 was simulated (Tenzer et al.,
2010).

3.1.3 Extended objects
We here focus on the detection of extended sources. To compare our results to previous studies,
we characterize the spatial flux distributions by spherically symmetric β-models (Cavaliere and
Fusco-Femiano, 1978) with β = 2/3 on a discrete grid of core radii. The cluster emission was
characterized by a partially absorbed Astrophysical Plasma Emission Code (APEC, Brickhouse
et al., 2000) model with a fixed abundance of 0.3 Z� (Anders and Grevesse, 1989) and a survey-
field-dependent Galactic column density of hydrogen. The Galactic absorption was described
by a phabs model (Balucinska-Church and McCammon, 1992) and was fixed to 3 · 1020 cm−2,
8.8 · 1020 cm−2, and 6.3 · 1020 cm−2 for the equatorial, intermediate, and deep field, respectively
(see Sect. 3.1.5). Cluster temperatures, redshifts, and fluxes were sampled on a grid and ranged
between 1–5 keV, 0.05–1.2, and 2 · 10−15–5 · 10−15 erg s−1 cm−2, respectively.

3.1.4 X-ray telescope simulator
The simulations of the extragalactic eROSITA sky were performed using the Monte Carlo based
SIXTE simulator (Dauser et al., 2019). A sample of photons was produced based on the effective

1http://www.sternwarte.uni-erlangen.de/research/sixte/

http://www.sternwarte.uni-erlangen.de/research/sixte/
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area of the instrument and input source characteristics, for example, a source spectrum, or if
necessary, a model of the extent. These photons were virtually propagated through the instrument
simulator. Based on the telescope specifications, a list of impact times, positions, and energies
of the photons was produced. The final output event list was then created by simulating the
read-out characteristics. The simulator already provides an implementation of the eROSITA
characteristics described by the PSF, vignetting, response matrix files, and ancillary response
files.

3.1.5 eROSITA mission planning and survey fields

We assumed a simple survey strategy for the four-year all-sky survey, where the scanning axis
is pointed toward the Sun and eROSITA scans one great circle every four hours (Merloni et al.,
2012). One full coverage of the sky is achieved every half year. We note that the final survey
strategy will be more complicated due to additional constraints. Since the attitude file we used
was created, the movable antenna was replaced by a fixed antenna, thus the spacecraft needs to
perform compensating motions to maintain the angular constraints with respect to the Earth and
the Sun. In addition, the antenna opening angle and the spacecraft-Sun-vector constraints were
changed. This leads to a more inhomogeneous exposure in ecliptic longitude, among others.

We studied three 3.6◦ × 3.6◦ sky tiles with approximately 2 ks, 4 ks, and 10 ks exposure. We
refer to these fields as equatorial, intermediate, and deep, respectively. Taking vignetting into
account, the median net exposures of the fields were roughly halved, that is, approximately 1 ks,
2.5 ks, and 6 ks, respectively. The equatorial field shows a uniform exposure, but the deep field
has a large exposure gradient (Clerc et al., 2018).

3.2 Source detection and characterization
The standard technique when source catalogs are created is to split source detection and charac-
terization because different optimized software packages perform better on the individual tasks.
After the initial detection, a maximum likelihood (ML) source characterization is used to separate
extended and point-like sources, based on the value and the significance of the extent (Vikhlinin
et al., 1998; Burenin et al., 2007; Pacaud et al., 2016; Clerc et al., 2018). The approach of split-
ting detection and characterization is also implemented in the standard eROSITA data-processing
pipeline based on the eROSITA Science Analysis Software System (eSASS)2. The forward-
fitting routine employed by the ML fitting ensures the best sensitivity toward detecting an object
with the assumed characteristics. However, the assumed symmetric β = 2/3 model is too sim-
plistic for many extended sources. The goal of our investigation is to provide a framework that
selects extended sources based on their extended emission rather than relying on a blind fitting
method. Our galaxy cluster detection scheme is physically motivated and sensitive to the outer
self-similar cluster regions. This ensures cluster selection from the point of view of best cluster
characterization because the outer cluster regions show less scatter at a given cluster mass.

2https://erosita.mpe.mpg.de/eROdoc/

https://erosita.mpe.mpg.de/eROdoc/
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3.2.1 Wavelet decomposition method
The general idea of wavelet decomposition is the isolation of differently sized structures by
convolving the input image with kernels of variable scales. Starting with the smallest scale,
significant emission is subtracted before continuing on the next larger scale. This allows us to
model point-source emission based upon their detection on scales that are unresolved or are the
size of the PSF. The angular sizes of these scales depend on instrumental and observational
characteristics and can vary from arcseconds for the Chandra observatory to arcminutes for
ROSAT all-sky-survey data. We refer to these small scales as point-like emission detection (PED)
scales, and greater scales are labeled extended emission detection (EED) scales. The removal of
point sources based on the PED-scale detection and a PSF model prior to running the wavelet
decomposition on EED scales is a natural step within the philosophy of wavelet decomposition
and was introduced by Finoguenov et al. (2009). Following this approach, the general concept
of our algorithm is to detect point sources and extended sources separately. An overview of the
general steps of our procedure is as follows:

1. Calibration of the point-source model on point-source-only simulations by obtaining nor-
malization coefficients of PSF templates on PED scales.

2. Extended source detection and characterization on realistic simulations.

(a) Detection of point sources on PED scales.

(b) Model the predicted point-source emission using normalization coefficients and PSF
templates.

(c) Check for residual signal over the background and point-source emission on EED
scales.

(d) Catalog extended sources.

[1.] The first step is the calibration of point-source modeling, which means addressing which
angular sizes the PED scales have in the particular science case. We only used the simulated
image of point sources, which contains resolved and unresolved sources. The background level
was determined by iterating the detection of point-source emission and excising point sources
from the background estimates, as was done for XMM-Newton and Chandra in Finoguenov et al.
(2015). Next, we modeled the instrument PSF with a sum of Gaussians without assuming any
prior knowledge about its shape. This has the advantage of being robust and fast to implement.
We modeled the PSF up to a scale on which the emission is almost free of point-source contam-
ination. These scales are defined as PED scales. Using the converged background estimate, we
ran the detection of point sources on the PED scales to obtain a wavelet image of resolved point
sources. This point-source image was smoothed with Gaussians of different widths to obtain
fitting templates. We fit these templates to the wavelet-subtracted image to derive the amplitude
of the image that best describes the residuals. We did this by cross-correlating the maps in order
to take the covariance of the templates into account. The results are individual normalization
coefficients for the used templates. These normalization coefficients were used to model the PSF
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effect in the simulations that contain extended sources. We note that including actual PSF mea-
surements might improve the description of the PSF wings, which cannot be characterized by our
approach of combining several Gaussians. The point-source subtraction technique has proven to
be very efficient in deep X-ray fields and has also allowed the separation of extended sources due
to inverse Compton scattering of the cosmic microwave background photons on the relativistic
plasma of radio jets (Finoguenov et al., 2010a; Jelić et al., 2010). The detection threshold is
the level in the convolved image above which the peaks are statistically significant. For the pur-
pose of subtracting or modeling point-source contamination, the detection thresholds considered
extended to 3σ (Vikhlinin et al., 1998).

[2.(a/b)] After the calibration of the point-source model, we ran the detection of point sources
on the realistic simulations, which contain both point and extended sources. We smoothed the
resulting point-source wavelet image with Gaussians of the same widths as in the calibration.
These templates were multiplied by the normalization coefficients obtained in the calibration
and were added to the unsmoothed wavelet image to model the point-source emission on the
PED scales.

[2.(c/d)] To preserve the Poisson statistics, we added the point-source model to the back-
ground estimate and searched for residual signal over the background plus point-source model to
detect and catalog extended objects. As a result, we obtained maps that were free of point-source
emission. The maps retain the spatial shape of the extended source emission, such that ellipticity
can be measured, for example. In addition, the maps allow for a simple visual characterization
of the detected emission. This can be a complicated task, for instance, if the cluster does not
look like a β-model because of extended source confusion. Furthermore, maps obtained by dif-
ferent satellites can be combined, as was done for Chandra and XMM-Newton observations in
Finoguenov et al. (2015). The choice of the detection thresholds for cataloging the extended
sources depends on the objective, and they were adjusted to the desired level of completeness
and purity of the catalog, as discussed in Sect. 3.5.1. Typically, the detection thresholds were at
least 4σ.

The goal of our pipeline is to select sources based on the extended emission, compared to
selecting sources based on a symmetric β = 2/3 model fit to some angular range. Thus, our
catalogs include sources with a greater variety of shapes. This detection scheme has obvious
benefits at low-mass halos, such as galaxy groups, because they exhibit a wide variety of X-ray
morphologies (e.g., Finoguenov et al., 2006, 2007). From the point of view of source selection,
the effect of contaminating sources is very different between this pipeline and classical wavelets.
Here, the ability to detect and select a cluster as an extended source might be reduced due to
the large noise caused by point-source induced background, while in other methods, the source
might be classified as a cluster because of the point-source contribution to the total flux.

If we were to only keep the emission above the selected detection threshold, we would dis-
card the bulk of the source flux. Wavelets provide a secondary filtering threshold for estimating
the region around the detected maximum where significant flux is detected. A lower filtering
threshold compared to the detection threshold therefore minimizes the loss of source flux by
keeping a larger region around the detected maximum. This region can be used in the flux esti-
mation of the source in the point-source-subtracted map. However, setting the filtering threshold
too low has the drawback of potentially including secondary peaks within the region around the
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main peak, which would normally not be detected. These secondary peaks might increase the
number of spurious detections. Flux measurements within a wavelet reconstructed region have
been extensively tested in Connelly et al. (2012). Together with the source flux, the detection ef-
ficiency of galaxy clusters depends on their extent. To achieve a comparison to previous studies,
we considered the performance of our pipeline by adopting the same framework as for β-model
profiles. Within the β-model approach, the extent is characterized by the value of the core radius.
A discussion to extend the existing β-model tools to capture the wide variety of expected source
shapes is beyond the scope of this study.

In addition to the standard β-model characterization, our pipeline can be calibrated using any
set of cluster characterization. In addition, the catalog of extended sources can be fed back into
the β-model-extent fitting routine to identify why certain sources are lacking from the cluster list.
This approach is similar to the XMM-XXL survey pipeline (Pacaud et al., 2006). We note that
compared to our method, the flux estimate of the XMM-XXL pipeline includes potential excess
cool-core emission.

3.2.2 Adjusting the detection pipeline to eROSITA
As described in Sect. 3.2.1, the proposed source detection algorithm needs to be tuned to the
characteristics of the particular observation. In this section, we focus on how to adapt the general
framework to eROSITA. Currently, our training is limited to the pre-flight calibration, and a
further tuning of the pipeline is required in-flight. Compared to similar pipelines for Chandra
and XMM-Newton, we have not yet addressed the minor deficiencies associated with wavelet
flux redistribution between adjacent scales. This will be accomplished as a part of the in-flight
calibration and will serve to reduce the root mean square of the residual image. Right now,
we propose an effective scheme of the procedure and apply it to current eROSITA-survey mock
observations. We follow this path because the incorporation of in-orbit PSF calibration data into
the software analysis has proven to be time consuming in our experience.

Similar to Chandra and XMM-Newton, the off-axis degradation of the eROSITA PSF is driven
by the fact that the detector plane is out of focus. Thus, we can directly apply our experience
with developing the source detection algorithm for Chandra and XMM-Newton to eROSITA.
However, the eROSITA maximum degradation in terms of the half-energy width is 20% (Predehl
et al., 2010), which is lower than for XMM-Newton and far lower compared to Chandra. The
eROSITA PSF does not have a core, but a typical survey half-energy width of 28′′ at 1 keV. In
scanning mode, the eROSITA PSF is roughly uniform across sky tiles. The detector pixel size
corresponds to 9.6′′, and sky tiles are rebinned into images with 4′′ pixel size. In our simulations,
the impact position of each photon is known. In the eROSITA survey, the rebinning will be
made by reconstructing split events using the charge division among adjacent pixels, allowing
for subpixel resolution (Dennerl et al., 2012). We detect sources in eROSITA-survey images in
the 0.5–2 keV energy band. Events are not split or selected based on their off-axis angles.

[1.] First, we study the limitations of the point-source-model process on the eROSITA cluster
detection. The goal is to answer the questions whether we can reliably model the point-source
contribution and to define the angular scales required for this. The angular scales on which point
sources are first detected is a strong function of the survey depths, instrument PSF, and assumed
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background. A discussion of the effects is presented in Mirkazemi et al. (2015). With respect
to eROSITA survey observations, we are not able to reliably predict the residual point-source
emission on scales below 32′′ because most of the point sources are only detected on the 32′′

wavelet scale. Even on scales of 64′′, we detect point sources that are not detected on any smaller
scales. The point-source contamination on scales starting from 128′′ is minimal. In training for
the point-source model, we ran the wavelet decomposition up to a scale of 32′′. Because we are
interested in a complete source subtraction, we adopted a low detection and filtering threshold
of 3.3σ and 1σ, respectively. These small scales are smoothed with Gaussians of 64′′ and 128′′

widths and fitted to the 32′′ wavelet-subtracted image. The two Gaussian-smoothed templates
describe the residual image best, with normalization coefficients of 0.47 and 0.1, respectively.
We did not include the 64′′ scale in modeling the point-source flux on the EED scales because
we wished to retain sensitivity for extended objects on this scale.

[2.(c/d)] The prediction of the point-source emission on PED scales was included in the
background model, and we ran the wavelet decomposition on the EED scales in order to detect
and catalog extended objects. A widely adopted way for cleaning catalogs is to set the detection
threshold for extended sources higher, which reduces the chance of including misclassified point
sources as extended. For eROSITA, we did not detect point sources on the 64′′ scale when we
set the detection threshold to 7σ. On the other hand, scales starting from 128′′ are already very
clean from the point-source contamination, and the lowest statistically motivated thresholds can
be adopted there. This is very good news for the science of galaxy groups with eROSITA, as
well as for studies of the unresolved background fluctuation. For this work, we illustrate the
performance of the pipeline using two detection thresholds: one maximally sensitive, of 4σ,
and another maximally clean, of 7σ. The filtering thresholds were set to 1.6σ and 3σ for high-
sensitivity and low-contamination wavelet detection, respectively. In addition, we adapt a 5σ
detection threshold with a 1.6σ filtering threshold in Sect. 3.5.1 for a better comparison with an
existing study. We motivate these thresholds further in Sect 3.5.2. Our current simulations do not
consider spatial AGN clustering, and the quantification of this effect is topic of a future study.
We note that a potential AGN clustering might create false fluctuations on larger scales.

Considering the shallow depths of the eROSITA survey, the limitation of using EED scales is
primarily for detecting sources at high redshift (z ∼ 1). There, using smaller scales for fitting the
cluster shapes will be complicated by the enhanced AGN activity in clusters (Biffi et al., 2018)
and might present a fundamental limitation of the survey to achieve clean high-z cluster flux
estimates in any case, as opposed to merely detecting a cluster. When the in-orbit background is
higher than we assume here, the detection threshold can be lowered, staying the same in terms
of the source flux. Thus, our results in terms of source flux detection will be quite representative
for a wide range of in-orbit conditions.

3.3 Selection criteria
The point-source-cleaned maps provide a way to detect extended sources and to measure their
flux. From the point of view of the flux extraction, it is clear that the flux on the spatial scales
used to estimate the point-source flux will be partially removed. On the other scales, the work
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on eROSITA sample construction has put forward a demand on defining the simplest possible
observable on which the selection is made with a preferable step-function-like selection (Grandis
et al., 2018). In our method, this is the residual cluster flux in the 1–4′ range. This represents
a simple aperture extraction, which is linked to the total cluster flux. The radial range is not
directly motivated by the wavelet analysis, except that we need to consider scales above 1′ due
to point-source confusion (see Sect. 3.5.1). In addition, we also present a consideration of the
source flux in the 1–16′ range. This allows us to study the effects of using a larger aperture. Our
experiments with cluster detection in the equatorial fields led to a conclusion of using 40 and 80
counts for these two detection ranges, respectively. This assumes a lower detection threshold for
the large area. Previous studies (e.g., Pillepich et al., 2012; Borm et al., 2014) neglected aperture
effects in addition to a count threshold and assumed a fixed minimum number of total photons to
classify a source as cluster. This leads to an artificially high sensitivity toward a detection of X-
ray emission from low-redshift galaxy groups. For cosmological studies, however, these systems
are not the intended targets and can be neglected. In the following we derive the analytical
description of the cluster selection based on these two thresholds.

It is clear that the redshift range for which our technique is the most attractive is also the
range where the selected radial range samples the part of the cluster with the lowest scatter
against the total mass. This corresponds to typical clusters of, for example, 1014 M� at redshift
0.4. The sampled part of the cluster changes with redshift as well as mass, and we prefer to model
this effect as opposed to changing the extraction region as a function of the redshift-dependent
limiting mass. The actual reconstruction of the cluster properties does not have to follow this
prescription, and several efforts are underway to provide the core-excised luminosity for the
eROSITA clusters (e.g., Eckert et al., 2020).

Using the integrated counts (or count rates) is just one of the possibilities for cluster selection
based on our maps. Our source lists can be used with the ML fitting in its standard form and in
the modified form, in which the core radii of the clusters are examined only at large radii. This
avoids the influence of the cool cores on the estimate, as found by Käfer et al. (2019).

3.4 Theoretical predictions
When we assume the minimum number of counts to detect a galaxy cluster as an extended object
(Cdet) in a field with a given exposure time (Texp), we can iteratively calculate the corresponding
cluster flux ( f500,lim), luminosity (L500,lim), and mass limit (M500,lim) as a function of redshift.
Given an initial cluster mass and temperature-limit guess, the corresponding overdensity radii
are calculated assuming spherical symmetry through

r500,lim =

(
3M500,lim

4π · 500ρcrit,z

)1/3

. (3.1)

The core radii are assumed to scale with the overdensity radii (rc = r500/3). This ensures that the
apparent size scales with redshift, that is, clusters at higher redshift have a smaller angular extent.
The relation between core and overdensity radii is calibrated on non-cool-core clusters at low
redshift (Käfer et al., 2019) and holds at high redshift, where the relative contribution of the cool
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core to the outer parts of the cluster becomes minor (McDonald et al., 2013). The compactness
of clusters at high redshift matters for the detection. In practice, we need to characterize the
detected population of groups and clusters and correct the numbers for the differential sensitivity
of the detection method. With the core radius estimate, the count rate of a cluster is calculated
by integrating a single β-model with fixed slope (β = 2/3) in a given radial range. Realistic
deviations from the β = 2/3 assumption have little impact on the shown thresholds because the
actual distribution of the counts is less important. We denote the β-model count rate on the 1–4′

scale as R(1′, 4′) and the count rate within r500 as R(0′, r500). Both predicted β-model count rates
are independent of PSF redistribution effects. We used the X-ray spectral-fitting program XSPEC
(Arnaud, 1996) as well as the temperature guess to calculate the conversion factor of count rate
to flux (λRF) by dividing the model flux of a partially absorbed APEC model (see Sect. 3.1.3)
with unity normalization by the corresponding APEC-model count rate. The conversion factors
of count rate to flux range between (6.45–7.65) · 10−13 erg count−1 cm−2. The cluster flux limit is
derived according to

f500,lim = λRF ·
Cdet

Texp
·

R(0′, r500)
R(1′, 4′)

. (3.2)

Using the redshift, we calculated the conversion factor of count rate to luminosity (λRL) by shift-
ing the desired rest-frame energy band (0.5–2 keV) to the observed one. This is in order to correct
for the fact that the energies of detected photons in a given passband are (1 + z) times lower than
in the cluster rest-frame. The intrinsic APEC-model luminosity is calculated by multiplying the
unabsorbed APEC-model flux in the observed band with 4π times luminosity distance squared
and divided by the APEC-model count rate to obtain λRL. The luminosity conversion factor as a
function of redshift is roughly a broken power law, in the form of monomials, with break point
around z = 0.1. It ranges between 2 · 1039–2 · 1043 erg count−1 for redshifts between 0.001 to 0.1
and steepens to values of 2 × 1046 erg count−1 at z = 2. Replacing λRF in Eq. 3.2 with λRL yields
the cluster luminosity limit. Then, the cluster temperature and mass are updated according to the
Giles et al. (2016) temperature-luminosity,

kTlim = 3 keV
[

L500,lim

3 · 1043 erg s−1

(
E(z)−1.64

0.71

)] 1
2.63

, (3.3)

and the Lieu et al. (2016) mass-temperature scaling relation

M500,lim =
1013.56 M�

E(z)

(
kTlim

keV

)1.69

. (3.4)

With these updated temperature and mass estimates, the procedure starts over and iterates until
the change in mass is lower than 0.1%. As outlined above, we calculated the different selection
thresholds for a step-function-like cluster detection (see Sect. 3.3) with 40 and 80 counts on the
1–4′ and 1–16′ scale, respectively. The flux and luminosity limit of the two angular scales in
fields with different exposures are shown in Fig. 3.1 and Fig. 3.2, respectively. Figure 3.3 shows
the analytical cluster mass and overdensity radius limit as a function of redshift. The 1–16′ scale
has a lower sensitivity at higher redshift because the area is larger, but it performs better at lower
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redshift than the 1–4′ scale. This is promising for galaxy group studies with eROSITA, assuming
that the considered scaling relations hold at these low masses. The core radius limit as a function
of flux is shown in Fig. 3.4. The optimal core radius to detect clusters is approximately 1′. For a
smaller extent, the flux threshold increases because the surface brightness profiles decline faster,
such that there are fewer counts in the outskirts. For a larger extent, the flat inner core of the
beta model profile causes more photons to lie beyond 4′ and 16′. This also causes the crossing
of the scales around 2′. As expected, the flux threshold decreases with increasing net exposure
time. Figure 3.5 shows the total count limit of clusters on the two considered angular scales as
a function of redshift. Toward low redshift, increasingly larger statistics are required to detect
a cluster because the angular extent increases. This emphasises the challenge for eROSITA to
securely detect very nearby extended sources.

We used the Python packages COLOSSUS (Diemer, 2018) and Astropy (Astropy Collabora-
tion et al., 2013, 2018) to calculate the differential number of galaxy clusters per square degree
at a given redshift by integrating the cluster mass function (dn/dM, Tinker et al. 2008) in units of
Mpc−3 multiplied by the differential comoving volume (dV/dz) in units of Mpc3/deg2 over mass,

dN
dz deg2 =

∫ Mmax

Mlim(z)

dn
dM

dV
dz

dM. (3.5)

The lower integration limit, Mlim(z), corresponds to the cluster mass limit at the corresponding
redshift, and we set the upper limit, Mmax, to 1016 M�, above which the contribution of the mass
function to the integral is negligible. Figure 3.6 shows the differential number of galaxy clus-
ters per square degree as a function of redshift for the three final eROSITA survey fields. We
computed the total number of clusters in a given survey area As detected by eROSITA according
to

N = As

∫ Mmax

Mlim(z)

∫ zmax

0

dn
dM

dV
dz

dMdz. (3.6)

For the performance verification (PV) phase of eROSITA, a program to reach the average equa-
torial depth of the final survey on a smaller patch of the sky is planned, the eROSITA Final
Equatorial-Depth Survey (eFEDS). This will demonstrate the survey capabilities of eROSITA
and will allow us to calibrate the scaling relations of galaxy clusters. When we assume an upper
redshift limit of zmax = 2, 3 ks net exposure, and a survey area of 180 square degree, the analyti-
cal expectation is to detect approximately 625 clusters using the proposed detection scheme. An
in-depth cosmological forecast for galaxy cluster observations with eROSITA is left to a future
study.

3.5 Simulated field
This section demonstrates the performance of the source detection based on wavelet decom-
position and characterization on a simulated equatorial eROSITA survey field. It serves as an
exemplification of the method, and the final adjustments and fine-tuning of the pipeline need to
be made on real eROSITA data. We simulated the field as described in Sect. 3.1 and processed
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Figure 3.1: Galaxy cluster flux limit as a function of redshift for an equatorial, an intermediate,
and a deep final eROSITA survey field of approximately 1 ks, 2.5 ks, and 6 ks exposure, respec-
tively. The black solid and black dashed lines show the flux limits corresponding to 40 and 80
counts in the detection region of 1–4′ and 1–16′ radial scale, respectively.
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Figure 3.2: Same as Fig. 3.1 for the galaxy cluster luminosity limit.
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Figure 3.3: Same as Fig. 3.1 for the galaxy cluster mass limit. The brown solid and brown
dashed lines represent the associated overdensity radii (right-hand y-axes).
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Figure 3.4: Galaxy cluster core radius limit as a function of flux for an equatorial, an interme-
diate, and a deep final eROSITA survey field of approximately 1 ks, 2.5 ks, and 6 ks exposure,
respectively. The black solid and black dashed lines show the core radius limits of a 3 keV cluster
corresponding to 40 and 80 β-model counts on a 1–4′ and 1–16′ radial scale, respectively.
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Figure 3.6: Differential number of galaxy clusters per square degree as a function of redshift for
the three final eROSITA survey fields and the two considered radial scales.
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the output of the simulator using a preliminary version of the eSASS package (User release of
2018 April 20).

3.5.1 Selection function of extended sources
The determination of X-ray survey extended source catalogs and the corresponding selection
functions is a trade-off between completeness and purity. The completeness describes the frac-
tion of clusters as function of mass and redshift. Determining it requires an accurate galaxy
cluster model because the extended source detection probability depends on the cluster shape.
The purity characterizes the contamination of the final sample and requires realistic synthetic
simulations. Contamination occurs as a result of point sources that are misclassified as extended
or detections that cannot be associated with any input source within a given search radius (spuri-
ous detections). We simulated clusters on a predefined spatial grid with a source density such that
the emission from neighboring sources did not overlap. This prevented source confusion. The
source detection is primarily on the 1–4′ scale, and we cross-matched extended sources within
this typical detection scale of 4′ to the input catalogs. This radius is much smaller than the grid
size and slightly larger than the maximum simulated core radius of 3.3′. We show the maximally
clean (i.e., 7σ threshold) extended source detection efficiency in the final equatorial survey field
as a function of core radius and input flux in Fig. 3.7. Similar to the wavelet decomposition tech-
niques of Vikhlinin et al. (1998) and Burenin et al. (2007), our method requires larger photon
statistics on compact sources to reduce point-source contamination. The deficiency of detecting
compact objects is the topic of a future study, which relates the angular size to physical scales
of the galaxy cluster. A study of the trade-off between cool-core bias and detection efficiency is
also deferred to a future work. The question of how to clean the PED scales is still open. One
possibility is to perform a blind analysis by feeding the maximally sensitive source candidate
list into the eSASS ML fitting routine. For each candidate, a set of source parameters (posi-
tion, count rate, and extent) was determined by fitting a PSF-convolved β-model to the spatial
distribution of the source counts. The final extended source catalog was compiled by exploring
the output parameter space (detection likelihood, extent parameter, and extent likelihood) and by
determining appropriate classification thresholds, for instance, to distinguish point-like and ex-
tended sources or reduce contamination. This resembles the approach used in Clerc et al. (2018)
to characterize extended sources that are detected by a sliding-cell algorithm, which scans the
X-ray image with a sliding square box of different sizes and weights the counts in the detection
box with a β-model kernel. This method is a modified version of a sliding-cell and ML fitting
adapted for the XMM-Newton Science Analysis Software. Valtchanov et al. (2001) compared the
performances of several source detection algorithms and found serious drawbacks of this method
for the analysis of extended sources because a relatively large number of spurious detections are
made and extended sources are split. The sliding-cell method has a high detection rate of sources
with small angular extent (.60′′) at the cost of higher contamination in the ML characterization.
When we assume that the detection comes from similar angular scales, the region with most of
the misclassified AGNs is excluded when we apply our maximally clean threshold of 7σ (exten-
sion likelihood of approximately 50) and the extent cut of 60′′ to Fig. 9 of Clerc et al. (2018).
Our detection algorithm naturally excludes this highly contaminated region and does not require
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tuning of extended-source parameters like in the classical wavelet or sliding-cell approach. Thus,
both detection methods can be used complementary or individually to determine discrepancies
in the recovered cosmological parameters. Above 60′′, the detection probability stays roughly
constant for clusters with larger core radius and does not decrease for clusters up to 200′′ be-
cause the cluster fluxes are spread over a larger area. Thus, our detection algorithm outperforms
the sliding-cell plus ML characterization routine (see Fig. 3.7) for large extended sources above
approximately 80′′. In Fig. 3.7 we also show the 90% completeness level of the 5σ detection
threshold. This threshold corresponds to a similar number of detected clusters per square degree
between the sliding-cell plus ML characterization algorithm and our method (see below). At the
expense of purity, the sliding-cell method is more sensitive for extended sources with core radii
smaller than approximately 40′′, which correspond to clusters with r500 values below 2′. For
the eROSITA survey, this gain in sensitivity is a minor effect because the flux of these objects
is expected to be close to zero. Our proposed scheme shows an improvement in detection for
flat sources, which are considered as background in other techniques. A more realistic treatment
of cluster shapes requires a library of real cluster images, also to properly scale the cool-core
emission. This is left for a future study. The classical wavelet approach for eROSITA source
detection is under development, and we can only compare to the existing study based on the
sliding-cell algorithm. The main difference is a change in input list because it also requires an
ML characterization.

Similar to the description in Sect. 3.4, we used the input temperature to convert the input flux
into a luminosity and also used the XXL scaling relations to calculate the galaxy cluster mass,
M500,ML. The extended source detection efficiency as a function of mass and redshift is shown
in Fig. 3.8. The increasing apparent size toward low redshift causes a drop in the detection
efficiency.

We folded the 5σ and 7σ selection on the 1–4′ scale (Figs. 3.7 and 3.8), as well as the sliding-
cell selection (Clerc et al., 2018, Appendix A), into the calculation of the differential number of
clusters per square degree by multiplying the mass function in Eq. 3.5 with the probability of
detecting a cluster of the given mass, that is, the selection function θ(M),

dN
dz deg2 =

∫ Mmax=1016 M�

Mmin=1013 M�

dn
dM

dV
dz
θ(M)dM. (3.7)

In practice, we analytically parameterized the selection as a function of core radius and flux. The
overall functional form of the detection efficiency is described by an error function, which was
scaled to range between zero and one. The overall shape of the error function is defined by its
argument. Compared to Clerc et al. (2018), we required a more complex functional form of the
argument because it needs to describe a change in slope for different core radii in addition to an
offset in flux for different core radius values. The goal is to find a functional form that is as simple
as possible but still accounts for these observed features. The functional form of the argument is
found by iteratively adding more complexity to it until the detection efficiency is described well.
Then, the free parameters are optimized using a Markov chain Monte Carlo posterior sampling
technique. Therefore, the functional form has no physical motivation. To improve the iterative
finding of the functional form, we reduced the dynamical range of the core radius and flux by
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Table 3.1: Best-fit parameters of the analytic selection function (Eq. 3.8) for the 5σ and 7σ
detection thresholds.

Detection threshold a b c d

5σ 1.40 2.86 3.35 1.66

7σ 0.77 3.42 4.78 2.43

taking the logarithm and subtracted the corresponding means to rescale the offsets. The selection
function is described best according to

θ(R, F) = 0.5 + 0.5 · erf
(
a + b · R + c · F + exp (d · R)

)
R = log (rc/ [arcsec]) − 2

F = log
(
flux/

[
erg s−1 cm−2

])
+ 13.

(3.8)

The parameters a, b, c, and d depend on the detection threshold. We show the models and
their parameters in Fig. 3.9 and Table 3.1 for the 5σ and 7σ thresholds. These simple models
cannot capture the complexity of the selection, but they provide a good estimate of the detection
efficiency. The impact of the different selection functions on the differential number counts is
shown in Fig. 3.10. The expected number of galaxy clusters per square degree for the Clerc et al.
(2018) and the 5σ selection is approximately 4.2. At the cost of reduced purity, high-redshift
clusters are detected more efficiently by the sliding-cell algorithm plus ML fitting technique,
while the method based on wavelet decomposition performs much better in detecting the local
population, that is, in particular galaxy groups. The 7σ selection reduces the contamination by
more than two orders of magnitude (see Sect. 3.5.2), but the number of detected clusters per
square degree is, with approximately 1.7, more than halved.

We require better knowledge of how the background behaves in reality to securely forecast
the detection of very extended low-redshift objects for which the core radius limits are larger than
200′′. The uncertainty on small scales is dominated by the unknown shape of the survey PSF.
The eROSITA PSF does not vary much over the eROSITA field of view compared to other X-ray
instruments like Chandra and is, to first approximation, constant in survey mode. An interesting
planned implementation for our proposed method is therefore subtracting point sources using a
precise PSF model in the ML fitting routine.

3.5.2 Selection

We address the question how well the detection through cluster outskirts resembles a favored
step-function-like selection. Figure 3.11 shows the detection efficiency on two angular scales
and different core radius bins as a function of predicted model counts, which are independent
of PSF effects. For a given number of predicted counts, clusters with larger extent are detected
more efficiently. In other words, even with a larger number of predicted counts, clusters with
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smaller extent are harder to detect. The interesting finding that gradually increasing counts to-
ward smaller core radii are required is summarized in Fig. 3.12, showing the predicted model
counts for a given detection efficiency as a function of core radius. In addition, it shows values
of the model count ratio on the 0–1′ over the 1–4′ and 1–16′ radial range, respectively. This
emphasizes that for a given detection efficiency, the required counts in the outskirts increase with
increasing inner-to-outer counts ratios. Considering an additional contribution of AGN in cluster
centers, this is particular challenging for clusters above a redshift of 0.6, where simulations in-
dicate that the distribution of the ratio becomes broader and exhibits a significant fraction larger
than two (Biffi et al., 2018). These findings motivate the estimation of contamination due to
bright sources and due to low photon statistics separately because the flux distribution of faint
sources is different from that of bright sources. We studied these two effects by creating two
extended source catalogs, setting the detection thresholds of cataloging to 4σ and 7σ for the
maximally sensitive and maximally clean selection, respectively. The number of false detections
as a function of detection threshold is shown in Fig. 3.13. We obtain close to 1.1 and 0.008
spurious or misclassified extended sources per square degree in equatorial fields for the 4σ and
7σ detection thresholds, respectively. Detection thresholds greater than 7σ show zero contam-
ination but also a lower detection efficiency in regimes of low photon statistics. The extended
source detection efficiency as a function of detection threshold is exemplified, showing mass and
redshift dependencies in Fig. 3.14. In several cases, the efficiency for the 2σ threshold drops
because the algorithm keeps so much structure that the extracted sources cannot be associated
with the correct input within the given matching radius.

3.6 Summary and conclusions
Large-area X-ray cluster surveys are powerful tools for deriving cosmological parameters when
the selection effects are well understood. We proposed and characterized an algorithm based
on a wavelet decomposition to detect extended source for the upcoming eROSITA mission. This
technique produces well-defined cluster catalogs with simple selection functions. We detect clus-
ters by their large-scale emission, which minimizes the predominant impact of excess cool-core
emission. Our main result is that progressively more counts are required with decreasing cluster
extent to achieve a specific detection efficiency. In addition, our analytical calculation shows that
an increasing number of total counts toward low redshift is required, meaning a larger angular ex-
tent, to detect clusters as extended sources. These two findings disgree with the assumption that
a fixed minimum number of total photons are necessary to identify clusters (e.g., Pillepich et al.,
2012; Borm et al., 2014). We predict redshift-dependent cluster observables and mass limits for
an equatorial, intermediate, and deep final eROSITA survey field by assuming a minimum num-
ber of 40 and 80 counts to identify a cluster on a 1–4′ and 1–16′ angular scale, respectively. The
counts in the cluster outskirts define an easy-to-measure observable, and applying a minimum
photon threshold provides a selection that approximately resembles a step function. We tested
the performance of our detection scheme through Monte Carlo simulations of a final equatorial
eROSITA survey field of approximately 1 ks net exposure time. Our maximally clean detection
method requires larger photon statistics on objects with core radii smaller than 60′′ to minimize
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Figure 3.14: Detection efficiency of extended sources as a function of detection threshold for
snapshots in redshift and mass for an eROSITA survey exposure of approximately 1 ks.
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point-source contamination and has an approximately 90% detection efficiency at input fluxes of
10−13 erg s−1 cm−2 for clusters with larger extent. This is complementary to the sliding-cell algo-
rithm plus ML fitting technique that is currently implemented as default in eSASS, which shows
a drop in detection efficiency at this flux for clusters with core radii larger than 60′′ (Clerc et al.,
2018). We note that this blind analysis approach increases the contamination of the final catalog
by misclassified AGNs and spurious extended sources. At a similar level of completeness, our
catalogs are approximately 2.5 times purer than the current eSASS default. Our performance
results are limited because we worked with pre-flight assumptions of instrumental and astro-
physical characteristics. The proposed pipeline has the advantage that the final tuning, that is,
the point-source model training due to a different in-orbit PSF or the optimized selection of the
detection thresholds, is easy to implement, robust, and can be achieved very fast during the PV
phase. An in-flight calibration of the pipeline below 5% is expected to keep the loss of clusters
through central AGN contributions below 1%.



Chapter 4

Future prospects

The novel procedures and the scientific interpretations described in this work have significant
value for future studies. In the following sections we introduce and discuss three promising
ideas for future work.

4.1 Measurement of the core-excised luminosity in the
eROSITA cluster survey

The characterization of galaxy clusters plays a key role in their use as cosmological probes. At
the current state of research the aim is to discover X-ray clusters at a limit of photon statistics,
which limits their characterization (Borm et al., 2014). If the redshift of the cluster is known, the
X-ray luminosity can be measured even with tens of photons. The X-ray luminosity is therefore
widely used to characterize clusters in survey data, such as the all-sky survey performed by
eROSITA. On the other hand, the correlation of the total luminosity with total mass is not as
tight compared to other observables like temperature. The larger scatter of the luminosity-mass
scaling relation is mostly driven by clusters which show centrally peaked surface-brightness
profiles, meaning clusters which exhibit cool cores. Excising the cluster centers reduces this
scatter and the core-excised X-ray luminosity has been identified as a low-scatter galaxy cluster
mass proxy (e.g., Maughan, 2007; Zhang et al., 2007; Pratt et al., 2009; Mantz et al., 2018).

So far, the measurement of the core-excised luminosity itself has only been considered once
the cluster mass has been measured. Mantz et al. (2018) propose a measurement of core-excised
luminosity using follow-up data and a scaling relation between core-excised luminosity and
mass. However, following up a large amount of eROSITA clusters can be time consuming.
In addition, the approach complicates the modelling of the cluster selection. Nevertheless, the
attention given to the computation of the core-excised luminosity by various authors shows the
importance of the problem, as well as the complexity of such an estimate. In this study, we make
use of the self-similar behavior of galaxy-cluster outskirts (e.g., Zhang et al., 2007; Ghirardini
et al., 2018a; Käfer et al., 2019), that is the universality of the shape of the X-ray emission. A
similar problem has been successfully addressed by thermal Sunyaev-Zel’dovich-effect cluster
surveys by performing an iterative reconstruction of the signal based on the knowledge of the
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cluster profile.
In X-ray galaxy cluster surveys, the cluster selection is associated with a key measurement to

characterize the extended emission. This selection needs to be simple and easy to model. Current
cluster catalogs also lack a universal definition of the luminosity and in particular the radius at
which this is defined. In the ROSAT-ESO Flux Limited X-ray (REFLEX) galaxy cluster survey
catalog (Böhringer et al., 2004), for example, the value of the radius in which the luminosity
is measured is not provided. Piffaretti et al. (2011) compiled publicly available serendipitous
and ROSAT All-Sky Survey (RASS) cluster catalogs into the Meta-Catalog of X-ray detected
Clusters of galaxies (MCXC), in which the luminosity is consistently measured within the over-
density radius r500. In the XMM-Newton Large-Scale Structure (XMM-LSS, Pierre et al., 2007)
and the XMM-XXL (Adami et al., 2018) catalogs a full luminosity measurement within a radius
of 300 kpc has been introduced, suitable for the expected low masses of the systems. Core-
excised luminosities are cataloged in a number of deep surveys (Finoguenov et al., 2009, 2010b,
2015; Gozaliasl et al., 2019) and show good correspondence with tSZ expectations.

In X-ray surveys, measuring the flux in an annulus is a straightforward and simple approach
to obtain the core-excised luminosity. The main problem is that this annulus is typically defined
in angular units. The outmost radial extent of the annulus can be adjusted based on the quality
of the data. The inner radius however, is fixed by the instrumental characteristics and not by the
properties of the cluster. Measuring the flux in such a fixed angular aperture will probe different
physical zones of galaxy clusters, depending on their masses and redshifts. This introduces
a scatter between the extraction region in angular units and the probed physical region of the
cluster. These effects with cluster masses and redshifts need to be characterized and understood,
which is one of the goals of this study. In addition, the scatter values are covariant with the signal-
to-noise ratio when varying the size of the annulus. This covariance is an undesired complication
for the cosmological goals of eROSITA.

Galaxy cluster profiles can be modeled with a self-similar evolution of the cluster outskirts
and a non-evolving central part (McDonald et al., 2017). This has been verified using massive
clusters detected by the South Pole Telescope (SPT), as well as in Chapter 2 for a mass range of
approximately 1014–1015 M�, which includes the lower mass end expected for eROSITA clusters
(e.g., Merloni et al., 2012; Pillepich et al., 2012). Based on these findings we developed a
galaxy-cluster-detection scheme in Chapter 3, which allows to measure the scatter of simplified
core-excised luminosity measurements due to the variety of cluster shapes.

The next logical step is to create a suitable framework to characterize the galaxy clusters
after, or even during, detection. We focus on the reconstruction of the luminosities and the
associated total cluster masses, as for SZ catalogs. Providing these products for the eROSITA
survey increases accessibility and visibility of the survey, because they are simpler to use without
detailed modelling of the selection. Therefore, they can also be used by astronomers that are not
necessarily interested in a high precision of the mass determination.

4.1.1 Method
The typical quality of the eROSITA survey data precludes fitting of surface-brightness models
with many free parameters. This includes, but is not limited to, additional free parameters to



4.1 Measurement of the core-excised luminosity in the
eROSITA cluster survey 89

M500

r500 LX

rc

β-model-counts map Exposure map

Aperture measurements Cluster image

Poisson likelihood

Scaling relationEq. 1.49

Eq. 4.1

β = 2/3

Figure 4.1: Illustrative flow chart to reconstruct the galaxy cluster mass using an MCMC pos-
terior sampling technique with a Poisson likelihood to compare the measured aperture photon
counts to the β-model predictions for a given mass estimate.
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model the core region, which are generally degenerate with other surface-brightness parameters.
The key feature of the proposed method is to fix the profile shapes in the cluster outskirts. Then,
the surface-brightness model fits the data better outside the core region. In addition, we study
aperture estimates where the poorly resolved inner part of the cluster is excised, instead of being
fitted.

In the simplest application of the method, this reduces the amount of free parameters to one,
the cluster mass. A flow chart of the procedure for a given mass estimate is shown in Fig. 4.1
for visualization. An initial guess of the cluster mass allows the computation of the overdensity
radius r500 according to Eq. 1.49. From our analysis in Chapter 2 we know that the extent
parameter of a single β-model in the cluster outskirts scales with the overdensity radius through

rc =
r500

3
. (4.1)

Together with the exposure map and assuming a fixed β-parameter, this allows the computation
of the β-model counts in a predefined aperture. With the initial mass guess, the core-excised
luminosity can be calculated through a scaling relation. Given the already discussed differences
in the definition of the luminosity, the mass-luminosity scaling relation is generally less well
understood. This might change with the availability of eROSITA survey data, as well as Dark
Energy Survey (DES) and Hyper Suprime-Cam (HSC) lensing data over large areas of the sky.
In this work we will use the mass-luminosity relation of Kettula et al. (2015). The calculated
luminosity defines the β-model normalization.

We note that the conversion between luminosity and count rate requires the redshift of the
cluster to be known. Photometric redshifts with a sub-percent quality (Klein et al., 2018) are
sufficient for this task. At the current stage, we also assume that the cluster temperature is known
to calculate the conversion factor between luminosity and count rate. In practice, the cluster tem-
perature will be estimated similar to the luminosity, meaning from the mass estimate through a
temperature-mass scaling relation. Grandis et al. (2018) suggested to define a characteristic lumi-
nosity by dropping the K-correction to avoid using a mass-temperature relation. This, however,
increases the demands on the redshift-dependent calibration and might change the assumption of
a simple power-law scaling between mass and luminosity.

We use an MCMC posterior sampling technique (Foreman-Mackey et al., 2013) with a Pois-
son likelihood to compare the obtained β-model counts to the measured counts in the predefined
aperture. The aperture can be fixed or defined by the data, for example by calculating the 0.2–
0.5 r500 from the mass estimate in each iteration. When the aperture is fixed, the difference
compared to simply using a scaling relation with a fixed aperture is that the cluster counts are
compared to the counts of a β-model, whose core radius depends on the mass estimate.

The method allows the inclusion of background components and point-source flux by adding
them to the β-model counts. The current implementation of the code1 does not yet take PSF ef-
fects into account. The two dimensional approach takes exposure variations across the extraction
region into account and is easily extendable to more complex models, for example to consider
ellipticity.

1https://github.com/KaeferFlorian/mrec

https://github.com/KaeferFlorian/mrec
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4.1.2 Validation of the method

To validate our method we reconstruct galaxy cluster masses in simulated eROSITA data (Com-
parat et al., 2020). For this idealized performance check, clusters are considered isolated and
without background or point-source contamination. We pick a random equatorial sky tile of
approximately 170 square degrees and roughly 1 ks net exposure time. The field contains 240
simulated clusters with halo masses above 2 · 1013 M�.

Aperture definition

The choice of the aperture to calibrate the core-excised luminosity is largely missing in the
literature and the definition of the excised regions varies between 0.1 and 0.2 r500. To characterize
our method we discuss four cases of aperture definitions, which are summarized in Table 4.1.

[1] First, we fix the aperture to the true 0.0–0.5 r500 range, known from the input of the sim-
ulation. This radial range is the baseline to compare the scatter in the core-excised mass
determinations.

[2] Second, the aperture is fixed to the true 0.2–0.5 r500 range from the input of the simulation.

[3] Third, we adjust the 0.2–0.5 r500 range as part of the fitting procedure, meaning that the ex-
traction radius is newly calculated in each iteration of the mass determination, as opposed
to use the fixed simulation input.

[4] Fourth, we choose a fixed angular range which tries to match the 0.2–0.5 r500 interval.
However, the angular size of a cluster depends on its redshift and mass. The study of the
cluster size as a function of redshift in the eROSITA survey has been presented in Chap-
ter 3 (see e.g., Fig. 3.3). For this study, we consider three redshift intervals to determine
the size of the angular extraction region. A redshift of approximately 0.6 is a natural di-
vision of clusters into small and large in terms of their angular scale, which defines our
high redshift bin (z > 0.6). In addition we define a low (z < 0.3) and an intermediate
(0.3 < z < 0.6) redshift bin. The choice of the extraction boundaries is a trade-off due to
the mass range in each redshift bin. Ideally, the extraction region is maximally close to the
0.2–0.5 r500 interval and optimally not outside the 0.1–1 r500 radial range. However, for the
eROSITA survey the smallest radii suitable for the flux extraction starts at approximately
0.4′ due to the instrument’s PSF. On the other hand, the overlap of eROSITA sky tiles is
12′ and it is therefore not convenient to deal with source extraction areas that exceed 6′,
as more than one tile has to be used. These two factors define the lower and upper bound-
ary for the extraction regions, respectively. Therefore, our definitions of the extraction
regions are 0.4–1.0′, 1.0–2.5′, and 2.5–6.0′ for the low, intermediate, and high redshift bin,
respectively.
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Table 4.1: Overview of the chosen extraction regions and the corresponding redshift ranges for
the four cases of aperture definitions. The last two columns show the median mass ratios between
reconstructed and input masses M̃ratio as well as the corresponding intrinsic scatter values λM̃.

Case Extraction region Redshift range M̃ratio λM̃

[1] Fixed 0.0–0.5 r500

Full

0.98 0.59 ± 0.03

[2] Fixed 0.2–0.5 r500 0.82 0.47 ± 0.03

[3] Free 0.2–0.5 r500 0.83 0.50 ± 0.03

[4] Fixed

0.4–1.0′ z > 0.6

0.73 0.48 ± 0.031.0–2.5′ 0.3 < z ≤ 0.6

2.5–6.0′ z ≤ 0.3

Median-mass determination

First, we determine how accurate our algorithm computes the masses of individual clusters, Mn,
with their corresponding 1σ errors, σM,n, in the idealized eROSITA simulation. The performance
of our method is then quantified by calculating the median mass ratio between reconstructed
and input masses, M̃ratio. The intrinsic scatter of the median mass ratio, λM̃, is calculated in
linear space using an MCMC posterior sampling technique (Foreman-Mackey et al., 2013) and
adapting a Gaussian likelihood function

L =

N∏
n=1

1
√

2πσn

exp

−1
2

(
Mn − M̃
σn

)2 (4.2)

σn =

√
σ2

M,n + λ2
M̃
. (4.3)

The results for the different apertures are summarized in Table 4.1.
The ratio of the reconstructed mass over the input mass as a function of central emissivity

for the different aperture definitions is shown in Fig. 4.2. Clusters with larger central emissivity
values have surface-brightness profiles that are more peaked and represent cool-core objects. The
data points are gray-scale-coded by the axis-ratio parameter, meaning that black points are more
elliptical than white points.

The median values of the mass ratios are biased low by a factor of 0.83 and 0.73 for case
[3] and [4], respectively. We assume that there is no hydrostatic mass bias, based on the work
of Smith et al. (2016), who studied a well defined sample of Local Cluster Substructure Survey
(LoCuSS) cluster. They concluded that the reported differences between X-ray and weak lensing
masses correspond to poorly understood cluster selection at higher redshift rather than mass bias.

One possible explanation for this offset is that the simulated clusters do not follow the used
luminosity-mass scaling relation. The simulations follow by construction the XXL, HIFLUGCS,
as well as X-COP data and are therefore also in good agreement with the Kettula et al. (2015)
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Figure 4.2: Reconstructed over input mass ratio as a function of central emissivity. The panels
correspond to the four discussed extraction regions ([1]-[4]) as summarized in Table 4.1. Data
points are gray-scale-coded by their ellipticity. The orange lines and the shaded regions corre-
spond to the median values of the mass ratios and their intrinsic 1σ scatter values.

scaling relation. There is no significant trend in the mass determination with respect to the input
mass (see Fig. 4.3). Thus, we conclude that the reconstructed mass bias is most likely not
driven by the slope of the scaling relation but might be due to the scaling relation normalization.
Increasing the normalization by 18%, which is within the 1σ error, increases the median values
of the mass ratios by 5%.

Currently, we investigate other possible explanation for the mass ratio offset. In addition to
the scaling relation normalization there might be effects due to the aperture filtering, the self-
similar assumption, or the instrument’s PSF.

Correlation between reconstructed mass and central emissivity

In case [1], the masses of clusters with lower central emissivity are systematically overesti-
mated when including the cluster core in the mass determination. This results from a flux cut
at 8 · 10−14 erg s−1 cm−2 in the simulation. This selection effect introduces a correlation between
halo mass and central emissivity, resulting in these objects with low cluster masses that are scat-
tered up. These clusters are well below the selection threshold of the eROSITA survey and a cut



94 4. Future prospects

1013 1014 1015

M500;input

0.10

1.00

10.00

M
50

0;
re

c/
M

50
0;

in
p

u
t

0.1

1.0

R
ed

sh
if

t

Figure 4.3: Reconstructed over input mass ratio as a function of input mass for the non-fixed
0.2–0.5 r500 extraction region. Data points are logarithmically gray-scale-coded by their redshift.
The orange line and the shaded region correspond to the median value of the mass ratio and its
intrinsic 1σ scatter value.
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in mass, for example at 1014 M� minimizes the impact of the selection in the simulation. It is im-
portant to understand such effects because variations in the cluster shape can bias cosmological
results (Vikhlinin et al., 1998; Pacaud et al., 2018). When excising a fixed 0.2 r500 range in case
[2], the selection effect due to the flux cut is minimized but still visible. The influence of the core
emission on the mass determination is reduced when the 0.2–0.5 r500 range is free to vary (case
[3]) or when the apertures are fixed to angular scales outside the redshift-dependent core region
(case [4]).

Correlation between reconstructed mass and other cluster parameters

Figure 4.2 illustrates that there is no significant trend between the mass determination and the
shape of the profile, that is the ellipticity and how peaked the profile is. There are also no
significant trends between the mass ratio and the galaxy cluster fluxes or redshifts. In addition,
there is no significant correlation between reconstructed masses and photon counts in the selected
aperture. A count threshold in the outskirts defines a sub-sample of relatively well characterized
sources, for which a reconstruction of the surface-brightness profiles is possible (Eckert et al.,
2020) and the cluster detection is uncontaminated (Käfer et al., 2020). To fully benefit from
low-scatter mass proxies, the measurement errors should not dominate the error budget. This
sets practical limits of, for example 25 or 100 source counts in the cluster outskirts to achieve
20% or 10% scatter, respectively.

Calibration of the mass determination

The scatter of simulation parameters around their corresponding scaling relations is large and a
calibration of our method on real data is needed. One way to calibrate our method is through
Chandra observations of an SPT selected cluster sample (e.g., Sanders et al., 2018). The cluster
selection can be taken into account following Bulbul et al. (2017). If we assume that there
is no covariance between the SPT selection of cluster and their X-ray properties, a change in
the X-ray scaling relation would not affect the cluster selection. This simplifies the likelihood
computation for the calibration. By mimicking the mass distribution of the SPT sample, the
sampling function can be calculated by the fraction of clusters observed by Chandra as a function
of mass and redshift. Typically only the model prediction of the scaling relation is changed, while
the proposed method allows us to also change the measurement of the core-excised luminosity
itself at each step of the MCMC chain.

PSF effects

We study PSF effects on reconstructed morphological and photometric properties of cluster in
more detail in Eckert et al. (2020). I contributed to the writing of this paper, but not to the code
development. In this paper, the general method to reconstruct profiles is based on a linear de-
composition of the observed profile onto a basis of King functions. For eROSITA, the impact
of the PSF on the reconstructed cluster profile can be significant, especially on compact sources
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Figure 4.4: Reconstruction (orange curve) of the true cluster image (blue curve) from a Poisson
realization (black points) of the PSF-convolved image (red curve). The ratio between recon-
structed and input profile is shown in the bottom panel. Figure taken from Eckert et al. (2020).

(see Fig. 4.4). When the true PSF and the background are known, the PSF-reconstruction tech-
nique recovers the true cluster profile with differences below 5% down to the eROSITA-survey
detection threshold. Compared to the simple extraction method presented in in Sect. 4.1.1, the
PSF-reconstruction technique does not show significant biases in the recovered core-excised lu-
minosity or cluster mass (see Fig. 4.5). Thus we conclude that the preferred method shall be to
include the PSF in the profile reconstruction. The intrinsic scatter of the recovered parameters is
then approximately 16%.

4.2 Scaling relations of galaxy groups
To exploit the full potential of the eROSITA survey in using galaxy clusters as a precision cos-
mological probe, we require an accurate determination of the total cluster mass down to the
group regime. Individual weak lensing or hydrostatic mass measurements are unfeasible for the
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Figure 4.5: Reconstructed core-excised luminosity as a function of input core-excised luminosity
(left panel), as well as reconstructed mass as a function of input mass (right panel). The number
of reconstructed photon counts is shown as a color code. The solid lines and shaded regions
represent the best-fit linear relation and their intrinsic scatter. The dashed line shows the one-to-
one relation. Figures taken from Eckert et al. (2020).

majority of the expected number of detected objects and one is interested in well-calibrated and
well-understood scaling relations. Due to their shallower potential well, galaxy groups are more
affected by non-gravitational processes than galaxy clusters. In addition, line emission at galaxy
group masses becomes significant on top of the bremsstrahlung continuum. Depending on the
metallicity, more than 50% of the total X-ray emission can be contributed by line emission. This
line emission is not included in the self-similar model. Therefore, galaxy groups seem more
luminous and hotter for their mass relative to clusters in scaling relations. This leads, for ex-
ample, to a steepening of the slope of the mass-luminosity scaling relation toward low masses
(Kettula et al., 2015). This observed mass dependence of scaling relations, together with the fact
that the self-similar model neglects the line emission component completely, implies that more
complicated scaling-relation models need to be investigated. However, there are no other suit-
able functional forms from the theoretical point of view and existing galaxy-cluster samples are
too small to model more complicated scaling relations. This will change with the eROSITA all-
sky survey, which provides enough statistics to explore scaling-relation models beyond a single
power-law. Therefore, it would be valuable to intend to constrain galaxy group scaling relations
and quantify the influence of the non-gravitational physics in a future project.

4.3 Probing the link between the scatter of galaxy cluster char-
acteristics and the mass accretion history

In addition to study the scaling relations of galaxy groups in the eROSITA all-sky survey, it is
important to understand the scatter of the galaxy group mass proxies better. This helps to interpret
potential systematic effects in cosmological studies. The ellipticity of the X-ray emission and the



98 4. Future prospects

concentration of the dark matter are shaped by the mass accretion history and we plan to explore
the correlation between them and the scatter in the core-excised X-ray luminosity. This includes
cluster physics in scaling relations and the formalism can easily be extended to additional galaxy
group properties, for example optical richness. Additional work is needed to develop combined
group mass proxies and to understand the completeness of group selection using X-rays.



Chapter 5

Brief summary

The primary goal of the work presented in this thesis is to outline how to use the X-ray emission
from galaxy cluster outskirts for cosmological studies. In Chapter 2, we start by characterizing
the X-ray emission of a well defined galaxy cluster sample using a novel approach. The method
models the excess emission in cool-core clusters using wavelet decomposition, which provides
a better fit to the cluster outskirts. This model provides an unbiased measurement of the extent
parameter and the cluster flux in the outskirts with respect to the different core types. In contrast,
a widely used classical β-model tends to underestimate the flux in the cluster outskirts up to over
40% and the extent parameters are biased low for cool-core clusters. Additionally, we study the
scaling of the shape parameters with temperature and the covariances between shape parameters
and luminosity at a fixed temperature. For the same mass, more compact objects tend to be more
luminous. In Chapter 3 we utilise the findings of Chapter 2 and propose a scheme to detect
galaxy clusters with eROSITA through cluster outskirts. Avoiding the cluster centers in source
detection minimizes the bias toward cool-core clusters. We determine the detection efficiency
of this method by simulations and find that one requires more and more counts with decreasing
extent of the cluster to obtain a specific detection efficiency. The method requires better photon
statistics for compact clusters to successfully classify the object as extended. The payoffs of this
approach are cluster catalogs that are well characterized and have simple selection functions.
Compared to the current eROSITA detection and characterization method, the obtained catalogs
are purer at a similar level of completeness. After successful detection in the eROSITA all-sky
survey, the galaxy groups and clusters need to be characterized. A self-consistent way to mea-
sure the core-excised luminosity will be part of a future study and is presented in Chapter 4.
This method makes use of the self-similar shape of galaxy clusters in the outskirts and predicts
the core-excised luminosity and the total mass based on an aperture measurement of the clus-
ter flux. First idealized tests on simulations show a scatter of approximately 36%, which likely
sets an upper performance bound of this method when PSF effects are not taken into account.
We present a similar method based on the linear decomposition of observed profiles in Eckert
et al. (2020). Applying a proper PSF-reconstruction technique reduces the intrinsic scatter of the
core-excised luminosity and mass to approximately 16% without measurable bias. The inferred
galaxy cluster parameters are beneficial for cosmological studies. On the one hand, the distribu-
tion of the reconstructed total masses can be compared to theoretical predictions to directly infer
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cosmological parameters. On the other hand, the reconstructed core-excised luminosities can be
utilized in scaling relations. The expected large amount of detected galaxy groups and clusters
with eROSITA allows us to study scaling relations in unprecedented detail. This includes study-
ing more complex functional forms and the scatter between the different mass proxies. This will
help to understand potential systematic effects in cosmological constraints.



Appendix A

Appendix for the characterization of X-ray
galaxy clusters

A.1 Mass comparison
In this section we compare our previous emission measure ratio results of Sect. 2.3 to profiles
that are re-scaled by a characteristic radii according to hydrostatic mass estimates by Schel-
lenberger and Reiprich (2017). We adapt their preferred ”NFW Freeze” model, where a NFW
profile (Navarro et al., 1996, 1997) is fit to the outermost measured mass profiles of Chandra
observations and a concentration-mass relation is used to reduce the degrees of freedom. We
are interested in the difference between individual core-types and not in the bias between the
Planck and hydrostatic masses. Therefore, we assume that the bias is constant for all clusters.
To probe the masses at the same radii, we recalculate the hydrostatic masses at the Planck r500

values according to Formula (31) of Schellenberger and Reiprich (2017)

M∗
500,GS17

(
< r500,Planck

)
= M500,GS17

Y( r500,Planck

r500,GS17
c500,GS17)

Y(c500,GS17)
, (A.1)

where c500 denotes the NFW concentration parameter and Y(u) = ln(1 + u) − u/(1 + u). These
recalculated masses are on average lower than the corresponding masses in the Planck catalog.
The median of the NCC cluster masses is approximately 13% larger than that of the SCC objects
(see Fig. A.1), increasing the SCC to NCC weighted mean ratio effect in the 0.2–0.5 r500 range
to 40%. This increase due to the dynamical states is also seen in simulations, for example in
different fractions of non-thermal pressure for different mass accretion rates (Nelson et al., 2014).
The differences can thus be explained by assuming that NCC clusters are merging objects and
that they contain more non-thermal energy. An alternative explanation is that the differences
come from the assumed concentration-mass relation. We expect different core-types to have
different shapes of the dark matter halo and therefore different concentrations at a given radius.
However, fitting for the concentration in Schellenberger and Reiprich (2017) results in some
cases to unrealistic high or low masses, potentially because of limited radial coverage due to the
relatively small Chandra field-of-view.
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Figure A.1: Comparison between Planck and hydrostatic mass estimates of HIFLUGCS objects
with temperatures greater than 3 keV.
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A.2 Priors
We list the priors used for the analysis in Chapter 2 in Table A.1. They are chosen to be weakly-
or non-informative and varying them does not influence the results of this study significantly.

Table A.1: List of parameters and their priors. We note that the prior of the scaling relation
slope is assumed to be uniform in sin(Θ) (VanderPlas, 2016), with Θ being the angle between
the best-fit line and the x-axis. The term ”pos-normal” refers to a probability distribution that
follows an ordinary normal distribution but is set to zero for negative parameter values, meaning
that the parameter is restricted to be positive.

Parameter Description Prior

β β-model slope pos-normal(0.67,10)

rc
β-model core radius

in arcminutes pos-normal(0,100)

m Scaling relation slope ∝
(
1 + m2

)−3/2

b Scaling relation intercept
non-informative

uniform

λy
Intrinsic scatter

in y pos-normal(0,10)

λxy
Correlation coefficient

between x and y uniform[-1,1]

A.3 HIFLUGCS parameters
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Table A.2: Galaxy cluster parameters. Column (1) gives the cluster name. Columns (2) and (3)
list the equatorial coordinates of the cluster center in decimal degrees based on the large-scale
wavelet image. Column (4) gives the offset to an iteratively determined two-dimensional ’center
of mass’ using an aperture radius of 3′ (Reiprich and Böhringer, 2002). Column (5) and (6)
list the cluster redshift (Reiprich and Böhringer, 2002) and core-excised temperature (Hudson
et al., 2010), respectively. Column (7) and (8) give the β-model slope and core radius for a core-
modeled fit. Column (9) lists the luminosity in the 0.1–2.4 keV energy range. The cool-core
classification according to Hudson et al. (2010) is given in column (10). Column (11) lists the
characteristic radius where the density corresponds to 500 times the critical density at the cluster
redshift. Galaxy clusters, whose r500 value is marked with a † do not have SZ mass estimates
(Planck Collaboration et al., 2016) and the Schellenberger and Reiprich (2017) mass estimate is
used to determine the wavelet small scales. These clusters are excluded from further analysis
steps which comprise characteristic radii. Column (12) gives the measured large scale ellipticity.
The physical to angular scale conversion at the cluster redshift is given in column (13).

Cluster R.A. Dec. Offset zzz TTT βββ rcrcrc LLL CCC r500r500r500 Ellipticity Scale

name J2000 ′′ keV kpc 1044 erg s−1 Mpc kpc/′′

A0085 10.4600 -9.3110 23.5 0.0556 5.50+0.10
−0.10 0.731+0.010

−0.009 283.33+6.72
−6.43 5.034 ± 0.030 SCC 1.18 0.102 1.08

A0119 14.0610 -1.2490 14.1 0.0440 5.26+0.30
−0.26 0.681+0.017

−0.017 371.94+13.49
−13.22 1.725 ± 0.016 NCC 1.05 0.177 0.87

A0133 15.6740 -21.8800 1.9 0.0569 3.72+0.07
−0.09 0.634+0.008

−0.007 115.90+3.79
−3.59 1.514 ± 0.012 SCC 1.00 0.240 1.10

NGC507 20.9080 33.2560 9.1 0.0165 1.44+0.08
−0.10 0.420+0.005

−0.005 34.35+2.17
−2.10 0.127 ± 0.002 SCC 0.47† 0.047 0.34

A0262 28.1960 36.1600 26.2 0.0161 2.39+0.03
−0.04 0.483+0.007

−0.006 57.07+2.55
−2.45 0.534 ± 0.020 SCC 0.73 0.303 0.33

A0400 44.4110 6.0050 44.8 0.0240 2.23+0.09
−0.11 0.544+0.010

−0.010 126.97+5.06
−4.91 0.352 ± 0.004 NCC 0.54† 0.371 0.48

A0399 44.4680 13.0440 9.3 0.0715 6.11+0.12
−0.12 0.551+0.014

−0.013 120.71+13.25
−12.93 3.634 ± 0.196 NCC 1.20 0.051 1.36

A0401 44.7380 13.5790 3.7 0.0748 7.70+0.30
−0.19 0.527+0.004

−0.004 69.55+3.83
−3.68 6.452 ± 0.071 NCC 1.30 0.346 1.42

A3112 49.4910 -44.2370 0.5 0.0750 4.39+0.10
−0.11 0.646+0.009

−0.008 107.81+4.26
−4.03 3.832 ± 0.042 SCC 0.99 0.246 1.42

FORNAX 54.6490 -35.3640 202.9 0.0046 1.34+0.00
−0.00 0.613+0.025

−0.023 101.54+4.12
−4.02 0.042 ± 0.002 SCC 0.38† 0.061 0.09

2A0335 54.6660 9.9710 9.5 0.0349 3.34+0.09
−0.11 0.731+0.012

−0.011 141.70+4.23
−4.13 2.462 ± 0.020 SCC 0.92 0.177 0.69

IIIZw54 55.3150 15.3970 46.4 0.0311 2.44+0.04
−0.05 0.736+0.120

−0.078 166.98+44.75
−34.00 0.427 ± 0.033 WCC 0.56† 0.104 0.62

A3158 55.7260 -53.6300 4.0 0.0590 4.62+0.06
−0.06 0.697+0.020

−0.018 234.54+11.72
−11.41 2.899 ± 0.043 NCC 1.12 0.207 1.14

A0478 63.3550 10.4660 1.3 0.0900 6.67+0.16
−0.17 0.731+0.007

−0.006 186.43+3.65
−3.58 9.083 ± 0.054 SCC 1.31 0.240 1.68

NGC1550 64.9130 2.4070 37.9 0.0123 1.34+0.00
−0.00 0.615+0.047

−0.038 55.14+11.39
−9.43 0.155 ± 0.008 SCC 0.44† 0.054 0.25

EXO0422 66.4670 -8.5620 16.4 0.0390 2.81+0.11
−0.11 0.688+0.030

−0.026 70.53+8.55
−7.91 1.036 ± 0.064 SCC 0.69† 0.205 0.77

A3266 67.8810 -61.4260 86.3 0.0594 8.52+0.31
−0.32 0.933+0.018

−0.018 560.18+12.57
−12.26 4.483 ± 0.031 WCC 1.30 0.397 1.15

A0496 68.4080 -13.2590 8.2 0.0328 4.50+0.04
−0.05 0.651+0.010

−0.010 146.49+4.75
−4.67 1.972 ± 0.014 SCC 0.97 0.217 0.65

A3376 90.5000 -39.9670 52.0 0.0455 3.58+0.10
−0.09 0.675+0.029

−0.026 375.21+22.79
−21.94 1.118 ± 0.016 NCC 0.93 0.495 0.89

A3391 96.5800 -53.6980 30.2 0.0531 5.30+0.27
−0.32 0.762+0.038

−0.034 292.76+21.42
−19.82 1.379 ± 0.026 NCC 0.98 0.398 1.03

A3395s 96.6970 -54.5460 11.2 0.0498 4.47+0.23
−0.23 0.699+0.127

−0.086 286.63+77.07
−57.77 1.096 ± 0.042 NCC 1.03 0.330 0.97

A0576 110.3530 55.7930 103.9 0.0381 3.83+0.07
−0.09 0.716+0.107

−0.072 210.87+52.62
−39.80 0.962 ± 0.065 WCC 0.90 0.255 0.76

A0754 137.3110 -9.6830 82.6 0.0528 9.99+0.34
−0.38 0.767+0.016

−0.015 405.13+11.92
−11.60 2.052 ± 0.033 NCC 1.32 0.455 1.03

HYDRA-A 139.5230 -12.0940 2.7 0.0538 3.27+0.07
−0.08 0.719+0.007

−0.007 126.94+2.68
−2.63 3.049 ± 0.018 SCC 0.84† 0.237 1.05

A1060 159.1680 -27.5280 41.9 0.0114 3.02+0.04
−0.04 0.602+0.007

−0.007 98.62+1.92
−1.97 0.284 ± 0.009 WCC 0.68† 0.062 0.23

A1367 176.2100 19.7030 68.4 0.0216 3.38+0.05
−0.05 0.670+0.022

−0.021 346.02+13.68
−12.76 0.619 ± 0.005 NCC 0.83 0.089 0.44
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Table A.2: Continued.

Cluster R.A. Dec. Offset zzz TTT βββ rcrcrc LLL CCC r500r500r500 Ellipticity Scale

name J2000 ′′ keV kpc 1044 erg s−1 Mpc kpc/′′

MKW4 181.1020 1.8990 38.1 0.0200 2.01+0.04
−0.04 0.566+0.011

−0.011 79.67+4.05
−3.89 0.200 ± 0.003 SCC 0.51† 0.275 0.41

ZwCl1215 184.4200 3.6590 7.2 0.0750 5.74+0.28
−0.25 0.748+0.018

−0.017 248.82+10.78
−10.45 2.693 ± 0.035 NCC 1.01† 0.268 1.42

NGC4636 190.7310 2.7600 272.0 0.0037 0.90+0.02
−0.02 2.043+1.127

−0.682 149.01+45.65
−35.75 0.012 ± 0.001 SCC 0.34† 0.176 0.08

A3526 192.2300 -41.3000 89.3 0.0103 3.68+0.02
−0.02 0.551+0.003

−0.003 110.89+1.30
−1.29 0.637 ± 0.014 SCC 0.77 0.280 0.21

A1644 194.2900 -17.3990 14.0 0.0474 4.70+0.08
−0.08 0.688+0.084

−0.062 296.25+68.92
−54.79 1.993 ± 0.102 SCC 1.07 0.050 0.93

A1650 194.6700 -1.7590 6.4 0.0845 5.33+0.05
−0.06 0.642+0.048

−0.038 171.84+31.73
−26.11 3.754 ± 0.248 WCC 1.13 0.160 1.59

A1651 194.8390 -4.1950 9.0 0.0860 5.80+0.24
−0.24 0.696+0.012

−0.012 180.93+6.75
−6.44 4.109 ± 0.049 WCC 1.18 0.152 1.61

COMA 194.9480 27.9300 30.6 0.0232 8.26+0.15
−0.14 0.874+0.004

−0.004 449.21+2.37
−2.39 4.067 ± 0.057 NCC 1.35 0.295 0.47

NGC5044 198.8640 -16.3860 38.8 0.0090 1.22+0.03
−0.04 0.664+0.014

−0.013 65.97+2.19
−2.13 0.099 ± 0.000 SCC 0.41† 0.063 0.18

A1736 201.7500 -27.1580 108.3 0.0461 2.98+0.10
−0.11 0.591+0.062

−0.048 337.18+70.00
−56.53 1.657 ± 0.104 NCC 0.99 0.065 0.91

A3558 202.0050 -31.5130 57.3 0.0480 4.58+0.11
−0.13 0.656+0.007

−0.006 265.23+4.67
−4.54 3.401 ± 0.017 WCC 1.17 0.289 0.94

A3562 203.3960 -31.6650 13.1 0.0499 4.13+0.18
−0.14 0.585+0.011

−0.010 192.27+7.73
−7.30 1.603 ± 0.014 WCC 0.94 0.230 0.98

A3571 206.8670 -32.8520 12.3 0.0397 6.38+0.11
−0.11 0.692+0.010

−0.010 199.73+5.33
−5.15 4.181 ± 0.029 WCC 1.16 0.336 0.79

A1795 207.2190 26.5980 14.7 0.0616 5.57+0.06
−0.06 0.732+0.003

−0.003 166.95+1.52
−1.49 5.205 ± 0.016 SCC 1.14 0.262 1.19

A3581 211.8790 -27.0180 22.3 0.0214 1.97+0.07
−0.07 0.509+0.018

−0.017 25.47+5.36
−4.78 0.337 ± 0.011 SCC 0.63† 0.210 0.43

MKW8 220.1690 3.4710 35.7 0.0270 2.88+0.11
−0.11 0.543+0.061

−0.044 100.58+34.75
−26.45 0.405 ± 0.034 NCC 0.72 0.151 0.54

A2029 227.7310 5.7440 7.8 0.0767 7.48+0.08
−0.08 0.693+0.006

−0.006 160.89+3.15
−3.15 8.897 ± 0.053 SCC 1.32 0.282 1.45

A2052 229.1880 7.0260 19.5 0.0348 3.18+0.02
−0.02 0.791+0.022

−0.020 163.91+6.83
−6.39 1.259 ± 0.013 SCC 0.67† 0.207 0.69

MKW3S 230.4660 7.7060 4.5 0.0450 3.66+0.08
−0.08 0.707+0.009

−0.008 102.22+2.57
−2.47 1.473 ± 0.015 SCC 0.86 0.277 0.88

A2065 230.6080 27.7170 18.8 0.0721 4.98+0.18
−0.10 1.147+0.467

−0.209 510.85+182.02
−103.71 2.858 ± 0.174 WCC 1.10 0.275 1.37

A2063 230.7790 8.6110 18.5 0.0354 3.55+0.05
−0.05 0.570+0.011

−0.010 60.75+5.21
−4.99 1.168 ± 0.015 WCC 0.86 0.160 0.70

A2142 239.6000 27.2220 70.9 0.0899 7.60+0.88
−0.67 0.923+0.013

−0.013 556.15+10.25
−10.08 10.960 ± 0.099 WCC 1.41 0.388 1.68

A2147 240.5640 15.9550 14.4 0.0351 3.81+0.10
−0.11 0.359+0.021

−0.017 85.48+24.73
−19.42 1.500 ± 0.048 NCC 1.06 0.088 0.70

A2163 243.9410 -6.1470 13.6 0.2010 14.17+0.71
−0.71 0.738+0.015

−0.014 368.75+14.01
−13.65 17.179 ± 0.258 NCC 1.67 0.151 3.31

A2199 247.1580 39.5480 2.0 0.0302 4.07+0.06
−0.06 0.751+0.005

−0.005 182.12+1.96
−1.93 2.140 ± 0.039 SCC 0.99 0.201 0.60

A2204 248.1960 5.5760 10.2 0.1523 8.06+0.63
−0.53 0.707+0.020

−0.018 173.91+10.89
−10.33 13.715 ± 0.219 SCC 1.33 0.046 2.65

A2244 255.6740 34.0590 4.9 0.0970 5.31+0.09
−0.10 0.642+0.015

−0.014 126.79+7.91
−7.43 4.345 ± 0.091 WCC 1.12 0.145 1.80

A2256 255.9750 78.6400 31.0 0.0601 6.91+0.57
−0.55 1.041+0.014

−0.013 547.10+7.58
−7.35 4.793 ± 0.067 NCC 1.27 0.341 1.16

A2255 258.2080 64.0650 26.5 0.0800 5.33+0.17
−0.18 0.851+0.029

−0.027 502.79+21.65
−20.19 2.829 ± 0.034 NCC 1.21 0.209 1.51

A3667 303.1450 -56.8430 17.3 0.0560 5.84+0.04
−0.04 0.567+0.007

−0.006 260.96+7.05
−6.82 4.949 ± 0.035 WCC 1.33 0.341 1.09

S1101 348.4940 -42.7270 1.3 0.0580 2.50+0.11
−0.11 0.783+0.011

−0.011 115.72+3.27
−3.15 1.850 ± 0.017 SCC 0.79 0.178 1.12

A2589 350.9880 16.7720 10.7 0.0416 3.65+0.04
−0.04 0.671+0.017

−0.016 148.38+7.35
−6.86 0.989 ± 0.013 WCC 0.84 0.285 0.82

A2597 351.3320 -12.1250 1.9 0.0852 3.79+0.06
−0.06 0.702+0.014

−0.013 106.77+5.42
−5.02 3.535 ± 0.042 SCC 0.93 0.192 1.60

A2634 354.6090 27.0130 61.9 0.0312 3.04+0.10
−0.10 0.680+0.030

−0.027 297.03+17.64
−16.72 0.518 ± 0.008 WCC 0.80 0.554 0.62

A2657 356.2290 9.1940 16.4 0.0404 3.33+0.11
−0.10 0.555+0.006

−0.006 96.03+3.05
−3.00 0.911 ± 0.008 WCC 0.79 0.125 0.80

A4038 356.9320 -28.1450 13.3 0.0283 3.00+0.03
−0.04 0.620+0.014

−0.013 98.38+5.08
−4.88 1.005 ± 0.013 WCC 0.80 0.313 0.57

A4059 359.2520 -34.7580 7.1 0.0460 3.94+0.03
−0.03 0.705+0.020

−0.018 168.53+9.33
−8.62 1.477 ± 0.019 SCC 0.94 0.255 0.90
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A.4 HIFLUGCS images and surface brightness profiles
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Figure A.2: Left panels: ROSAT count rate images for individual galaxy clusters. The large-
scale centers are shown as green plus signs. Red contours correspond to wavelet scales used for
background modeling. The large scales (the ones above 0.2 r500) are shown as blue contours.
These large scales are used to calculate the center and ellipticities. The extracted SExtractor
ellipses are displayed in dashed green. Each box size corresponds to the outer significance radius
of the shown cluster. Right panels: The top panels show the measured (black points) surface
brightness profiles of individual galaxy clusters. The background models used for the single β-
model fits (solid blue lines) are shown as red points. The bottom panels show the residuals of the
core-modelled single β-model fits.
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Figure A.2: Continued.



A.4 HIFLUGCS images and surface brightness profiles 121

MKW3S

15h22m30.0s 00.0s 21m30.0s 21m00.0s

7°55'00"

50'00"

45'00"

40'00"

35'00"

30'00"

Right Ascension (J2000)

D
e
cl

in
a
ti

o
n
 (

J2
0
0
0
)

10−7

10−6

10−5

10−4

10−3

10−2

10−1

100

S
u

rf
ac

e
b

ri
gh

tn
es

s
[ cn

ts
/s
/a

rc
m

in
2
]

single−β
0.2/0.5 r500

bkg model

0.1 1.0 10.0

Radius [arcmin]

−0.20
−0.15
−0.10
−0.05

0.00
0.05
0.10
0.15
0.20

d
at

a−
m

o
d

el
m

o
d

el

10 100 1000

Radius
[
kpc · h−1

70

]

A2065

15h23m00.0s 22m30.0s 22m00.0s

27°55'00"

50'00"

45'00"

40'00"

35'00"

Right Ascension (J2000)

D
e
cl

in
a
ti

o
n
 (

J2
0
0
0
)

10−7

10−6

10−5

10−4

10−3

10−2

10−1

S
u

rf
ac

e
b

ri
gh

tn
es

s
[ cn

ts
/s
/a

rc
m

in
2
]

single−β
0.2/0.5 r500

bkg model

0 1 10 100

Radius [arcmin]

−0.6
−0.4
−0.2

0.0
0.2
0.4
0.6

d
at

a−
m

o
d

el
m

o
d

el

10 100 1000 10000

Radius
[
kpc · h−1

70

]

A2063

15h24m30.0s00.0s 23m30.0s23m00.0s22m30.0s22m00.0s

8°50'00"

40'00"

30'00"

20'00"

Right Ascension (J2000)

D
e
cl

in
a
ti

o
n
 (

J2
0
0
0
)

10−8

10−7

10−6

10−5

10−4

10−3

10−2

10−1

S
u

rf
ac

e
b

ri
gh

tn
es

s
[ cn

ts
/s
/a

rc
m

in
2
]

single−β
0.2/0.5 r500

bkg model

0.1 1.0 10.0

Radius [arcmin]

−0.2

0.0

0.2

0.4

0.6

d
at

a−
m

o
d

el
m

o
d

el

10 100 1000

Radius
[
kpc · h−1

70

]

Figure A.2: Continued.
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A. G., Schlegel, D. J., Schneider, D. P., Scóccola, C. G., Seo, H.-J., Sheldon, E. S., Simmons,
A., Skibba, R. A., Strauss, M. A., Swanson, M. E. C., Thomas, D., Tinker, J. L., Tojeiro, R.,
Magaña, M. V., Verde, L., Wagner, C., Wake, D. A., Weaver, B. A., Weinberg, D. H., White,
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Pan, K., Pandey, P., Parejko, J. K., Pâris, I., Pellegrini, P., Pepper, J., Percival, W. J., Petitjean,
P., Pfaffenberger, R., Pforr, J., Phleps, S., Pichon, C., Pieri, M. M., Prada, F., Price-Whelan,
A. M., Raddick, M. J., Ramos, B. H. F., Reid, I. N., Reyle, C., Rich, J., Richards, G. T.,
Rieke, G. H., Rieke, M. J., Rix, H.-W., Robin, A. C., Rocha-Pinto, H. J., Rockosi, C. M.,
Roe, N. A., Rollinde, E., Ross, A. J., Ross, N. P., Rossetto, B., Sánchez, A. G., Santiago, B.,
Sayres, C., Schiavon, R., Schlegel, D. J., Schlesinger, K. J., Schmidt, S. J., Schneider, D. P.,
Sellgren, K., Shelden, A., Sheldon, E., Shetrone, M., Shu, Y., Silverman, J. D., Simmerer, J.,
Simmons, A. E., Sivarani, T., Skrutskie, M. F., Slosar, A., Smee, S., Smith, V. V., Snedden,
S. A., Stassun, K. G., Steele, O., Steinmetz, M., Stockett, M. H., Stollberg, T., Strauss, M. A.,
Szalay, A. S., Tanaka, M., Thakar, A. R., Thomas, D., Tinker, J. L., Tofflemire, B. M., Tojeiro,
R., Tremonti, C. A., Vargas Magaña, M., Verde, L., Vogt, N. P., Wake, D. A., Wan, X., Wang,
J., Weaver, B. A., White, M., White, S. D. M., Wilson, J. C., Wisniewski, J. P., Wood-Vasey,
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W., Burwitz, V., Eder, J., Hartner, G., Menz, B., and Predehl, P. (2014). The eROSITA x-ray
baffle. In Space Telescopes and Instrumentation 2014: Ultraviolet to Gamma Ray, volume
9144 of Proceedings of the SPIE, page 91444R.

Geller, M. J. and Huchra, J. P. (1989). Mapping the Universe. Science, 246(4932):897–903.

Ghirardini, V., Eckert, D., Ettori, S., Pointecouteau, E., Molendi, S., Gaspari, M., Rossetti, M.,
De Grandi, S., Roncarelli, M., Bourdin, H., Mazzotta, P., Rasia, E., and Vazza, F. (2018a). The
universal thermodynamic properties of the intracluster medium over two decades in radius in
the X-COP sample. ArXiv e-prints.

Ghirardini, V., Eckert, D., Ettori, S., Pointecouteau, E., Molendi, S., Gaspari, M., Rossetti, M.,
De Grandi, S., Roncarelli, M., Bourdin, H., Mazzotta, P., Rasia, E., and Vazza, F. (2019).
Universal thermodynamic properties of the intracluster medium over two decades in radius in
the X-COP sample. Astronomy and Astrophysics, 621:A41.



BIBLIOGRAPHY 137

Ghirardini, V., Ettori, S., Eckert, D., Molendi, S., Gastaldello, F., Pointecouteau, E., Hurier, G.,
and Bourdin, H. (2018b). The XMM Cluster Outskirts Project (X-COP): Thermodynamic
properties of the intracluster medium out to R200 in Abell 2319. Astronomy and Astrophysics,
614:A7.

Giacconi, R., Gursky, H., Paolini, F. R., and Rossi, B. B. (1962). Evidence for x Rays From
Sources Outside the Solar System. Physical Review Letters, 9:439–443.

Giacconi, R., Kellogg, E., Gorenstein, P., Gursky, H., and Tananbaum, H. (1971). An X-Ray
Scan of the Galactic Plane from UHURU. Astrophysical Journal, Letters, 165:L27.

Giles, P. A., Maughan, B. J., Pacaud, F., Lieu, M., Clerc, N., Pierre, M., Adami, C., Chiappetti,
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