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Abstract

Clusters of galaxies are versatile tools for both astroijpByand cosmology. In the X-ray band,
clusters are clearly identifiable by their distinct exteshadamission from the hot Intra Cluster
Medium, which qualifies X-ray search techniques as a predemethod for cluster surveys. One
of the currently active X-ray cluster surveys is the XMM-New Distant Cluster Project (XDCP),
with the main objective to identify and study high redshiftf 0.8) clusters using XMM archival
data. The next generation all-sky X-ray cluster survey bélperformed with eROSITA (extended
ROentgen Survey with an Imaging Telescope Array), whichuisently under development in a
Russian-German collaboration led by the Max-Planckustifor Extraterrestrial Physics (MPE).
Identifying clusters in X-ray surveys is a challenging taslt has the advantage that the surveys
can be calibrated by simulations to fully exploit them irtistical studies.

In this thesis, | have pursued three main projects, whichatireonnected to the detection of
galaxy clusters in X-ray surveys:

(1) As a hardware related project, | developed a new sub-piselugon algorithm making use
of split events in X-ray CCDs. With the enhanced resoluttbe,measured Point Spread Function
(PSF) of the first eROSITA mirror shells could be characeatizvith improved accuracy. A test
measurement showed, that the derived half energy widtheoP®F could be decreased 18/%
with respect to an analysis with standard CCD resolution.

(2) For the upcoming eROSITA mission, | developed an image sitogl which combines
large-scale structure simulations of galaxy clusters itint-sources and realistic background
components as well as instrumental effects, such as thetSg§pectral response, and sub-pixel
resolution. The first simulated images will be used as inputte characterization of the cluster
detection capabilities of eROSITA, once a dedicated aisabaftware becomes available in the
near future. In order to allow predictions of the eROSITAstér yield, | followed an alterna-
tive approach using all-sky maps of exposure time and galaeutral hydrogen, and a redshift
dependent cluster luminosity function. With this, | couktimate the number of clusters being
detectable in each® x 1° sky pixel anddz = 0.01 redshift bin based on globally defined count
limits. Relying on results from earlier X-ray cluster swysewith ROSAT or XMM-Newton, |
was able to confirm the feasibility of the scientific goal wtitle derived expectation values for the
number of detectable clusters in the range figd00 to 177 000 based on realistic count limits
from 100 to 50 photons.

(3) The largest project within this thesis was the charactiéoimeof the detection sensitivity
of the XDCP. | developed an image simulator tailored to XMMviNon as a pointing instrument,
which addsg-model clusters to real XMM observations. In a large simatatrun including
2.5 million model clusters, | could determine the completanfunctions of 160 XDCP pointings,
I.e. the detection probability depending on the core radiyishe number of photons/,;,, and
the off-axis angled at which the cluster was observed. By assuming a realistatistribution, |
calculated the flux-dependent sky coverage of these fields.aVerage combined flux limit for a
50% completeness level was determined tofhg (0.5 — 2.0 keV) = 5.7 x 1071° erg cm =2 571
for a maximum off-axis angle df,,., = 12’. Using a more conservativg, ., = 10, implying a
loss 0f30% of the survey area, would only marginally improve the fluxitiby 3.5%.

The simulation tools developed within this thesis will allturther extensive studies on cluster
detection with XMM-Newton and eROSITA and serve as a stgipioint for testing and improving
the currently developed sophisticated data analysis ighgas, which are required to process the
extensive amount of all-sky survey data to be expected fiR@HATA.
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Zusammenfassung

Galaxienhaufen sind vielseitige Studienobjekte, sowbhtlfe Astrophysik als auch fur die Kos-
mologie. Im Rontgenlicht sind Galaxienhaufen durch inharekteristische ausgedehnte Emis-
sion des heiRen Haufengases klar indentifizierbar. Diefifigieat Rontgenbeobachtungen als
bevorzugte Suchmethode fur Galaxienhaufen. Eine deekltktiven Durchmusterungen ist das
XMM-Newton Distant Cluster Project (XDCP), mit dem Ziel, l@sienhaufen bei hoher Rotver-
schiebung £ = 0.8) in XMM-Archivdaten zu identifizieren und zu studieren.

Die Himmelsdurchmusterung der nachsten Generation wit@ROSITA (extended ROent-
gen Survey with an Imaging Telescope Array) durchgefuhetden, welches zur Zeit in einer
russisch-deutschen Kollaboration unter Federfuhrursgghax-Planck-Instituts fUr extraterrestri-
sche Physik (MPE) entwickelt wird. Die Identifikation von I@&denhaufen in Rontgendurchmu-
sterungen ist eine Herausforderung, hat aber den Vortesk die Daten mit Hilfe von Simulatio-
nen kalibriert werden kdnnen, um ihr volles Potential mtistischen Studien zu nutzen.

In dieser Arbeit habe ich hauptsachlich drei Themen béathelie alle mit dem Nachweis
von Galaxienhaufen in Rontgendurchmusterungen verfkisin:

(1) Als Hardware-nahes Projekt entwickelte ich einen neuerodtgmus fur Sub-Pixel-Auf-
l[6sung auf der Basis von Split-events in Rontgen-CCD4.ddi verbesserten Auflosung kann die
gemessene Punktbildfunktion (PSF) der ersten eROSITAgeEchalen mit hoherer Genauigkeit
charakterisiert werden. In einer Testmessung konnte djelaitete halbe Energiebreite der PSF,
im Vergleich zu einer Messung mit Standard-CCD-Aufldsung,18 % gesenkt werden.

(2) Fur die bevorstehende eROSITA-Mission entwickelte icteriBildsimulator, der Simula-
tionen der groBraumigen Struktur und Galaxienhaufen onikRyjuellen und realistischen Hinter-
grundkomponenten kombiniert, sowie instrumentelle B&elwie PSF, spektrale Empfindlichkeit
und Sub-Pixel-Auflosung berticksichtigt. Die ersten dienten Bilder werden als Grundlage fur
die Charakterisierung der Haufen-Nachweisfahigkeit e®OSITA verwendet werden, sobald
eine dedizierte Analyse-Software in naher Zukunft zur ¥guing steht. Um Vorhersagen zum
Ertrag an Galaxienhaufen mit eROSITA treffen zu konnerfolgte ich einen alternativen Ansatz
unter Verwendung von Himmelskarten von Belichtungszeit galaktischem neutralem Wasser-
stoff, sowie einer Rotverschiebungs-abhangigen Leuafiflunktion von Galaxienhaufen. Damit
konnte ich die Zahl der detektierbaren Haufen pro< 1° Himmelspixel unddz = 0.01 Rotver-
schiebungs-Intervall auf der Basis von global definierténimmalen Photonenzahlen abschatzen.
Beruhend auf Ergebnissen von frilheren Rontgendurclamusien mit ROSAT und XMM-New-
ton konnte ich die Realisierbarkeit der wissenschaftlicEe&lsetzung von eROSITA bestatigen,
wobei der Erwartungswert fur die Zahl der detektierbareaufdn im Bereich vor85 000 bis
177000 liegt, bei realistischen Untergrenzen vomd bis 50 Photonen pro Haufen.

(3) Das umfangreichste Projekt im Rahmen dieser Arbeit war terékterisierung der Sensi-
tivitat von XDCP. Dazu entwickelte ich einen auf XMM-Newtals ein im pointierten Modus be-
triebenes Observatorium, zugeschnittenen Bildsimylalters-Modell-Haufen zu realen XMM-
Beobachtungen hinzufigt. In einem umfassenden Simuk#af mit 2,5 Millionen Modell-
Haufen konnte ich die Vollstandigkeits-Funktionen vord XA CP Feldern bestimmen, d.h. die
Entdeckungswahrscheinlichkeit in Abhangigkeit von CRegliusr., PhotonenzahiV,;, und Off-
Axis-Winkel 8, bei welchem der Haufen beobachtet wurde. Unter Annahneg egalistischem,-
Verteilung berechnete ich die flussabhangige Himmelsaaoe dieser Felder. Das durchschnitt-
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liche Flusslimit fur ein Vollstandigkeits-Niveau vai©% bestimmte ich zy;, (0.5 — 2.0 keV) =
5.7 x 1071 erg cm 2 s~ fiir einen maximalen Off-Axis-Winkel vofi,,., = 12’. Eine konser-
vativere Bechrankung adf,,,, = 10’, entsprechend einem u30% reduzierten Raumwinkel der
Durchmusterung, wiirde das Flusslimit nur marginal % verbessern.

Die in dieser Arbeit entwickelten Simulations-Werkzeugerden weitere umfangreiche Stu-
dien zur Galaxienhaufen-Detektierbarkeit mit XMM-Newtand eROSITA ermdoglichen. Des
Weiteren dienen sie als Startpunkt fur das Testen und ¥sdoe von zur Zeit entwickelten fort-
schrittlichen Datenanalyse-Algorithmen, die zur Proegasg der von eROSITA zu erwartenden
erheblichen Datenmenge notwendig sind.
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Chapter 1

Introduction

Some of the currently strongest constraints on the energienbof the universe and cosmolog-
ical parameters (e.g. Dark Energy) come from observatidredusters of galaxies. These most
massive virialized objects constitute the top end of theah@hical structure formation processes
and structure formation in turn depends strongly on cosgicéd parameters. Galaxy clusters are
therefore very well suited for cosmological studies.

Under the assumption of the gas mass fraction in clugtgrs= M,,s/M;.; being constant
with redshiftz, Allen et al. (2008 were able to put constraints on the Dark Energy equatien-of
staté parametetv. The measurement gf, is sensitive to the assumed angular diameter distance
dang t0 the cluster. Therefore, only th&,.(z) corresponding to the real underlying cosmology
will lead to the requiredf,,s(2) = const. By measuringf.s from Chandra observations of
42 clusters of galaxies spanning a redshift rang®.65 < z < 1.1 the study could determine
w = —1.14 + 0.31 under the assumption of a flat universe with a non-evolvingaggn-of-state.

Vikhlinin et al. (2009 have studied the evolution of the mass function of galaxgtelrs by
comparing a sample &7 high redshift (z) = 0.55) clusters serendipitously detected in ROSAT
pointed observations with a sample4sf low redshift ¢ ~ 0.05) clusters from the ROSAT All-
Sky Survey (RASS). By following up those two samples with@tendra observatory, they were
able to constrain the equation-of-state parametepte= —1.14 4+ 0.21 under the assumption
of a flat universe and constant In a combined analysis together with data from observation
of supernovae, the Cosmic Microwave Background (CMB) and/&sc Acoustic Oscillations
(BAO), the tight constraint ofv = —0.991 + 0.045 (statistical) + 0.039 (systematic) could be
achieved. This represents an improvement of a factarioin the statistical and a factor 6f2 in
the systematic uncertainties, as compared to an analygiswtithe results from galaxy clusters.

For making use of clusters of galaxies for cosmologicalistdt is necessary tf) find and
identify them among the extensive diversity of celestigeots as well agii) understand their as-
trophysical appearance and the scaling of their variousrghbles with cluster mass. Both tasks
can be arbitrarily challenging depending not only on theimimm mass which is used in an anal-
ysis but on many other cluster properties as well. Using Kefaservations, the first prerequisite
(i) is governed mainly by the spatial distribution of the &¢remission of the galaxy cluster, i.e. its
shape, concentration and brightness. Especially the @itis tightly related to the cluster mass.
The second prerequisite (ii) is equally ambitious sinceotbeerved relations between cluster tem-

Dark Energy is commonly described by its equation-of-stetich relates its density to its pressuge= wpc>.
A cosmological constant in the sense of general relativitylél imply a non-evolvingy = —1. Departure from this
model would express itself iw # —1 or aw evolving with redshift.



perature, luminosity (and other observables called "massigs”) and the total mass of a cluster
are only tested down to a lower mass limit and are furtherrfwretions of redshift.

Studies based on observations of clusters of galaxies loalie tarefully corrected for the
above mentioned effects before the data can be applied iofdrence of parameters of cosmo-
logical models. Since only a small part of the objects pitedidoy the models can actually be
observed, the connection between observations and thaorgrdy be made by simulating obser-
vations. This thesis deals with such simulations and theityasis with the focus on two X-ray
observatories. One of them is the X-ray Multi-Mirror migsigXMM-Newton), a pointing obser-
vatory which is operational since 1999. The other one is ¥teneled ROentgen Survey with an
Imaging Telescope Array (eROSITA), an X-ray telescope,cilis currently under development
at the Max-Planck-Institute for Extraterrestrial Phyg[BPE). It is the core instrument on the
Russian Spektrum-Rontgen-Gamma (SRG) mission, whicthiscsiled for launch in 2012 from
Baikonur, Kazakhstan. For brevity, it is hereafter refén@as "eROSITA mission”.

The topics treated here can be divided into three main palitprojects are embedded within
larger programs beyond the scope of the thesis. Orderedcbgasing project size the individual
studies are listed in the following:

e A hardware related project was performed at the X-ray tggtnility PANTER which is an
MPE based laboratory in the south of Munich. During the dgwelent phase of X-ray mir-
rors for the eROSITA mission, individual mirror shells agsted there with respect to their
imaging quality. Due to the relatively short focal lengthtioé mirrors = 1600 mm), the
pixel size of the employed X-ray CCD corresponds to a redfitilow angular resolution on
the order of the size of the mirror's Point Spread FunctioBKP This is a limiting factor
for the mirror characterization measurements. In devabppi new algorithm making use
of Sub-Pixel Resolution (SPR) on the basis of split everis,dffective resolution could
be substantially improved. When employing the SPR algarjtthe PSF core is now well
resolved and also figure errors (deviations of the mirroflaserfrom the ideal Wolter geom-
etry) can be characterized in a better way. Sub-Pixel Résolwill also be applied to the
science data from the eROSITA mission. This algorithm vidirefore also be an essential
part of the simulations and the science analysis softwatesy

e Two projects are devoted to the estimation of the clusteedtiein capabilities of the
eROSITA mission. An eROSITA image simulator has been d@easloon the basis of a
hydrodynamically simulated input of large-scale strueton the one hand and instrumental
characteristics on the other hand. Since no dedicated sssaygftware for eROSITA data
was available at the time of writing, the eROSITA image simbad was not applied to the
estimation of cluster detection probability. It is desedthere for the purpose of being used
in future projects and possible further development.

The second project related to the eROSITA mission estimiagesumber of galaxy clusters
to be expected from the eROSITA cluster survey based on pormbsity arguments. The
input data consists of a luminosity function, an all-sky @sgre map, an all-sky map of
galactic neutral hydrogen column density, and the instniadespectral response. The re-
sulting cluster number density is represented in an allrslp and as a function of redshift.

e The XMM-Newton Distant Cluster Project (XDCP) is a sereiitdiyps cluster survey using
archival data of the XMM-Newton observatory. Its goal is thetection of high redshift
galaxy clusters{ = 0.8). In order to make use of the project for cosmological ajgpions,



a crucial ingredient is the selection function of the survey the cluster detection probabil-
ity depending on various cluster parameters. For this m&am XMM image simulator has
been developed, which adds simulated clusters to real\aigmrs taking into account in-

strumental effects. The employed cluster model is#meodel with core radius and number
of photons as model parameters and off-axis angle as anaddibbservational parameter.
The simulated images were analyzed by the same procedune eesal data.

From a first simulation run of 2.5 months on 20 CPUs, a subsaiwipl60 out of the 469
XDCP fields could be characterized with respect to the dastection probability depend-
ing on those three parameters. With suitable assumptiomiseocore radius distribution at
high redshifts the flux limit dependent survey sky coverags derived for the subsample.

The thesis is organized in the following way: Chap2egives an introduction to the astro-
physics of clusters of galaxies and their cosmological iappbns. ChapteB provides the rele-
vant background about the concepts of observational X-sag@omy and introduces the XMM-
Newton satellite and the eROSITA project. In chaptea more detailed description of Point
Spread Functions (PSFs) in general and the imaging catebitif the XMM-Newton observa-
tory and the eROSITA mission is given. It also describes tlhekvon the development of the
sub-pixel resolution algorithm and the mirror characetiocn measurements performed at the
PANTER facility.

Chapterss deals with the principle of Monte-Carlo simulations and tlevelopment of the
XMM-Newton image simulator. Its first application and theidation of the sky coverage of a
subsample of the XDCP is described in chajter

Chapter7 is dedicated to the development of the eROSITA simulatamsoe which differs
from the XMM simulator in some important aspects. The eR@3imulator is intended for use
in future projects such as studying the selection functfdth@mission or working out predictions
on the cluster survey. A realistic estimation of the prosped the eROSITA cluster survey in
terms of the number of clusters to be detected is providetapter8. Chapte® summarizes the
thesis, compiles its main conclusions and provides an okithm future projects

2An electronic version of the thesis is available from thedily of the Technical University of Munich:
http://ww. ub.tum de/.
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Chapter 2

Clusters of Galaxies

Galaxy Clusters are the most massive dynamically relaxedtsres in the universe, containing
typically 50 to 1000 individual galaxies. This chapter aduces briefly the individual components
of galaxy clusters as well as the physical mechanisms gaingithin them and how they can be
used as cosmological tools and astrophysical laboratories

The goal is not to give a comprehensive introduction to thgesi. This has been done by
many good reviews and textbooks includiBgrazin(1986, Voit (20058 and Schneide(20096.
The intention here is rather to review the main concepts maddhey are required for the un-
derstanding of the main part of the thesis and to providecheguations for reference in later
chapters.

2.1 Overview

Clusters of Galaxies are the largest well defined buildirmgks of the universe. In the framework
of hierarchical structure formation, they are currentlg thrgest objects which have had time to
collapse and reach their dynamical equilibrium. Therefthey appear only relatively late in
the cosmic history which means that very massive systenss erly up to a certain lookback
time corresponding to a certain distance. With increasiatadce or increasing redshift, massive
galaxy clusters become increasingly rare. Up to now, galdugters have been found out to
redshifts ofz ~ 1.5.

Detailed studies of galaxy clusters are still a young fieldesearch, but modern techniques
allow for ever growing data sets and a better understandintgeophenomenon from both, the
observational and the theoretical point of view. One of threlemn observational approaches is
X-ray astronomy. The appearance of galaxy clusters in X-rays is describegdtion2.2. One
of the main theoretical approaches to the subject are siimgaof Dark Matter distributionsN-
body simulationsas well as hydrodynamical simulations of both, Dark Ma#ted gas particles.
These simulations were able to reproduce the observedraaia@ensity profile of galaxy clusters.

Optical and infrared observations of galaxy clusters rieegphenomenon which coined their
name: an overdensity of galaxies, clustering in a smalloregi the sky. The first catalogue of
galaxy clusters was compiled using a minimum number of dgedawithin a brightness range in
a specified solid angleApell, 1958. The left panel of figure.1 shows the core region of the
Coma cluster (one of the nearest galaxy clusters) in thealptiavelength range. More than 60

1The first X-ray emission from galaxy clusters was detectedduket-borne experiments as well as the Uhuru
satellite in the 1960s and '70s. For the history of X-ray obstons of galaxy clusters see also secoh 1
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Figure 2.1: The Coma Cluster (Abell 1656) observed in two different vweds. Note the dif-
ferent image scaled.eft: The optical image of the core region shows individual gaaxiThe
two brightest cluster galaxies can also be identified in theyXimage due to emission from their
interstellar medium (ISM). Image credits: Jim Misti, Mistiountain Observatofy Right: The
same cluster in X-ray$)(3 — 2.0 keV) with color coded intensity. X-ray emission from a merging
group around NGC 4839 can be seen in the lower right. Imaghtsr&riel et al.(2007)

individual galaxies can be identified only in this centrattpd the cluster. The right panel shows
an X-ray mosaic taken with XMM-Newton (with a different amguscale). The Coma Cluster
was one of the first galaxy cluster detected in X-rays. Theyradiation originates from another
main component of galaxy clusters: the Intra Cluster Med{L@M). It consists of a hot plasma
with a temperature of severad” Kelvin which is bound by a gravitational potential well. It is
therefore visible as one object with some additional sulsiire. In the case of the Coma cluster,
also the two brightest cluster galaxies, NGC 4889 and NGCI48@ visible in X-rays due to
emission from their warm interstellar medium (ISM), 8ékhlinin et al. (2007).

The total mass of a cluster, and thus the depth of the gremntltpotential are dominated by
the Dark Matter component which contributes’0 % of the mass budget. It cannot be observed
directly but is inferred from many other methods, includthg velocity distribution of the galaxy
population, the ICM temperature or gravitational lensifigistant background galaxies.

To summarize, the total mass of a galaxy cluster (from abotit)/., to 105 M) is made up
of the following components:

¢ the galaxies which are observable in the optical and infrgfe5 % of the total mass),

¢ the intracluster medium (ICM) which consists mainly of hasgand can therefore be ob-
served in X-rays € 15 % of the total mass),

e the Dark Matter halo which dominates the gravitational pt# of the cluster £ 80 % of
the total mass).

2ht t p: // www. i sti sof t war e. cont ast ronony/ i ndex. ht m
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Figure 2.2: Model spectra of X-ray emission from the ICMeft: Unabsorbed spectra of the
continuum plus line emission with metallicity = 0.4Z; and three different ICM temperatures.
Black: k1" = 1 keV, red: k1" = 3 keV, green:kT = 9 keV. Right: Three spectra withkT =

3 keV observed through different absorbing columns of galagtirdgen. Black: no absorption
(ng = 0), red:nyg = 3 x 10?2° cm—2 green:nyg = 10%! cm 2 Plots fromSchneidef2006).

2.2 X-ray Emission from Galaxy Clusters

Besides Active Galactic Nuclei (AGN), clusters of galaxés the brightest extragalactic X-ray
sources. As opposed to AGN (which show up as point-soura@ijtinct characteristic extended
emission.

2.2.1 Spectral Characteristics

The analysis of X-ray cluster spectra reveals an opticdliy plasma emitting thermal brems-
strahlung, i.e. radiation from free-free transitions afadtons being accelerated in the coulomb
potential of the nuclei (mainly hydrogen, i.e. single pregp Also free-bound emission, i.e. radi-
ation through the capture of free electrons by ions cortietbtio the continuum part of the total
spectrum whereas the line radiation originates from bdumahd transitions of various highly ion-
ized chemical elements abundant in the ICM. A typical clustetallicity (abundance of elements
heavier than helium) i80 % of the solar metallicity.Z = 0.3 Z,.

Figure2.2(left panel) shows unabsorbed model spectra with threerdift ICM temperatures.
With increasing temperature, the spectrum extends to highergies and less line emission due
to the higher ionization state of the ICM plasma. The rightgdeof figure2.2 shows a model
spectrum with a typical cluster temperature df = 3 keV as it appears without absorption
(black) and observed through two different galactic hyérogbsorbing columns (red and green).
The realistically absorbed spectra show their maximum sonsroughly in the standard X-ray
band0.5 — 2 keV for which for example the eROSITA sensitivity has been optéd (see figure
3.5, right panel).

The main dependence of the bolometntasma emissivityy,,;, measured irrg s~! cm ™3,

3The bolometric luminosity is the total luminosity integedtover all frequencies/wavelengths/energies. For practi
cal purposes X-ray astronomers frequently use the luntinosthe band).1 — 100 keV as bolometric.
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on temperature and plasma density can be modelled as
o
€bol = / €, dv o ng T (2.2)
0

wheree, is the spectral emissivityl” is the ICM temperature andl, is the electron density. The
dependence of emissivity on density squared leads to a ligtrast of the signal in the high
density central regions of galaxy clusters.

2.2.2 Spatial Modelling

Galaxy clusters can exhibit a significant amount of subsirecresulting in a variety of shapes
that can deviate from the assumption of spherical symmetry.

The typical sound speed in the ICM of a galaxy cluster is of the order @f ~ 1000 km s~ *.
The sound crossing timig can thus be estimated using a typical cluster radiug ef 1 Mpc as

2
ts = 2 ~ 2 x 10” years (2.2)
Cs

which is smaller than the life time of the cluster (which candpproximated by the age of the
universe). For this reason, most clusters are relaxedriétivas no major disturbance (e.g. merg-
ers) within the last few gigayears. This means that the ICM Isydrostatic equilibrium with the
overall (Dark Matter dominated) gravitational potential.

TheKing mode] originally applied to the study of globular star clustarses the further sim-
plifying assumption of an isothermal sphere with a trungatelocity distribution of the particles
(King, 1969. If one assumes the additional relation between the gasitgen.; and the total
densityp to bepgas o< p?, the radial gas density distribution can be derived as

o7 —38/2
1+(“>] 2.3)
T3.c

wherer; .. is thecore radiug (Cavaliere and Fusco-Femiari976.

From this three dimensional distribution, the surfaceHttrigss distribution as it appears pro-
jected on the sky can be obtained by integrating the plasnissefity ¢, along each line of sight.
This calculation yields the azimuthally symmetfiemodel

PgaS(T?)) X

o7 —38+1/2
1+<§>] | (2.4)

Measurements have shown that the average valygisfwell approximated by ~ 2/3 (e.g.
Jones and Format999.

I(r) «

“In this equation the radius in the three dimensional distitiim is denoted as; in order to be distinguishable from
the projected radius of the two dimensional distributiofvhich is actually an angle on the sky). Throughout the rest
of the thesisr. will denote the core radius of the projected distributiore@sured in arcseconds).
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2.3 Self Similarity and X-ray Scaling Relations

From N-body simulations of Dark Matter particles, a uniaequation for the radial Dark Matter
density distribution could be established which is now camiy referred to as NFWprofile
(Navarro et al.1997°:

pom(r) = s (2.5)
(£) (1+%)
wherery is a characteristic length scale andis the central density. Within this formalism, Dark
Matter halos can be described by only two parametersr equivalently the total mass anglor
equivalently the halo concentration. They are therefotiedself-similar meaning that clusters
with lower mass are scaled down versions of clusters withdrignasses.

The ICM properties are mostly governed by the gravitatiguaéntial, dominated by the Dark
Matter halo. Therefore, one can expect some degree ofisg@listy also concerning the X-ray
appearance of galaxy clusters, i.e. all global clusterrpatars are expected to scale with mass
according to power laws, which are callechling relations

Theoretical scaling relations for the most important @ugtarameters (mass, temperature and
X-ray luminosity) can be derived based on the following asgstions:

1. Clusters are formed by the infall of cold gas into the ptiétnvells formed by Dark Mat-
ter halos. In the process, the gas is heated up by gravigifodriven shocks. Once an
equilibrium state is reached, the virial theorem is valid:

2 <Ekin> + <Epot> =0. (26)

2. Spherical symmetry is applicable.

3. The bolometric ICM emissivity scales with the square afdhe ICM temperature
(equation2.1).

4. The total cluster mass scales with the characteristateluadiusr, like M;,; o< R3.

5. The gas mass fraction is constant, f&s = 7= = const.

6. The underlying Dark Matter halos are self-similar andbiwle.g. an NFW profile
(equation2.5).

2.3.1 M-T Relation

Since the average kinetic energy of a gas particigls,) = %kT, the virial theorem (equation
2.6) can be written as
KT GM

Hmy R,

0, (2.7)

SNFW refers to the initials of the paper’s authors Navarr@rikrand White.
®In equation 2.5), r andr are radii in three dimensions (not projected ones).
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wherek is Boltzmann's constant, is the global ICM temperaturé;y is the gravitational constant,
pwmy, is the average mass of the ICM particles (acting as testpestin the gravitational potential
of the Dark Matter halo). From this equation, the propodidg

M
To<R—o<M2/3 (2.8)

*

can be directly inferred where in the last step assump#ynvas applied. Solving for the total
cluster mass yields the expected self-similar M-T relation

M o T3? (2.9)

2.3.2 L-T Relation

Integrating the ICM emissivity (equatio?.1) over the cluster volume within the characteristic
radiusR, yields
Liol  pos TR . (2.10)

With assumption§), pg.s can be expressed as

p o Mgas _ fgathot
8as T 4nm T d4xm
TR FR

= const. (2.11)

where assumptiond] was additionally used in the last step. This expressioniaes! equation
(2.10 to
Lol o< T2 R3 o TY? Moy o< T? (2.12)

with the use of equatior2(9) in the last step. The self-similar L-T relation is thus irgh

Lol < T? . (2.13)

2.3.3 L-M Relation

Combining the above derived scaling relations equatif) @nd .13 yields the self-similar
L-M relation:
Lo o0x M3 (2.14)

Once calibrated on real observations (for different rdtshithe L-M relation promises to be a
key mass estimator especially for X-ray cluster surveysstiite upcoming eROSITA survey where
no temperature measurement is feasible for the majorithefctusters due to limited photon
statistics.

2.3.4 Evolution of the Scaling Relations

Since galaxy clusters do not have a sharp boundary, qunliitie mass and luminosity are usu-
ally defined within a certain radiuRa where A = (p) /p(2) (see equatiorB.6) is the mean
overdensity within that radius with respect to the critidahsityp., of the universe at redshift,
e.g. forA = 200:

=200 per(2) - (2.15)
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As a consequence, the above derivation of the self-sintklirgy relations is only valid at redshift
zero. Going to higher redshift&sqo, Moo and all derived quantities are expected to evolve. This
can be expressed by means of the dimensionless evolutitam fac:) which is defined in equation
B.8. Including the redshift evolution, the scaling relatiohert change to (seit, 20053:

M-T relation: Magy < E~1(z) - T3/ (2.16)

L-T relation: Lo < E(z) - T? (2.17)
. 4

L-M relation: Laoo < E"/3(2) - My . (2.18)

Observationally, these X-ray scaling relations have bedibrated in many studies (e.blar-
kevitch 1998 Reiprich and Bohringe2002 Pratt et al.2009 with partly differing power law ex-
ponents. Deviations from the self-similar scaling poinattlitional physics in the ICM, e.g. non-
gravitationally driven heating mechanisms or cooling. Bhservational status of X-ray scaling
relations and their evolution with redshift is currentlydied in a diploma thesis at MPRéichert
201Q in prep).

2.4 The Scientific Significance of Galaxy Clusters

Galaxy Clusters are versatile tools for both astrophysicsasmology. The statistical properties
of the population of galaxy clusters as well as their vasiativith time (redshift) provide valu-
able information to estimate cosmological parameters inynthfferent ways. Cosmology and
the properties of galaxy clusters are related through theryhof structure formation, i.e. how
galaxies, clusters and the large-scale structure formed.

2.4.1 Structure Formation in the Universe

The currently prevailing theory of structure formation lie tparadigm ohierarchical structure
formation It states that small objects are formed first which then mné&wdarger objects which in
turn accrete more and more matter to grow further ("bottghacenario). Galaxy clusters are the
largest (virialized) objects in the universe, which therefimplies that they formed most recently.

From Quantum Fluctuations to the Collapse of Dark Matter Halos

In the very early and very hot universe, quantum fluctuatiorthe density distribution serve as
seeds for the formation of structure. They are enlarged terosaopic scales during the epoch
of inflation. After inflation, these primordial fluctuatioirsthe matter density field further evolve
according to a self-gravitating fluid in an expanding urseer The matter density fiejd(Z, t) is
usually described in terms of the density contist, ¢):

7, t) — p(t
5(z,1) = P&0 —P0) (2.19)
p(t)
wherep denotes the spatially averaged matter density. As longesid¢hsity contrast is small
(/6] < 1) it evolves linearly with the scale factou.

"For a definition of the scale factor see equatiofh.
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Larger density contrasts can still be analytically tredtethe special case of #®p-hat col-
lapse a spherical overdense region with constant overdensitybeaconsidered independently
from the background universe. Due to its gravitation it exgsaslower than the universe itself ( =
the Hubble flow). If the initial density is large enough, thgpansion of the sphere stops at some
maximum radius, decouples from the Hubble flow and collap§ks time at which this happens
is theturn-around time The collapsed objects are called Dark Matter halos.

Cluster Mass Functions

The model of spherical collapse can be used to analyticatiynate the number density of Dark
Matter halos of a certain mass at a certain redstifegs and Schechtet974. The Press-
Schechterformalism uses the statistics of the density fluctuationkl fééx, ¢) to identify the
number of density peaks above the critical collapse valter amoothing the field with a win-
dow function, where each smoothing length scale corresptma certain object mass. For the
special assumption that the power spectrum is approximatea power law P(k) «x k™), the
Press-Schechter mass function can be written as

o M \/? M v

-Fm () el () | (220
with v = 1 +n/3 andM*(z) is the redshift dependent mass scale above which the mas#fun
is cut off exponentially.

An improved model which is based on the more realistic assiompf an ellipsoidal collapse
was derived bysheth et al(2007). Jenkins et al(200]) provides a mass function which has been
calibrated with large N-body simulations and is widely usedosmological predictions. The
Jenkins mass function can be written in differential form as

nPS(Ma Z)

dny(M, z) 5 dlnoy} 1 3.8
AWM, 2) 315, L AR [_1 61 ] 2.21
anr =03 gy o [ e + 061 (221)

whereo), is the mass variance. The very good agreement of this fittingtion with even the
most modern simulations can be seen in fig2u& It shows the mass spectra as they were mea-
sured from theMillennium Simulation(Springel et al.2009 for five epochs as well as the pre-
dictions from the Jenkins mass function, which was calddtawith different simulations. The
predictions from the Press-Schechter formalism are showthé redshiftss = 0 andz = 10.07.

The redshift range from = 0 to z = 1.5 is the currently observationally accessible cosmic epoch
and is therefore of special importance. The comparison dertweal measurements and predic-
tions from the Jenkins mass function or from simulationsr lzekarge potential in constraining
cosmological parameters through clusters of galaxies.

2.4.2 Cosmological Applications

The scientific potential of a large population of clustergalfaixies observed in X-rays is manifold.
A general compilation is given e.g. Fassbendeg2008. This list provides a short summary with
a focus on the upcoming eROSITA cluster survey.

e The cluster mass function n(M,z=0) of the local universeetels mainly on the matter
density),,, and the amplitude of the primordial power spectrurg, The mass of galaxy
clusters is tightly related to their X-ray luminosity (eReiprich and Bohringer2002.
Thus the mass function can be derived directly from the lasity function of the cluster
sample.
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Figure 2.3: Differential number density of Dark Matter halos (represerby the halo multiplicity
function(M?/p) - (dn/dM)) as counted in th#lillennium Simulatior{red data points with black
error bars). Solid black lines show the predictions fromdeekins mass function (equatigr21)
while the dotted lines are the predictions from the Predge8ater formalism for the two redshifts
z = 0andz = 10.07. Plot fromSpringel et al(2005.

e The evolution of the cluster mass function n(M,z) dependthergrowth of structure in the
universe and thus contains information about Dark EnergitieQ2pr and the equation-
of-state parameten(z).

e The spatial distribution of galaxy clusters, expressetiépower spectrum P(k) of the clus-
ter population and its redshift evolution allows for a funtldetermination of cosmological
parameters of both Dark Matter and Dark Energy.

e With the assumption of a constant gas mass fraction in the, Ifiher constraints on
cosmological parameters can be derived via the redshiéirgnce of the angular diameter
distanced,,s (2) (e.gAllen et al, 2008.

e Combining X-ray observations with the recently emergingn@asurements bears the po-
tential to determine absolute distances to galaxy clustedshus constrain the geometry of
the universe (e.gMolnar et al, 2004).

e With a large cluster sample as expected from the eROSITAegurv 100 000 clusters of
galaxies) it is possible to detect for the first time BaryoA@oustic Oscillations (BAO) in
the galaxy cluster power spectrudrgulo et al, 2005.
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2.4.3 Clusters as Astrophysical Laboratories

Cosmological studies involving galaxy clusters requireadjunderstanding of the baryon physics
of the ICM and the cluster galaxies. In turn, galaxy clustmes ideal laboratories to study the
evolution of the baryonic component in the hot (ICM) and qaliéhse (cluster galaxies).

e With the redshift range of observed galaxy cluster popotetiexpected from ongoing and
future surveys, cluster formation paradigms can be testddraproved.

e From comparison of cluster galaxies with field galaxies, angnt insights can be gained
about the influence of the environment on the evolution adixgjek.

e The evolution of the dynamical and thermal structure of xgalalusters, the heating of
the ICM as well as its chemical enrichment are still undeegtigation. This field will
especially gain from high resolution X-ray studies (e.ghv@handra).

e There have been recent studies in order to improve the atibiorof scaling relations be-
tween cluster mass and observables, e.g. X-ray luminosity Rratt et al. 2009. These
results will have to be extended towards higher redshiftthie calibration of future surveys.
Especially the evolution of scaling relations is to be craiaed better, which will influence
the accuracy of cosmological applications.

e A central point of cluster research is dealing with the pmeanon of "cool cores”, i.e. a sig-
nificant drop in the temperature profile of the ICM towardschester center due to radiative
cooling. Cool core clusters have very peaked surface st profiles complicating their
discrimination from point-sources. A subject of recenessh was the incidence rate of
these cool cores. (e.§antos et al2008 Vikhlinin et al., 2007



Chapter 3

X-ray Observatories and Observing
Strategies

This chapter gives an introduction to X-ray astronomy, \whiecame feasible only during the
past century by moving observatories from the ground inszspsince the Earth’s atmosphere is
highly intransparent for photons with energies higher théw electronvolts. Sectidhlpresents
the layout of X-ray telescopes in general, along with thedesncepts required for data analysis
as well as for simulations. It is intended as a first overviempieople who are new in the field of
X-ray astronomy, especially future students who might taker and continue the efforts started
in this thesis. Section8.2 and 3.3 are dedicated to the introduction of the two X-ray missions
being dealt with in this thesis. Secti@¥ gives an overview of current and future X-ray surveys
and outlines some important observing strategies.

3.1 General Design of X-Ray Telescopes

The design of X-ray telescopes (XRTSs) is in principle verpiar to that of modern optical tele-
scopes. Photons are first reflected by a paraboloid shapeat @ird then again by a hyperboloid
shaped mirror before they hit the detector. The main diffeeeis, that optical photons are re-
flected by the mirrors regardless of the photon’s incidemumgieh, whereas X-ray photons have
such a high energy that photons with a small incidence anglddvpenetrate the mirror rather
than being reflected. Therefore, X-ray telescopesguaeing incidencemirrors which were in-
vented by the German physicist Hans Wolter for the purposéafy microscopy (Volter, 1952).
Since the first Wolter type telescope was flown on a sateHteAO-2, later renamed to Einstein
ObservatoryGiacconi et al.1979, the basic principle of focussing X-rays has remained dmees
whereas the detector side underwent some major steps dbpgment.

3.1.1 Mirror Technology

This section about the principles of modern X-ray optics ssimmary of the articles bfschen-
bach(1985 andFriedrich(2008. More detailed calculations along with graphical repnesgons
can be found there.

The incidence angle is usually defined as the angle betwesgphitton path and the normal to the reflecting plane.

15
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X-Ray Reflection

A light beam propagating from an optically thicker mediunatooptically thinner one is refracted
away from the axis of incidence which is perpendicular toititerface between the two media.
Total reflection occurs when the emergent angle of the refddoeam becoméX)© or larger. The
minimum incidence angle;, for which total reflection appears can be calculated fromIShaw

ny - sin(ag) = ng - sin(ag) (3.1)

(with n1, no being the real part of the complex refraction index) by egiti, = 90° anda; = «4.
In this case equatior8(1) becomes

oy = arcsin 2 (3.2)
ny
For reflection of optical light at a boundary between watar£ 1.33) and vacuumi{, = 1) the
minimum angle isy;, &~ 48.8°. This case is called internal total reflection because ttidémt and
reflected rays lie in the medium. External total reflectioméve the rays propagate in vacuum)
happens, if the medium’s is smaller than 1 (that of vacuum). At X-ray wavelengthdpllows
approximately the equation

pA%, (3.3)
v

with N, : Avogadro’s numberNy = 6.0221 - 10%*mol !
Z . atomic number
A atomic mass
re  classical electron radiug, = 2.8179 - 10~ °m
p . mass density
A @ X-ray wavelength
(Aschenbach1985.

From this equation it can already be seen that the higherehsity p of the reflecting material,
the lowern and the smaller alsa; becomes, which implies "steeper” incident angles. Thités t
reason for aiming at heavy elements for X-ray mirrors. Fdd§together with a typical photon
energy of £ = 1 keV, one obtains a refraction index af~ 0.9968 and thus arincident angle
of oy ~ 85.4° or agracing angleof §; = 90° — oy =~ 4.6°. Since only the real part of the
refraction index was used here, this estimation is striglgaking only valid for the ideal case of
a vanishing absorption coefficient (imaginary part of thenptex refraction index) but it shows
the basic principle why X-rays can be focussed at all in spitéheir generally high penetration
power.

Wolter Geometry

In optical imaging, the surface where paraxial rays intragth rays through the system'’s focal
point is calledprincipal surface Abbe’s sine condition of geometrical optioskbe 1909 states,
that an image is only similar to the object, if the principatface is a sphere, i.e. the following
equation is fulfilled:

sinf = ; . (3.4)

2Gold constantsZ = 79, A = 197 g/mol, p = 19.3 g/cm?
3\ = he/E with h = Planck’s constant; = speed of light
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principal surface

Zs optical axis

Figure 3.1: An illustration of Abbe’s sine condition (frorfriedrich 2008.

The sine condition and the principal surface are illusttatefigure 3.1 For single mirrors, the
principal surface is always the mirror itself. This mearet thbbe’s sine condition and the condi-
tion of grazing incidence can not be fulfilled both at the sdime, because in spherical mirrors
the light rays going to the focal point are almost perpendicto the mirror.

Hans Wolter solved this problem by developing a system ofrivioor surfaces, the first one
in the shape of a paraboloid and the second one being a hypiert§eee figure3.2) (Wolter,
1952. The principal surface in this case becomes a parabolaidi tirerefore Abbe’s sine con-
dition is fulfilled at least approximately for beams closete optical axis (see figurg 3 for an
illustration). The telescope’s aperture (ratio of focaldth over diameter) should not be chosen
too small, so that incident rays stay close enough to thergath@pproximation of the paraboloid
and yield a good image quality. There are also mirror conditioms, which fulfill Abbe’s sine
condition exactly $chwarzschild1905, but they require more complicated figures of revolution
and have thus not gained much importance in X-ray astrondiiayis Wolter developed several
other two-mirror configurations apart from the one shown guifé 3.2, which is called Wolter
type 1 geometry. It is the one most widely used in X-ray astnoy due to its advantage that the
individual mirror shells can be nested to increase thedelgss light collecting area.

Burrows, Burg and Giacconi have suggested a wide-field Xemics with an imaging quality
which is much more homogeneous over a large field-of-viBuriows et al, 1992, as opposed
to the Wolter type 1 geometry which produces a sharp imagaxanbut shows a rapid decrease
in imaging quality towards larger off-axis angles. Howewee wide-field optics has not been
realized on an X-ray mission up to now.

Nesting of individual Mirror Shells

An important part of X-ray telescopes has been neglectedyirrdi3.2 the aperture stop. It
prevents direct light from falling onto the detector in tloedl plane. Each X-ray photon has to be
reflected exactly twice in order to contribute to a good imqgality. By nesting several mirror
shells, as illustrated in figur@.4, single reflectionsare avoided. The main purpose of nesting is
however, to enhance the collecting area of the XRT (seemetl.d. For the innermost mirror
shell, an additional plate is used as aperture stop, whichats®o be seen schematically in figure
3.4
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confocal hyperboloid
paraboloid

reflécting surfac

Figure 3.2: The light path of the Wolter type 1 geometry (frdfriedrich 2008.

\ \paraboloid_ as concave mirror
(at the same time principal surface)

S

principal surface

Figure 3.3: Left panel: Paraboloidal shape of the principal surface of a Wolter typ&o-mirror
system.Right panel: A conventional concave mirror system for comparison (fidoliter, 1952).

Industrial Realization

The first Wolter telescopes have been made from glass withtHewnal expansion, which was
ground and polished and finally coated with high atomic nunalpel corrosion resistant elements
like nickel, iridium or gold. Since the glass has to be ratitéck, to ensure stability, only few
mirror shells can be used, which results in a low effectiveaarModern high throughput X-ray
telescopes are manufactured toyrror replication: For each size of mirror shell an aluminium
cylinder is ground to obtain the paraboloid-hyperboloidgh including the break where the two
shapes join. Thimandrelis then polished and coated with a thin gold surface. Aftercbating, it

is inserted into a chemical bath where a nickel layer is edefctrmed onto the gold layer. After the
electro-forming process, the mirror shell cools down aretehy separates from the aluminium
mandrel and takes the gold layer with it. The mirror shellstlwonsists of a thin nickel layer
(~0.5-1 mm) coated with a gold surface«200 nm). This replication technique requires a long
development process in order to obtain mirrors with sufficiguality. The main advantage is
though, that many shells can be replicated from just one neanthe individual mirror shells are
mounted together on a common structure which is calfgder whee(the white radial structures
in figure 3.5, left panel).
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aperture stop

Figure 3.4: Nesting of Wolter type 1 mirror shells results in a large @ase in effective area as
compared to just using individual mirror shells. Furtheredhe inner shells act as beamstops for
the outer ones and thus prevent singly reflected as well estdirrays from reaching the detector.
(from Friedrich 2008

3.1.2 Effective Area

A key quantity which characterizes an X-ray telescope iefitsctive area. It is derived in the
following way: The geometric areal() is the area between the individual mirror shells where
photons can enter the X-ray telescope, seen along the dplEgswptical axis (see figuk5, left
panel). By multiplying with the cosine of the off-axis anglethe collecting area4.) is obtained
(now projected along the path of the incoming photon):

Ac(8) = Ag - cos(0) (3.5)

This off-axis angle effect is negligible, since the maximpassible off-axis angle is usually very
small. There is, however, a much larger effect of off-axiglarwhich is calledvignetting (here
v(0)). It is due to the fact that photons from higher off-axis &sghave fewer mirror shells
available to be reflected twice. The higher the off-axis arthe more photons will be singly
reflected and thus stopped by the backside of the next minedl. S~urther multiplying with the
intrinsic reflectivity of the mirrors’ gold surface, whickegends on the photon energy (he(&)),
yields the mirror effective area:

Amirr(E>9) = AC'T(E) U(G) (36)

The total effective area of the instrument is obtained frdis,tby taking into account the
transmission of an optional filter (he¥g £)) and the detector’s quantum efficiency (h@B(E)),
which both depend on photon energy:

Acp = Aeff(ea E) = Amirr(Ea 9) ’ T(E) ’ QE(E) (3.7)

3.1.3 Point Spread Function (PSF)
Strictly speaking, a point-source is defined as a sourceamitimtensity distribution following

I(ea,0) =1y - op(av — g, d — dg) , (3.8)
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Figure 3.5: Effective area of the eROSITA instrumenteft: The seven X-ray telescopes seen
in projection along their common optical axis. The georceiElescope areal() is the space in
between the individual mirror shellRight: Total effective area of all seven telescopes plotted
against photon energy for an on-axis source (black) ancageerover the field-of-view (FoV),
which is needed to simulate the instrument’s scanning maetd.( It can also be seen from this
plot that the instrument is optimized for soft X-rays betwedout0.5 keV and2.0 keV where
clusters of galaxies have their maximum emission (see figi&eight panel).

wherea andd are the right ascension and the declination, respectivedlyog anddg are the

angular coordinates of the sourcéyp is a two-dimensional version of the Dirac delta function
with

0, else
and (3.9)
[ [ dp(z,y)dedy=1.

The photon intensity field reaching the satellite is altebgdhe various components of the in-
strument like the X-ray mirrors and the spatial detectoolg®rn®. The point spread function
PSF(z,y) is the measured intensity distribution after the radiafiefd of a point-source has
passed all instrument components. The transformation B¥Rincan be thought of as a Fourier

transformation from angular space into real space, so thei®8sually measured in detector
coordinates and normalized to one:

00 +00

/ / PSF(z,y) dzdy = 1 (3.10)

—00 —0O0

“In optical astronomy, the main part of the PSF is usually duke turbulence in the Earth’s atmosphere.
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or in radial coordinates:

21 oo

//PSF(m,y) rdrdgp =1 . (3.11)
00

The modification of the radiation field by the various instental components can also be de-
scribed by a convolution with the PSF as the convolution &ern

D(z,y) = / / I(e,6) - PSF(x — fa,y — f6) dadd (3.12)

—00 —0O0

whereD(z,y) is the intensity distribution on the detectd(c, ¢) is the intensity distribution on
the sky, andf is the instrument's focal length which relates angular stgrdinates to detector

coordinates by

x = f- tan(«a) :Su fa. (3.13)

Although the term "PSF” generally refers to all causes ofgmadlistortions, it is mostly used
for the part of the image distortions which is caused by thears only. A detailed description
of theoretical and measured shapes of mirror PSFs is prbvidehapterd. A very good guide
to practical handling of PSFs and image convolution is givethe book byBerry and Burnell
(2005.

3.1.4 X-Ray Detectors

The first detectors used in X-ray astronomy were scintillattounters for hard X-rays above
15 keV (e.g.Clark, 1965 and proportional counters for soft X-rays (eGjacconi et al.1977). In

its simplest geometry, a proportional counter consistsayiadrical volume, filled with a (noble)
gas, and an anode wire in its center. A high voltage is apfletdieen the tube which acts as a
cathode and the anode wire. An X-ray photon entering thenveluia a window creates pairs of
electrons and positive gas ions. These drift to the anode and the cathode respectively and
ionize further gas atoms on their way, which is called miittgiion process. The high voltage
can be tuned such that the charge generated by the multiplicarocess is proportional to the
original number of electrons and thus to the energy of thelemt X-ray photon. Further details
can be found irPfeffermann(20088.

Simple proportional counters as such do not possess anglspaolution. When focusing
X-ray optics became available, it was the desire to empldyonty their capability to increase
the instrument’s effective area but also to use their imgagipability. Detectors sensitive to the
incident position of X-ray photons were developed. Sinthging proportional counterir X-ray
astronomy were flown on only a few missions. They all have immwn that they use a grid of
wires in order to determine the interaction point of the X+photon with the counter gas. The most
famous one is the Position Sensitive Proportional CouR&PC) which was flown on ROSAT
(Trimper 1982 and achieved a spatial resolution2s0) wm (FWHM) at0.93 keV (Pfeffermann
and Brie| 1986. A comparison between the four main imaging proportiomainters which were
used in X-ray astronomy is given Pfeffermann(20083.

>Small angle approximation has been used here.
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X-ray CCD Detectors

Charge Coupled Devices (CCDs) were developed in 1969 ateledbephone company with the
intended use as a computer memdspyell, 2006. The name stems from the fact that charges
are stored in small potential wells and can be transport@ogatolumns towards the edge of the
device in order to be read out by an electronic circuit. It epaiskly recognized that CCDs can not
only storecharges but are also sensitive to light, which leads tgtbductionof charges which
are then collected in the potential wells. Each of the welisailled gpixel ("picture cell”).

A special type of X-ray CCD is the pnCCD. Its characterisgatfire is the depletion from
charge carriers over its full thickness, which can reachodo® wm. The result is a high Quantum
Efficiency (QE) over a large energy range (920% at 11 keV in the case of the eROSITA CCD,
Meidinger et al. 2008. The general layout of the pnCCD is sketched in figdu@ Photons hit
the detector from the back side ("back-illuminated”) tovenet them from interacting with the
electronics structure on its front. This ensures a homagehand high quantum efficiency. The
primary interaction of photons with the silicon is the pheftect which causes the production of
electron-hole-pairs in the bulk material. Although the dhaap of silicon is only,,, = 1.1 eV,
the average creation energy for one electron-hole-pdif, is= 3.7 ¢V because the main part of
the photon’s energy is transformed into phonons (osaltetiof the silicon’s crystal lattice).
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Figure 3.6: Sketch of a pnCCD: photons coming from the back side of theatiet (bottom in this
figure) interact with the silicon and create pairs of eleasrand holes. The charges are collected in
pixels. After the expiration of the exposure time, they driéted to the readout nodes where they
are amplified and digitized. (Fro®trider 2000

By suitable doping and externally applied voltages, thesipkial within the detector can be
shaped in such a way that the holes drift to its back contadewine electrons are collected at
the detector’s front, where the signal charge is colleatezirigle pixels or can be distributed over
neighboring pixels gplit events The pixels are formed by the potentials of the three temsf
registerse¢y, ¢o andgs in transfer direction(column directiof. In the direction perpendicular
to it, the charges are kept in place by alternating n-dagieahnel guidesand p-dopedchannel
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stopsin between theth One exposure is calledfeame After one exposure time has expired,
the charges are transferred along the columns by apprepaaiation of the voltages of the three
transfer registers.

Once they reach the readout node, the charges are amplifiedracessed in the CAMEX
(CMOS Amplifier and MultiplEXer) chips and digitized by Arag-to-Digital Converters (ADCS).
The x and y pixel coordinates of the events are reconstrdiciedthe sequence of charges reaching
the readout nodes. The raw images coming from the CCD have talibrated because charges
are lost during the shift to the readout node (Charge Trahsédficiency, CTI) and each amplifier
has a different gain so that each column appears with aeliffenagnification factor. Furthermore,
an offset map (individual bias level of each pixel) is suttied and a common mode correction
is performed.

Out-of-Time Events

A typical readout of one pnCCD frame takes some millisecorisotons reaching the detector
during the readout are assigned a wrong y-position (coatéialong the column) because they
generate additional charges in pixels whose charge cohtenalready been shifted towards the
readout node. This effect leads to the occurrence of Odiivok (OoT) events which appear in the
final image as strips in y-direction originating from eackgbt sourc&. With a typical exposure
time of some tens of milliseconds, the fraction of OoT eveatsreach significant levels (e@3%

in the case of XMM-Newton’s pnCCD). A technique to suppress @vents is thdrame store
mode which is used for the seven detectors of the eROSITA @Mk is described together with
the TRoPIC CCD in sectiod.4.2 More details about CCD detectors in X-ray astronomy can be
found e.g. inStrider and Meidinge2008.

3.1.5 The Concept of Response Matrices

Unlike optical photons, an X-ray photon hitting a CCD proesiseveral hundred electron-hole
pairs in the detector. The total charge contained in thetedeeharge cloud is to first order pro-
portional to the energy of the incident photon. This makg®gsible to perform (low resolution)
X-ray spectroscopy without using any additional dispersievic€. The detector electronics mea-
sures the total charge contained in each CCD pixel and as#ign individual detector channel
called Pulse Height Amplitude (PHA) channel. The relatietmeen incident photon energy and
PHA channel would simply be linear in an ideal detector. Riet¢ctors, however, have a different
response to each incident photon energy. Similar to theemiraf spatial PSFs (see secti®i.3,
this response can be regarded as a "spectral point spreatiofiinwhich states the probability
for generating a signal in a specific PHA channel for eachdemi photon energy. The number
of countsn(c) in each channet produced by a number(E) of photons with energy® can be

5The donor atoms of the n-doped channel guides attract sieetrons, while the acceptor atoms of the p-doped
channel stops repel them.

"The common mode is the noise picked up during the readoutefine of the CCD affecting all pixels of the line
equally.

8The strip of OoT-events points to both sides along the redioection, because during the readout of one frame,
the next frame already "moves in”, where OoT-events occuvels

°A precondition for this to work is that the photons do not pife i.e. not more than one X-ray photon hits the same
pixel during one readout cycle. In X-ray astronomy this pretition is valid most of the time due to low countrates.
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written as

n(c) = /R(c, E)p(E) dE . (3.14)
0

Binning the continuous response functifiic, £') on a discrete grid of energy bins and channels
results in the response matrix:

E;
Rp(e,j) = / R(c,E) dE (3.15)

1
E; — E;
Ej_,
(George et a.2007). The matrixRp(c, j) is calledresponse matrior redistribution matrixsince
it states how photons are "redistributed” onto detectonaokes. Rp(c, j) is usually normalized
to one (in channel-direction):

Cmazx

> Rp(e,j) =1 (3.16)
c=0

and states the probability of getting a signal in the PHA clehn from an incident photon with
energyl;_1 < E < Ej. Itis normally stored in &Redistribution Matrix File(RMF). As an
example, the eROSITA RMF is illustrated in figBe.

The detector’s energy resolution can be estimated from fdéhwef the main diagonal. The
features below the main diagonal correspond to intrindieces of silicon detectors: When the
primary photon activates a silicon atom in the detector mafewhich in turn emits a Sk,
photon (.74 keV), this Si,, photon is not always re-absorbed but can escape from thetdete
volume. The energy determined for the primary photon is tedaced byl.74 keV, which causes
the escape peak Partial eventsoccur, when the charge produced by an event is not entirely
registered by the detector. This happens especially fangsi interactions close to the detector
surface and leads to a continuous distribution below themiagonal (see e.gopp et al.2000.

Since the RMF is normalized to one, additional informatisméeded about the probability
of whether a photon is detected at all. It is encoded in thectffe area (see secti@l.2 and is
usually stored in théncillary (or Auxiliary) Response FilgARF). It is available for either on-axis
or specific off-axis angles or averaged over the field-ofwisee e.g. figur8.5, right panel).

In the case of eROSITA, the detector’s response is availabtbe product of RMF and ARF
and stored in a file with the extensionrsg’. Further literature about detector responses includes
the books byKnoll (2000 andTsoulfanidis(1995.

3.1.6 Countrate-to-Flux Conversion

A basic tool in (X-ray) astronomy is the conversion from a swgad countrate to the source flux
which represents the scientific product. For simulatiohs, dpposite direction is important in
order to simulate individual photons from a given source.fllbhe Energy Conversion Factor
ECF is defined in the following way:

instrumental countrate [counts/s]

ECFband/model = (3.17)

source flux in observer’s frame [erg/cm? /5]

Apart from the detector and filter properties (which are elecbin the response matrix), the
ECF always depends on the specific model of the source speetnd the specific energy band.
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Figure 3.7: A model for eROSITA's redistribution matrixJpper panel: For each photon energy,

the color indicates the probability of getting a signal ie tespective PHA channel. Each vertical
cut through the distribution results in a spectral poineggrfunction for the specific energy bin.
Lower panel: For better visibility of the detector’s energy resolutitime y-axis has been normal-

ized to the photon energy. The logarithmic color scale ighfalr both panels. Interesting features
like escape peakndpartial eventsare explained in the text.
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The X-ray spectral fitting package Xsp&¢Arnaud 1996 is used to calculate ECFs for various
source models.
Some prerequisites are necessary to perform the calaulatio

EITHER

1. (a) the redistribution matrix (see secti®i.5 and

(b) the ancillary response file, encoding the probabilitgt th photon is detected at all (It
takes into account the effective area of the mirror and trentum efficiency of the
detector.)

OR
2. a combination of the two (as in the case of the eROSITAfitsptsed in this thesis).

Given a model spectrum/ (E), Xspec is then able to calculate the flux of this model within a
certain Energy banfF.in, Emax|, s well as the countrate, which the instrument would ofeserv
within the same band. These can be inserted into equalid) to compute the respective ECF
value. Model spectra used in this thesis are for example & plaw

M(E) < E7T (3.18)

or a thermal plasma model (e ekal! or Raymond-Smifd) which is a combination of brems-
strahlung and line emission from hot plasmas occurringtanele in the ICM of galaxy clusters
(see figure2.2). Both can additionally be absorbed by galactic hydrogeitivis modelled in
Xspec as a multiplication factor to any emission model.

3.2 XMM-Newton

XMM-Newton, initially known as "High Throughput X-ray Spgoscopy” mission, was devel-
oped as the second Cornerstone Mission within the scopeedHbrizon 2000” program of the
European Space Agency (ESA). The name XMM originates frarXiiRay Multi-Mirror design
of this X-ray observatory. The second part of the name hoBwisaac Newton (1642-1727), who
showed the principle of spectral analysis (with a glassnprig’hich is one of the main science
drivers of XMM-Newton. The observatory was launched on ID#tzember 1999 from Kourou in
French Guiana and it is the largest scientific satellite budt in Europé?.

XMM-Newton is in a highly elliptical 48 hour orbit around thearth with an apogee of
114000 km and a perigee of 000 km. The satellite is designed for pointed observations, but
it has been realized that the data, which taken during thelsédween different targets, can make
an important contribution to astronomical research in ysrge.g.Saxton et al.2008.

The satellite’s payload consists of three co-aligned Xtelgscopes (XRTs) each with 58
nested mirror shells of the Wolter type 1 geometry (see @e@&il.1) with a focal length of
fxavm = 7493 mm. The largest shell has a diameter7dfcm. An additional optical/ultraviolet
monitor telescope witB0 cm in diameter allows for simultaneous multiwavelength obagons.
Each of the XRTs is equipped with one European Photon Ima@argera (EPIC) as focal plane

©ht t p: // heasar c. nasa. gov/ xanadu/ xspec/

1From Mewe, Kaastra and Liedahl (eldewe et al, 1985

12Raymond and Smitf1977)

13Seeht t p: / / ww. esa. i nt/ esaSC/ 120385_i ndex_0_m ht i


http://heasarc.nasa.gov/xanadu/xspec/
http://www.esa.int/esaSC/120385_index_0_m.html
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detector. One of the three EPICs has been developed at MPE iarahlled EPIC-PN $trider

et al, 200]). This camera benefits from the full collection area of itsTXR consists of twelve
backside-illuminated CCDs witP00 x 64 pixels each and a scale ¢fl” per pixel. They have a
high quantum efficiency odEpy > 90% over a broad energy range, but do not possess a frame
store and are thus affected by out-of-time events.

The other two imaging detectors have been developed at dteic&niversity, UK and are
called EPIC-MOS cameradrner et al. 2001). They share their telescope’s light each with a
Reflection Grating Spectrometer (RGS) which provides a nhigiher spectral resolution than the
one intrinsic to the CCDs. Due to this light path splittinige tMOS detectors receive only about
44% of the light from their XRTs. Together with their quantum eifincy ofQE,;og ~ 40 — 85%
this leads to the significantly lower effective area as camghdo the PN detector, which is drawn
in figure 3.8 (right panel). Each of the two MOS detectors consists of isdrant-illuminated
600 x 600 pixel CCDs with a scale of.1” per pixel, which employ frame store technology. This
suppresses out-of-time events (see secldng to a large degree. PN and MOS refer to the
respective semiconductor technolégy
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Figure 3.8: Left: Artist's impression of the XMM-Newton X-ray observatoryhd three X-ray
telescopes (XRTs) are well visible. Image courtesy of ERAght: On-axis effective area (see
section3.1.2 of the individual instruments of XMM-Newton. For imaginte sum of the upper
two curves is the relevant total effective area. (Plot frértea KMM user handbookhle et al,
2007

XMM-Newton’s field-of-view (FoV) is approximately circutawith a diameter of abowg0’.
The exact geometry depends on the detector. The PSF of i Xaray telescopes is described
in the chapter about point spread functions (secti@h

3.3 eROSITA

The eROSITA mission, thextendedROentgenSurvey with anl maging T elescopéArray, which

is now being developed at the Max-Planck-Institute for &errestrial Physics (MPE) has a long
history dating back to the 1990s when ROSAT was still opegatiery well. The first part of this
section gives an outline of these developments and the dgmamh provides an overview of the
mission’s technology and its scientific goals.

14PN stands for the pn-junction in this CCD, MOS is the acrongmiMetal Oxide Semiconductor.
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3.3.1 Historical Development
ROSAT

The PSPC detectoPfeffermann and Briell986 on ROSAT {Triumper 1982 had a sensitivity
in the energy range betweeérl keV and2.4 keV. Such soft X-ray radiation is strongly absorbed
by dust which can be found e.g. in tori around active blacletigActive Galactic Nuclei, AGN).
Therefore it was the desire to design an all-sky survey witkxdended sensitivity towards harder
X-rays in order to reveal the nature of those obscured blabiksh XMM-Newton and Chandra
(NASA's current major X-ray satellite, formerly known as AR, Weisskopf et al.1996 would
both be capable of observing in this extended energy rangé@dycan only cover a small portion
of the sky due to their smaller graSp See tablé.1and figure3.10for a comparison of the grasps
of eROSITA and XMM-Newton.

ABRIXAS

A Broad Band Imaging X-ray All-sky Survey (ABRIXAS{asinger et a].1998 was planned in
the energy range betweérb keV and 12 keV and the instrument was developed in collabora-
tion of the Astrophysical Institute Potsdam (AIP), the inge of Astronomy and Astrophysics
Tubingen (IAAT) and the Max-Planck-Institute for Extratestrial Physics (MPE). ABRIXAS
consisted of seven Wolter type telescopes, with 27 nestadmsihells each. The telescopes were
focussed onto a common CCD (of the same type as it was used M'XFN camera) and there-
fore tilted with respect to each other by an angleg@6°. This lead to a separation of the seven
Fields of View (FoV) by the same angle. The FoV diameter wis ABRIXAS was launched
into space on 28th April 1999. However, due to a failure ingheellite’s power supply, the in-
strument could never be put into operation and thus the amdailed to achieve its scientific goal
(seePredehl 1999.

ROSITA

Immediately after this incident, plans were establishedefmeat the mission. The next attempt
was started in 2002 with the plan to place an X-ray telescaopthe International Space Station
(ISS). It was called ROentgen Survey with an Imaging Telpscarray (ROSITA). The design
was similar to that of ABRIXAS with the same 27 mirror shelegcopes. Although each of the
seven telescopes this time was planned to be focused omndiCCDs, they were still tilted with
respect to each other, due to the common detector housihg sétven CCDHredehl et a) 2003.
Unfortunately, during the development phase of ROSITA, atamination experiment showed
that the space station’s environment was inappropriateh®roperation of an X-ray telescope
(Friedrich et al.2005.

DUO

A joint activity between the US and MPE lead to the proposaN&SA for a small explorer
(SMEX) mission called Dark Universe Observatory (DU®iffiths et al, 2004). The instrument’s
design would have been a copy of ROSITA while the satellits e@nceived as a free flyer in a
low Earth orbit (LEO). The main scientific goal of the missioas to find clusters of galaxies in
order to use them as a probe for Dark Energy studies. Theaniséined at finding 8000 galaxy

5The grasp of an instrument is the product of effective araasifield-of-view and it is a measure of how efficiently
the instrument can survey a portion of the sky.
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clusters with redshifts up te < 0.7 in a 6000 deg? wide survey and 1800 galaxy clusters in a
176 deg? deep survey with 100 clusters having redshifts larger thanl. Since NASA selected
competing missions for their SMEX program, the DUO projeaswot followed beyond a phase
A study.

Towards eROSITA

In 2005 the United States’ Dark Energy Task Force (DEFyBnnounced a call for "white papers”
to the experimental research community in order to get anvee of current and possible future
projects on Dark Energy. One of those white papelaitfian et al.2005 showed that- 100 000
clusters of galaxies would be necessary in order to consth&@ Dark Energy equation-of-state
reliably and distinguish it from a spatially flAtCDM model.Haiman et al(2005 also stated the
requirements for the feasibility of such a mission.

For being able to deted0 000 clusters of galaxies, any previous design had to be upgraded
to achieve a sufficient sensitivity in the soft X-ray bafdq keV) where galaxy clusters have their
strongest emission. This was accomplished by increasmguimber of mirror shells for each of
the seven telescopes from 27 to 54 which enlarges the doligoower at soft energies by a factor
of five. For higher energies( 5 keV), the additional 27 outer shells do not contribute much to
the effective area because of the relatively large graamyes. Due to this upgrade of the X-ray
telescopes, the new project was calledtendedROSITA’ and so eROSITA stands for

extendedROentgenSurvey with anl magingT elescopéirray.

Contemporaneous with the DETF activities in the US, MPE waihg for a possibility to
realize a space flight for this challenging project. Nedmties between the Deutsches Zentrum
fur Luft- und Raumfahrt (DLR, the German space agency) ArdRussian space agency Roskos-
mos eventually lead to the decision to join forces for a comrswace project called Spektrum-
Rontgen-Gamma (SR®avlinsky et al. 2006 which will be launched in 2012 from Baikonur,
Kazakhstan. While initially further experiments were plad on the satellite platform, the only
two instruments left over are now eROSITA and ART (AstroncehRoentgen Telescope), a Rus-
sian led X-ray telescope, which is optimized for the enem@yge betweer keV and 15 keV
(Arefiev et al, 2008. It is developed at the Russian Institute for Space Reke@facruryr
Kocmuueckux Uccoenosannii, say: "Institut Kosmicheskih Issledovanij”, IKI).

Since March 2007, eROSITA is approved and funded by the DleRef&l German (and one
international) research institutes are part of the coliatian:

- Max-Planck-Institut fir extraterrestrische Physik (E)PGarching, Germany

- Astrophysikalisches Institut Potsdam (AIP), Germany

- Institut fir Astronomie und Astrophysik der UnivergifEiibingen (IAAT), Germany
- Hamburger Sternwarte, Universitat Hamburg, Germany

- Dr. Remeis-Sternwarte, Universitat Erlangen-Nurgb&amberg, Germany

- Space Research Institute, IKI, Moskau, Russia

- Max-Planck-Institut fur Astrophysik (MPA), Garching.e@nany

- Argelander-Institut fur Astronomie, Universitat Bgr@ermany

- Universitats-Sternwarte der Ludwig-Maximilians-Ueigitat, Minchen, Germany.

16The DETF is a joint sub-committee established by the Astmonand Astrophysics Advisory Committee (AAAC)
and the High Energy Physics Advisory Panel (HEPAP) in ordacdvise the Department of Energy (DOE), the National
Aeronautics and Space Administration (NASA), and the NetidScience Foundation (NSF) on the future of Dark
Energy research (See DETF reportAijprecht et al, 2006.
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Figure 3.9: Schematic view of the eROSITA
telescopeLeft: Cut-away view from the side
with X-ray and thermal baffles in front of the
seven mirror modules. The hexapod structure
connects the telescope to the spaceciaip:
Cameras with electronic boxes and cooling
system. The heat produced by the cameras
and electronics is conducted to the radiators
by various heatpipes. Figures froRredehl

et al.(2010.

Figure 3.9 shows a schematic view of the eROSITA instrument (the #&tddus is omitted
here). As opposed to ABRIXAS and ROSITA, the telescopes aneao-aligned and thus always
observe the same field on the sky. Having seven individual XREtill an advantage for several
reasons: (i) margin is allowed for the case of an instrunidatare, (ii) the X-ray flux of bright
sources is shared among the telescopes which decreasdfethe &f pile-up (see sectio 3.2,

(iii) the manufacturing of seven small telescopes is eabi@n making a big one with the same
effective area, and (iv) the required diameter of one bigsbpe would decrease the effective
area at high energies, due to the large gracing angles ofitee mirror shells.

3.3.2 Instrumental Concept

Since its beginnings the eROSITA project underwent somemntkgsign changes. The two most
significant ones are the change of the detector size and #mgelof the spacecraft’s orbit: While
in 2006 the mission design still envisioned a detector sfz256 x 256 pixels Predehl et al.
2006, by 2007 it was enlarged %884 x 384 pixels (Predehl et a).2007 which also meant an
increase in the field-of-view from a square with3’ x 41.3' to a circle with61.8’ diameter. The
four corners of the CCD are now available for monitoring tighlenergy particle radiation in the
spacecraft’'s environment.
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The second major modification concerns the orbit of SpektRen Initially, it was planned
to fly in a Low Earth Orbit (LEO). Due to technical constrairitss had to be changed to an
orbit around the second Lagrangian point of the Sun-Earsiteay (L2). The advantages and
disadvantages of this orbit are briefly discussed in se@&@idml During its orbit, the instrument
will be scanning over the sky with a constant angular vejogitabout 4 to 6 hours per revolution,
while permanently collecting X-ray photons.

The eROSITA instrumehf consists of seven Wolter type 1 telescopes with 54 nestemmir
shells each and a focal length pf= 1600 mm. The resolution of each X-ray telescope is required
to be such that the on-axis PSF has a half energy width ofribte HEW < 15”. Friedrich et al.
(2008 give an overview of the status of the mirror fabrication.eThlescopes are co-aligned and
thus observe the same field-of-view. Each of them is focusséa an individual CCD mounted
in its dedicated detector housing. Every CCD B&s x 384 pixels with a size off5 pm x 75 pm
corresponding t®.67” x 9.67” on the sky. In addition, the CCDs possess a frame store with
a pixel size of51 um x 75 um in order to suppress out-of-time events. The frame stora are
is covered withl mm of boron carbide 8,C) and thus insensitive to X-rays. It is only used
as an image buffer. The CCD cycle time28 Hz so that the exposure time of one frame is
approximately50 ms. After each exposure, the image is shifted into the frameesioea within
about200 us. Once the image is kept in the frame store, it can be read ouhéyYCAMEX
chips (CMOS Amplifier and MultiplEXer) at lower pace whileetimaging area is already back
to collecting new X-ray photons. The readout take$ ms. During the remaining- 45 ms the
CAMEX chips are switched to standby mode in order to mininifee heat load onto the CCDs
(Meidinger et al. 2008.

The short exposure time is chosen for two reasons. On the ané, lthe scanning of the
instrument broadens the effective PSF in scan directiotitudle!® information is only available
for each CCD frame and not for each individual photon sineesetkact arrival time of a photon
within one exposure time is not available. This effect camii@mized by choosing a sufficiently
short exposure time. The more important reason is on the bérel, that photon pile-up has to be
avoided: The CCD electronics assumes, that there is alwaysooe photon per pixel per CCD
frame. If two (or more) photons arrive in the same pixel witbine exposure time they will be
treated as one and the event will be recorded having an erqugf to the sum of the two photon
energies. Therefore the frame rate has to be chosen highlylersouthat even for bright sources
pile-up occurs very rarely. Pile-up is also suppressed bysttaring of the X-ray flux of strong
sources among the seven telescopes and thus the seven CCDs.

Table3.1provides a comparison between the instrumental paranafteROSITA and XMM-
Newton. The observing strategy of eROSITA is describedéti@e3.4.4 Chapte# puts the focus
on the instrument’s point spread function.

3.3.3 Scientific Mission Goals

While the scientific focus of ABRIXAS and ROSITA was still oemealing the nature of obscured
black holes, the enlarged effective area at soft X-ray eeemf eROSITA reflects the change of
the primary mission goal towards clusters of galaxies (canaphe typical emission spectra of
galaxy clusters in figur@.2 with eROSITA's effective area plot in figui&5, right panel).

Design criteria are specified in the document eRO-MPE-R8413 "System Requirements”.
Battitude is the current orientation of a spacecraft or thmfpog direction in the case of a spaceborne observatory.
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Instrumental parameter \ eROSITA value \ XMM value
spacecraft orbit orbit around L2 highly elliptical Earth orbit
observing mode survey & pointing pointing
number of XRTs 7 3

FoV diameter 61.8 ~ 30
total on-axis eff. area dtkeV ~ 2300 cm? ~ 2500 cm?
grasp afl keV ~ 1100 cm? - deg? ~ 250 cm? - deg?
on-axis HEW < 15" 13"-15"
average HEW in scanning mode ~ 30" not applicable
focal length 1600 mm 7493 mm
EPIC-PN EPIC-MOS
number of pixels per detector 384 x 384 12 x 200 x 64 | 7 x 600 x 600
pixel size 75 wm 150 pwm 40 um
pixel scale 9.67" 4.1" 1.1”
frame store yes no yes

Table 3.1: Comparison between the instrumental parameters of XMMilNw&and the specifica-
tions of eROSITA.

Cosmology and Galaxy Cluster Science

Galaxy clusters can be observed most efficiently in X-raystidal surveys suffer from projection
effects where e.g. a filament of the large-scale structu&SjlLseen along its major axis could
be mistaken as a cluster of galaxies. Surveys relying on thgeev-Zel'dovich (SZ) effects
(Sunyaev and Zel'dovichl972 1980 are still in the development phase or are slowly emerging
and starting to produce first results. The large cluster &mxpected from eROSITA will be
exploited in many different ways. For a list of cosmologiegiplications see sectich4.2 If
everything works out according to plan, eROSITA will be thstfdledicated Dark Energy mission
in space more than ten years after the first convincing ecilenDark EnergyRiess et al.1998.

Also research on the astrophysics of galaxy clusters canagiait from a large data set as it is
expected from eROSITA. A list of astrophysical applicatias provided in sectio®.4.3

AGN Science

The primary goal of the ABRIXAS and ROSITA missions was theedgon of all Active Galactic
Nuclei (AGN) in the local universe. This is still kept as asedary goal for the eROSITA mission
and addresses several scientific issues:

e The logN-logS relations of the extragalactic point-soupopulation has been determined
by pencil beam observations of the Lockman Hole (LH) and thar@ira Deep Fields (CDF-
N and CDF-S) and especially by the COSMOS survey. For a sugnafdnese projects see
e.g.Brandt and Hasingg2005 and Cappelluti et al(20098, respectively. However, the
bright end of the logN-logS relation is still poorly determad and shows large error bars
especially at high energies which were not observable WiiSRT. The all-sky survey of
eROSITA with its sensitivity up td0 keV will ideally be suited to fill this observational

gap.
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Figure 3.10: Grasp (product of effective area times field-of-view) of #ROSITA telescope in
comparison with XMM-Newton and the ROSAT PSPC. The vignettffect is properly taken
into account. Plot fronPredehl et al(2010.

e The various types of AGN have been united umrdfied mode(e.g.Antonucci 1993, which
is still subject to debates among specialists in the fielde Lits enlarged energy range as
compared to ROSAT, eROSITA will identify also AGN which arbsoured by dust tori.
This large sample will help to improve our understandinghefphysical mechanisms going
on in AGN and thus verify the unified picture of AGN physics. ditibnally it will be
possible to test general relativity in the high gravitasibfield environment of supermassive
black holes.

e It has been realized that not only galaxy clusters but alsbl ABow some spatial correlation
with the Large Scale Structure (LSS) of the universe. Snualley's like the COSMOS field
are strongly affected by cosmic variance and low numbestita. eROSITA will overcome
this problem with its all-sky survey. For an overview of tleeent status of this research
field see e.gCappelluti(2007).

Other Scientific Goals

There has been a debate among scientists about the scieuntffiat of classical telescopes versus
that of dedicated Dark Energy missiotWlite, 2007). Although Dark Energy research is one of
the main science drivers of eROSITA, many other fields of ldghrgy astronomy will benefit
from this X-ray all-sky survey as well. Apart from the alrgaghentioned AGN research, some
further examples are

e Supersoft sources and classical novae fegze et al.2009 Pietsch et a).2005

e Events of tidal disruption of stars by black holes (6Cgppelluti et al.2009a Komossa
et al, 2009
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e Neutron Stars (for prospects of neutron star science wihSHRA see e.gGriinecker2008
(in German))

e Cataclysmic variables
e Gamma-ray bursts and other transient events

e Stellar coronae

3.4 X-Ray Cluster Surveys

This section gives an overview of the known X-ray clusterylafion in the erebeforethe two
large X-ray observatories Chandra and XMM-Newton, i.eludimg samples from the ROSAT
All-Sky Survey (RASS) and its sub-samples. Then it intraguthe XMM-Newton Distant Clus-
ter Project (XDCP) and other current X-ray surveys based BiMXdata before it describes the
observing strategy of the eROSITA survey.

3.4.1 X-Ray detected Galaxy Clusters before Chandra and XMM\ewton

The eROSITA project aims at the detection~of00 000 X-ray galaxy clusters up to a redshift of
z ~ 1.5. This is a huge advancement if one compares to the numbersay Xelected clusters
known today and also a large extension of the redshift sphtt'edknown cluster population of
the ROSAT era.

The first X-ray flux connected to galaxy clusters was idemtifrem M87 in the Virgo Cluster
(Byram et al, 1966 and the Perseus Clustdfr{tz et al, 1971) with rocket-borne experiments.
With the Uhuru satelliteGiacconi et al.1977), it was possible to detect the Coma Clustéu(sky
et al, 1971 and to reveal the extended nature of the X-ray emission Galaxy clustersKellogg
et al, 1972. A few hundred X-ray clusters were detected with the firghHEnergy Astronomy
Observatory (HEAO-1, e.glohnson et al.1983 and the Einstein Observatoriacconi et al.
1979, for example by the Einstein Extended Medium Sensitivipnv@y (EMSS,Gioia et al,
1990. Abound 200 to 300 X-ray clusters are known from Einsteinnére concise overview on
X-ray detections of galaxy clusters in the pre-ROSAT eralmafound inSarazin(1986.

A major step forward in the size of X-ray galaxy cluster saesplias done with the analysis of
the ROSAT data. The ROSAT-ESO Flux-Limited X-ray clustevsy (REFLEXBOhringer et al.
2009 and the NOrthern ROSAT All-Sky Survey (NORA®hringer et al.2000 are derived from
the RASS data and currently the largest statistically cetepX-ray cluster samples. Together with
their successor catalogues REFLEX Il and NORAS Il (in prapyan) from reanalysis of ROSAT
data, they include a total of approximately 1800 galaxytelssup to redshifts of < 0.5.

Deep ROSAT surveys like the North Ecliptic Pole survey (NEPR/gy, Henry et al, 2006,
the 400 deg? large area survey (400d survéurenin et al, 2007 and the ROSAT Deep Cluster
Survey (RDCSRosati et al.1998*° contain in total about 400 X-ray clusters. The redshift reco
among these has been achieved with the RDCS=atl.27. From the same survey 10 clusters
with z > 0.8 and~5 clusters withz > 1.0 are known Rosati et al.2000).

19The 400d survey and the RDCS are based on serendipitousrcéesirches in ROSAT pointed observations.
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3.4.2 The XMM-Newton Distant Cluster Project (XDCP)

With the launch of the large X-ray observatories Chandra)add/1-Newton, it was possible to
extend some observational parameter spaces. With Chardg' resolution mirror assemBfy

it became possible to resolve the cores of distant clustadsstudy their structural properties
in unprecedented detail. With XMM-Newton and its large effifee area on the other hand, the
observable redshift range was increased as compared toyseawissions. Chandra and XMM-
Newton were designed as pointing instruments and can trerehly observe small regions of
the sky (see e.g. XMM'’s grasp in tatel and figure3.10).

However, all data which has been collected by XMM-Newtortdsed in the XMM-Newton
Science Archivé' (XSA, see alsoArviset et al, 2009. After a proprietary phase of one year,
all collected data become publically available. Some mesegroups are utilizing this fact by
re-analyzing archival data and looking for galaxy clustersch have not been found in the data
before. One of these activities is the XMM-Newton Distanustér Project (XDCP) which is
conducted in the galaxy cluster group at MAEagsbendei2008 Bohringer et al.2005 Mullis
et al, 2005.

Each pointing in the archive usually contains its scientifiget object in the center of the
field-of-view. In most cases there is a large area at highfeaxa$ angles which has never been
looked at in detail. The XDCP is looking for galaxy clustarsuitable pointings from the XMM-
Newton Science Archive (XSA) with a focus on distant clustee. clusters with a redshift around
z =~ 0.8 or larger. Such a survey is called a serendipitous survesusecclusters were observed by
chance although the initial science objective had beenfereift one. As of the current status the
XDCP has foun@®5 spectroscopically confirmed galaxy clusters with redstityond: > 0.8.

The XDCP works in several steps:

Field selection: The XSA is screened for suitable pointings. If a pointingds éxample 'con-
taminated’ by foreground objects like a Magellanic Cloudhw Andromeda Galaxy M31
or attributed to another dedicated cluster survey progiaisirejected. Other requirements
are a minimum exposure time of at lea8tks, a high galactic latitude db| > 20° and that
the field is accessible by the ESO VLT (field declinatibRC < 4-20°).

Field analysis: The selected fields are scanned for serendipitous extendeckes by a dedicated
analysis pipeline. This is a very efficient method since ire)s most extended sources are
clusters of galaxies.

Candidate selection: The positions of the detected extended sources are chegkea Dptical
counterpart in archived optical data. The candidates watloptical counterpart are clas-
sified as potentially distant because their redshift is lgbugh for not being seen in the
shallow optical images.

Photometric follow-up: The distant candidates are followed-up with an imagingrimséent at
a ground-based optical telescope (at least four-metsskia two or more suitable opti-
call/infrared filter bands. The cluster can be identified Basethe colors of the individual

2Chandra’s total PSF (including mirror shells and detedsorpry sharpHEW .., < 1”. This was possible because
of the special fabrication of the telescope. It consistsndf four Wolter type 1 shells made from precision figured and
super-polished Zerodur glass with iridium coating. Thegf&for this high accuracy is a rather low effective area of
about650 cm? at1 keV (see e.gWeisskopf et a.2002).

21The XSA can be found at the following utht t p: / / xmm esac. esa. i nt/ xsa/ i ndex. shtm
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cluster galaxies. Its redshift is determined by a red sezpiggthnique relying on the color-
magnitude diagram (seBassbende2008.

Spectroscopic follow-up: Candidates with a photometric redshift of> 0.8 are spectroscopi-
cally followed up by an eight-meter-class telescope for fioafirmation and exact redshift
determination.

Scientific Goals of the XDCP

The main goals of the XMM-Newton Distant Cluster Project are
e Determine the evolution of the cluster number density ouettshiftz ~ 1.5.
e Provide a statistically complete sample of high-redsHifsters for cosmological studies.

Study in detail the high redshift cluster properties andr thtatistics.

Make high redshift clusters available for follow-up in alavelengths and detailed astro-
physical studies.

Test observational and data analysis strategies of higghit clusters and thus clear the
way for the upcoming larger surveys like eROSITA.

Cluster Number Density and the Need for Simulations

In order to compute the (comoving) cluster number denﬁ@ﬁ%, an accurate determination
of all three components (mass, comoving search volume amiecl number) is an important
prerequisite. In flux limited surveys with a limiting flux miudigher than the sensitivity of the
lowest exposure fii, (survey) > fim(lowest exposure)), it is clear that all clusters have in
principle been detected. However, going as deep as pogsifilex limit is of course the desire

of any ambitious project. At borderline fluxes, not all ckrstare detected any more because they
might have a too large core radius and thus disappear in thglmund or they might be "hidden”
behind a bright AGN. The quantity which describes this dffecalledcompletenesdt is defined

as the percentage of galaxy clusters which are discovensd tipa certain flux/:

number of discovered clusters(f) (3.19)

() = number of real clusters(f)

Since the real underlying cluster population is unknowie, shrvey completeness can only
be calibrated by simulations. These simulations and thepatation of the survey volume are
described in detail in chaptefsand®é.

3.4.3 Other XMM-Newton based Cluster Surveys

The XDCP is not the only cluster survey making use of the gaatsisivity of XMM-Newton.
Another serendipitous survey is the XMM Cluster Survey (X@8ich is not particularly focussed
on high redshift clusters. Initial estimates predicteddlseovery of 8000 X-ray clusters from the
XMM Science Archive with about 750 clusters with> 1 (Romer et al.2001). These predictions
were based on a cosmological model with large cluster amoedaand observational conditions
facilitating cluster detection which both turned out to be bptimistic. In the current status of the
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project, 30 cluster candidates with redshiit8 < z < 1 and 14 cluster candidates with redshifts
z > 1 have been detect&d

Among the serendipitous surveys, it is also worth mentigrire "XMM-Newton Serendip-
itous Survey” which is performed by the XMM-Newton Surveyieédce Centre (SSC) and is a
general survey without a focus on any specific object clabg. SSC is a consortium of ten insti-
tutes within Europe, including MPE, with the tasks to comhd follow-up the XMM-Newton
Serendipitous Source Catalogue, and to participate iniffeipe processing of all XMM obser-
vations and further development of the analysis softwdfatgon et al.2001). The most recent
catalogue from the SSC is the Second XMM-Newton serendipittource catalogue (2XMM,
Watson et al.2009. One of the most luminous high redshift clusters was idieditin 2XMM by
Lamer et al(2008.

Also dedicated cluster surveys (as opposed to serendipdnas) are being performed with
XMM-Newton. Among them is the XMM Large-scale Structure &yr (XMM-LSS, Pierre et al.
2004 planning to cover a contiguous field 6f deg? and the X-ray part of the multi-wavelength
Blanco Cosmology Survey (XMM-BCS, for first results Sghada et al2010 coveringl4 deg?.
The deep multi-wavelength Cosmic Evolution Survey (COSM@ning to study the formation
and evolution of galaxies, identified 72 galaxy clusterdwaitmaximum redshift of = 1.25in a
field of 2 deg? (COSMOS, e.gFinoguenov et a]2007).

3.4.4 Observing Strategy of the eROSITA Mission

As already mentioned in secti@3.2 Spektrum-Rontgen-Gamma will be launched into an orbit
around the second Lagrangian point of the Sun-Earth-sy&t&mn This special location is defined
as the point where the centrifugal force on a spacecraftiogbihe Sun (!) is exactly balanced
by the gravity of Sun and Earth, acting as centripetal forc2.is located at a distance of 1.5
million kilometers from the Earth in the direction away frahe Sun and the point is in a solar
orbit moving along with the Earth.

The launch of Spektrum-Rontgen-Gamma is scheduled fo2 #@in the Baikonur cosmod-
rome in Kazakhstan. Soon after the launch, eROSITA will bdts checkout phase with the
opening of the telescope cover. During thel10 days of cruise time to L2, the instrumental
calibration and commissioning phase is planned. This dedufor example the cool-down of the
cameras and some pointed observations of selected calibtatgets.

During its orbit around L2, the spacecraft describes apgliwith L2 at its center (not its
focus). The orbit will be inclined by~ 65°, i.e. the semi-minor axis, measuri2g0 000 km,
encloses an angle 66° with the ecliptic plane. The semi-major axis is orientechgla tangent
to the Earth’s orbit around the Sun and measaf#Es000 km. The orbital period will be~ 180
days.

In principle independent from the spacecraft’s orbit isii@vement of the instruments’ scan
over the sky. There are however three major constraintshnhie spacecraft has to obey: (i)
the solar panels have to be directed towards the Sun with segrees of tolerance, (ii) the heat
radiator should never be irradiated by the Sun, and (iii)gpacecraft's antenna always has to
point towards the Earth. Since the antenna cone angle is26nbnd a continuous re-orientation
of the antenna should be avoided, the latter one is a verydatstraint and therefore determines
the spacecraft’s scan-axis. The duration of one revolutioihe spacecraft around itself is to be

2According to a recent presentation on the conference "Galimsters in the Early Universe” in Pucén, Chile:
http://ww. eso. org/ sci/ meeti ngs/ GCEU2009/ Tal ks/ K_Roner . pdf
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Figure 3.11: Aitoff projection of the exposure map of the eROSITA all-skyrvey in galactic
coordinates and logarithmic scale. The assumed surveyneéess are: mission duration = 4
years, scanning rate = 4 hours per revolution, scan axidipgitowards the Earth and observing
efficiency =80%. Image courtesy of Maria Firmetz (MPE).

determined and will be around 4 to 6 hours, i.e. the scan itgladll be around1.5 arcmin /s to
1arcmin/s. A source crossing the FoV through its center is therefasioha for40 s to 60 s.
Adding all constraints and parameters together this leadstall-sky survey which has its
deepest exposures at the ecliptic poles. The orientatidgheo§can-axis will change during the
course of the 180 days orbit. This leads to a smearing of thegypoles, which is absolutely de-
sired in order to provide an extended and more homogene@ssigvey area of 2 x 100 deg?.
A further smearing could be achieved by variation of the selacity during the scanning over
the survey poles. This option has to be investigated by sitianis outside the scope of this thesis.
Figure3.11shows a simulation of the expected all-sky exposure map faite years of mis-
sion duration with a scan velocity &f5 arcmin /s (= 4 h per revolution). An observing efficiency
of 80% was assumed. This fraction of the 4 year all-sky survey, irckvthe instrument will be
observing, is a conservative estimate based on experieiticdR®@SAT. While ROSAT was reg-
ularly switched off during passages of the South Atlantiofaly (SAA), eROSITA' efficiency
will mostly be limited by times of high particle radiation €to solar flares. This exposure map is
used for the estimation of the cluster yield discussed ipteh.

Mission Phases

The scheduled seven years of mission lifetime are dividethre following phases:

e Checkout- and commissioning phase: This will be performednd the~ 110 days of
cruise time to L2.
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e All-sky survey: Four years with constant rotation of the cgmaaft around the scan-axis.
One all-sky scan takes half a year and thus the sky will berszhin total eight times
during this mission phase.

e Deep survey: This is included in the all-sky survey through deeper scan of the ecliptic
poles. Further deep surveys might be achieved throughtigargaof the scan velocity. This
option is still under investigation.

e Pointing phase: After the all-sky survey, a series of irdiigl observations with long ex-
posures and fixed spacecraft attitude is planned. Thisdesléor example some follow-up
observations of interesting targets which are discoveteuhg the survey phase.

Comparison of the Low Earth Orbit with the Orbit around L2

One major change during the design phase of eROSITA was thiéioadion of the orbit. Due to
space flight related reasons it was decided in 2008 that tbsioni will not be in a low Earth orbit
(LEO) but in an orbit around L2.

The major disadvantage of the L2 orbit is the expected highekground radiation which will
also have consequences on cluster detection. Anothergonab) that the spacecraft is now outside
the Van Allen radiation belts, which protect low Earth onissions from cosmic rays. Therefore
the electronics has to be specially designed to survivearhtgh radiation space environment.
On the other hand, in this respect eROSITA can serve as anmighfinission for the upcoming
"International X-Ray Observatory” (IXO, see e¥/hite and Hornschemeie2009 which will
also be in an L2 orbit. Furthermore, there are also positsgeets of being far away from the
radiation belts because in low Earth orbit, the instrumemitilel suffer from high radiation impact
during passages of the South Atlantic Anomaly (SAA).

The major advantage of the new eROSITA orbit is the incre#iszibility in terms of mission
planning. Continuous observing time in all directions with occultations by the Earth is now
possible. This leads to an easier navigation concept witleifenaneuvers during the all-sky
survey and ensures the possibility of performing very lobgepvations during the pointing phase.
A technical advantage are the stable thermal condition®mpared to the complicated situation
in low Earth orbit with the Earth as largest heat radiator #redspacecraft regularly passing the
Earth’s shadow.
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Chapter 4

Models and Measurements of
Point Spread Functions

The concept of the Point Spread Function (PSF) was intratlircsection3.1.3 It is defined as
the instrumental response to a point-source. In realissitument simulations, this effect is taken
into account properly by regarding the PSF as a probabil#tiridution. In this case, it states the
probability that a photon is scattered to a certain positiithin the PSF.

The representation of a PSF for utilization in a simulatar ba an analytical formula or a
digitized dataset, i.e. sampledPSF. There are mainly two different origins of such a dataset
can either be from a real observation and the analysis ot goirces in the image, or it can be
simulated by ray-tracing codes of varying complexity. Ither case, the dataset is called a "PSF
model”.

This chapter introduces several concepts concerning ppneiad functions (sectiohl) and
gives an overview of the PSF models being dealt with in thesith(sectios.2 for XMM-Newton
and sectiortt.3for a ray-tracing model of eROSITA's PSF). The second indenof this chapter is
to summarize the work on Sub-Pixel Resolution (SPR) whichdeeen performed within the scope
of the thesis (sectioa.4). The last section4(.5) reports on first applications of the developed SPR
algorithm for the purpose of X-ray measurements of indigld®@ROSITA mirror shells. This gives
an idea of what the real PSFs of the seven eROSITA telescojogs lmok like.

4.1 General Considerations about Point Spread Functions

There are various means of describing a PSF in general. Dhtbem shall be described here in
order to provide the reader with the necessary conceptsamihiology for the following sections.

Analytic Descriptions

The only case in which the full information is given, is whée function is given in analytic form.
For example in quicklook image simulations, a PSF is oftqar@gmated as a Gaussian although
it is only a rough approximation to a realistic PSF of X-ralgseopes (see figurkl). The shape
can be described either as a one dimensional radial distnbwhich is being rotated about the
center (equatior.1, centered around = 0) or as a two dimensional Gaussian on a Cartesian
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Figure 4.1: Comparison of two PSF projections: The black curve is théegptmn of a real PSF
created from a point-source image taken with the MOS1 datectboard XMM-Newton (figure
4.2, left panel). The red curve is a Gaussian fitted to the digtiéb. It can be seen that a Gaussian
is only a rough approximation to a realistic PSF: the PSF isenp@aked in the center and has
broader wings than the Gaussian.

coordinate system (equati@n2, centered around,y = 0,0) *:

1 1 /r\2
PSF(r) = 552 OXP [—5 (;) ] (4.1)
1 1E2 yQ
PSF = - - = . 4.2
SF(z,y) 2moL0y exp{ 202 205] (4-2)

PSF Images

Realistic point spread functions are often too complicébdok expressed as analytic functions. A
further way of describing a PSF is to represent it in an imdge image can be derived e.g. from
real observations of point-sources or from ray-tracingusations (in principle also from sampling
of analytic functions). In either way, an image can neverdaaurate as an analytic description
although it usually takes much more memory to store it. Thagenhas however the advantage
that it is much more flexible in storing any kinds of PSFs, esdly when it comes to azimuthally
asymmetrichapes (see e.g. figuded) which is important for off-axis sources.

FWHM and HEW

The most compressed form of describing a PSF is when only anéer is given. There are
mainly two figures used to characterize the distributionke Full Width at Half Maximum
(FWHM) is the diameter of the distribution at the probability leg&half the maximum (peak-)
probability. In the case of the radial description (e.g.atmn 4.1), this can be written as:

PSF(r — FWHM/2) — %PSF(T _0), (4.3)

whereas in the case of an elliptical PSF (e.g. witlr, in equation4.2) the FWHM depends on
the azimuthal angle at which it is measured.

'Note that the normalization constant is different from tbfithe one-dimensional normal distributiog—jﬁ)
because theolumeunder the function has to be equal to one rather thaarte
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The Half Energy Width (HEW) is the diameter of a circle around the center of the distri-
bution, which contains half of the total amount of energy gbotons) in the distribution. Since
the PSF is normalized to one (equatidh40and3.11) this can be expressed by equating the
two-dimensional integral over the distribution o

or HEW/2

/ / PSF(r) rdrdqb:% . (4.4)

0 0

In special cases, also modifications of the HEW are used widlferent fraction of encircled

energy¢:
21 Wew100/2

PSF(r) rdrd¢p =¢ . (4.5)
0 0

For exampleJVy, is commonly used to describe the scattering halo of a PSF ¥f@ay mirror.
As an illustration, the HEW and FWHM values of a Gaussianrithistion depending on its
standard deviation are calculated here. Using the PSF tilgfiaif equation 4.1), equation 4.3

reads: )
Solving this for FWHM vyields
FWHM = 0v8In2 =~ 2.3548¢ . (4.7)
To calculate the HEW of a Gaussian, equatidri)is inserted into equatiors(4):
27 HEW /2
/ / 27302 exp [—% (2)2] rdrd¢ = % . (4.8)
0 0
Thanks to the Jacobian this integration is straightforward and leads to
HEW = 0v8In2 ~ 2.3548¢0 . (4.9)

Thus, HEW and FWHM are equal for two-dimensional Gaussiatridutions. For all other
shapes, they can have any relation with respect to each oilikile the FWHM describes the
sharpness of the PSF’s core, the HEW is a measure of the ilgtémshe wings with respect to
the core.

4.2 XMM-Newton’s PSFs and their Models

421 The Real PSFs

The fabrication of high quality X-ray mirrors (see sectih.]) is not an easy task. XMM-Newton
has three X-ray telescopes (XRTs), with each of them cangistf 58 nested mirror shells. All
of them have to be in a sufficiently precise shape and all ghthave to be aligned with respect
to each other in order to achieve a point spread function asaeable quality. Any deviation
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Figure 4.2: Real images of a bright point-source taken with the threeCER$truments. Figure
errors can be recognized here. The 16 radial spikes are dhe spider wheel, which carries the
mirror shells. The color represents the number of photoasiimage pixel (log scale).

from the perfect Wolter shape will lead to figure errors whitan-perfect mirror surfaces cause
straylight which broadens the PSF. Furthermore, a perf8€té¢an in principle be only achieved
on the optical axis, while off-axis sources are subject ¢osth called off-axis blurring. This is due
to the non-perfect optical imaging, which is an intrinsiogerty of the Wolter geometry. The on-
axis PSFs of the three XRTs of XMM-Newton (marked by theiresponding EPIC detector) are
shown in figure4.2 These are images of a real point-source close to the opti¢al Figure errors
can easily be recognized here, especially the triangulpesiof the MOS2 PSF. The binning in
all three images is oih.1” pixels, corresponding to the physical pixel size of the M@&dtors.
In the PN image, the physical pixels (of sizd”) are visible in the center of the point-source.

4.2.2 The Ray-tracing PSF Model

Figure4.3shows a PSF model which was created by a ray-tracing siranlaging the ideal mir-
ror shape. Thus, the figure errors are not included in thisaiothe off-axis blurring however
is very well visible here. It increases with larger off-agisgles. This effect is equally prominent
in real images and hampers the distinction between poiness and extended sources at large
off-axis angles significantly. This PSF model is used forgmaonvolution in the newly devel-
oped XMM simulator xnmsi m) as well as for the analysis of XMM images leyrl det ect
(which are described in sectioBsl and5.2, respectively). The ray-tracing model is also called
the "MEDIUM accuracy model”.

PSF File Format

The XMM PSF models are stored in the form of images$tif x 512 pixels with1.1” x 1.1”,
corresponding to the physical pixel size of the MOS detactde images are provided by the
XMM-SAS as three FIT&files’. Each FITS file corresponds to one of the three XRTs. The three
files are currently identical. However, by looking at thel i@aint-source in figuret.2 it is easy

to see that three different models taking care of the indigbroperties of each XRT would be a
vast improvement.

2FITS: Flexible Image Transport System. A file format for afids of astronomical data. The definition of the FITS
format can be found ianisch et al(2001).

3In SAS terminology they are part of a large collection of @atrCalibration Files (CCF). Other CCFs contain for
example the response matrix or alignment parameters, etc.
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Figure 4.3: PSF ray-tracing model from the XMM-SAS calibration datahashown for different
off-axis angles. The images illustrate the PSF shape variations over the-dieview which
makes the characterization of extended sources at largesffangles increasingly difficult. The
ray-tracing model is the same for all three XRTs.

A still ongoing project is to create such an improved PSF rhfsden real point-sources ("in-
flight calibration”). An elliptical 5-model (plus a Gaussian core for the MOS XRTSs) is fit to
stacked images of point-sources, sorted by energy andxisffeangle. The model is therefore
called "ellbetd-model. It also takes into account the azimuthal variattbthe PSF core and the
spokes from the mirror mounting. A first version of this madedlready included in the latest SAS
version but it is not activated by default because it sti#ageto be tested extensively. Throughout
the thesis, only the ray-tracing model has been used bedawss the best one available at the
time of starting the simulation run.

A PSF calibration file is technically a FITS file with many ex¢@ns. Each extension contains
an imagé corresponding to one out of 11 photon energi@® €V and1.5 keV, 3.0 keV, 4.5 keV,

..., 15.0 keV) and a specific off-axis angl€'( 3', ¢/, ..., 15).

4.3 A Ray-tracing Model for eROSITA's PSF

Since eROSITA is not in orbit yet, real images of point-segrcan of course not be provided at the
moment. However, first measurements of individual mirralisthave been performed at MPE’s
PANTER X-ray test facility (see sectiods4.1and4.5). For the eROSITA image simulator, a ray-
tracing PSF has been produced by P. Friedrich (priv. convahix;h is described in the following.
For ray-tracing through eROSITAs X-ray Mirrors, the idéablter type 1 geometry was as-
sumed. This mirror geometry was then "illuminated” by ramiip generated photons. In order to
produce a point spread function, a point-source would habe simulated, i.e. all photons should
come from the same off-axis angle but enter the mirror'siieasrea at different incident points.

4Additional extensions consist of fit parameters only. They required for the LOW, EXTENDED and HIGH
accuracy models, which were not used in this work.
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Figure 4.4: Ray-tracing through the eROSITA telescopd.eft: Photons coming from a
point-source hit the telescope at a single off-axis angtentany different incident points. They
produce a butterfly-shaped PSF. This effect is knowsffaaxis blurring Center: For the scanning
mode PSF, photons coming from all possible angles were o&stloe telescope. Each off-axis an-
gle in x and y direction was kept in memory. After the ray-inag every single photon was moved
back accordinglydx, dy). Right: The scanning PSF as it was used in the eROSITA simulator
(log-scale). The green circle is also visible in the centet @ontains half of the photons.

This parallel photon beam is sketched in figdré (left panel). However, the eROSITA telescope
is a survey instrument, which means that the seven teles@pescanning over the sky, or, said
the other way round, a source moves with respect to the tgdesc Photons from that source hit
the telescopes at many different off-axis angles. The sounage is reconstructed afterwards by
sorting the photons onto a sky grid according to attitude déathe satellite. The scanning PSF
is constructed in just the same way. Photons from all passifflaxis angles are traced through
the telescope (see figuded, center). This produces an overlay of many PSFs. Howewveedch
photon the off-axis angle%, andd, are kept in memory. Therefore it becomes possible to move
the individual photons back (along the detector plane) deoto reconstruct the average survey
PSF:

dx = f- tan#d, (4.10)

dy = f- tan#, (4.11)

wheref = 1600 mm is eROSITA's focal length.

This approach is only valid for perfectWolter type 1 telescope. By construction, an on-axis
point-source seen in pointing mode would be imaged as agietfe-delta-function. In order to
also include the imperfections of a real telescope (whese ah-axis point-sources are broad-
ened), the on-axis PSF was modelled as a 2D-Gaussian distributithe final equations for
correcting the individual photon positions then look likest

dz = f- tanf, + g,(HEW) (4.12)

dy = f- tan 6, + g,(HEW) (4.13)

>Not only mirror imperfections contribute to the on-axis &ening but also e.g. the accuracy of the attitude recon-
struction as well as thermal and mechanical effects.
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whereg, (HEW) andg, (HEW) are random numbers drawn from a single two-dimensional Gaus
sian distribution with a standard deviation calculatedfexquation 4.9) for the desired HEW. The
specifications for the eROSITA mirrors require that the gis-&IEW is better thar5” (see table
3.1). For being able to investigate how source detection ptigsawould change if this goal would
not be achieved, models with larger on-axis-HEV®"( 20" and25”) were also created for use
with the simulator. Figuré.4 (right panel) shows the final average survey PSF with an @-ax
Gaussian of HEW%5”. In this case, the total HEW adds up3@”’ due tooff-axisblurring.

4.4 Sub-Pixel Resolution

In the course of this PhD thesis the development of Wolteranshells for eROSITA had already
started. For being able to judge the imaging quality of tterlteng X-ray telescope, individual
mirror shells were measured in the PANTER X-ray test facilin order to analyze these mea-
surements with better quality than it was possible befo&ulaPixel Resolution (SPR) algorithm
was developed within the scope of this thesis. After a dpsori of the PANTER facility (section
4.4.7 and the CCD camera used for the measurements (setddd, this section introduces the
mechanism of split events (sectidmd.3 and then focuses on the algorithm developed for sub-
pixel analysis. Sub-Pixel Resolution will also be usedrlatgring the flight phase of eROSITA.
Detailed measurements concerning split events and a thlordescription of X-ray CCDs in gen-
eral can be found iKimmel (2008.

4.4.1 The PANTER X-Ray Test Facility

PANTER is an X-ray test facility operated by MPE and situatedNeuried, a township to the
south of Munich. It was built in the years 1977 to 1980 for thepwse of development and
verification of the mirror system of the German X-ray satelROSAT {Triumpet 1982 and sub-
sequently adapted to the experimental ne@ih(ing et al, 1997). The main part of PANTER is
the cylindrical instrument chamber with a diameteBdf m and a length of2 m. It is connected
to an X-ray source, which is accommodated in a separateihgildia a tube ofl m diameter and
120 m length. This length is necessary to mimic the paraxialitgtaf light from distant sources
as closely as possible. The whole setup can be evacuateddmalspumps, which are attached
to the main tank (turbo- and cryogenic pumps) as well as td 20en-tube in auxiliary pumping
stations (turbopumps) and to the X-ray source (smalleopuinps). A stable vacuum a@f > -
10~% mbar is routinely achieved. Figuré.5shows an aerial view of the research facility while
figure 4.6 provides a cross-section through the main test chamber.

Several types of X-ray sources with different radiationrelsteristics are available. They pro-
duce radiation with energies ranging fréms8 keV up to50 keV. The large distance between the
X-ray source and the test setup causes a loss of light due t/th-law on the one hand, but it
ensures a very homogeneous and nearly parallel X-ray bea afi in the test chamber. Coun-
trates of up to~ 3000 cts /s/cm? can be reached in the test chamber. For most purposes however
a low countrate is required in order to prevent pile-up indbeector (e.g. for PSF measurements
< lcts/s in the PSF core).

The test chamber contains a monitor counter at the entradrbe ©20 m-tube. It serves for
verification of the beam homogeneity as well as for monimrif the temporal stability of the
X-ray flux. All kinds of X-ray optics can be mounted on diffatéelescope manipulators carrying
weights of up to a few hundred kilograms. Test-optics inelddr example individual mirror
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Figure 4.5: Aerial view of the PANTER X-ray test facility in Neuried (tbié¢ south of Munich).
The small shed on the right contains several X-ray sourcée. bliilding on the left is the main
building, which houses the test chamber and the control r@mnong others. In between the two
buildings, thel20 m long, 1 m diameter vacuum tube with the two auxiliary pumping stagiare

visible.
incomin "
beam onitor  X-ray
counter telescope detector o
== o
3
telescope manipulator hd
VPO roryasdd 777
12m
-— 132 m to the X-ray source

Figure 4.6: Cross-section through the main test chamber of the PANTERtyawith schematic
setup of the individual instruments. This view is horizdigténverted with respect to the one in
figure4.5. FromDohring et al. (1997

shells and integrated X-ray telescopes as well as testgp@omodern light weight X-ray optics
for future missions. Three different X-ray detectors arailable for the measurements:

o Aflight spare of the ROSAT PSPC (see sect®h.4), which among the three detectors has
the largest field-of-view (circular with a diameter&f mm).

o Aflight spare of the EPIC-PN (see secti8r?) with a field-of-view of60 mm x 60 mm.

e A DUO CCD which serves as a prototype for the eROSITA detedtdras a field-of-view
of 19.2 mm x 19.2 mm and is described in detail in sectidm.2

Via a full-diameter door, the tank is accessible for moumtind adjusting the experimental setup.
The door is situated in a clean room environment.
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4.4.2 The TRoPIC CCD - a Precursor of the eROSITA Detector

TROPIC is the Third Rontgen Photon Imaging Camera operatéde PANTER facility. It was
constructed from a CCD which was developed for DUO (see@®8t3.]) at the semiconductor
laboratory of the Max-Planck Society. The functional pijie of a CCD was described in section
3.1.4 This section describes the special properties of the TRE&D which can be considered
a precursor of the eROSITA CCD despite the smaller numbeixefgp The sub-pixel resolution
algorithm has been developed for the TRoPIC, which is fratiyeised for mirror characteriza-
tion measurements of eROSITA mirrors. However, sub-pigsblution will also be used for the
analysis of the scientific data from the eROSITA telescope.

The TRoPIC CCD is drame storeCCD. This means, the imaging area of the TRoPIC CCD
has256 x 256 pixels,75 wm x 75 wm each, and the same number of pixels is repeated in the frame
store directly attached to the imaging area (see figure The frame store pixels have the same
width but a shortened length (in transfer directionpofum. The frame store area is protected
from illumination by a layer of boron carbid®&{C) of 1 mm thickness plus an additional copper
shielding. The purpose of the frame store is to store the éntiaging its read-out by the detector
electronics: after an exposure timeiof ms, the image is shifted to the frame store within a time
of less thari 00 us (Meidinger et al.2005. While the next frame is already illuminated, the image
in the frame store is not altered by any additional photom& fEadout takes approximateélyns
and is thus finished well before the end of the exposure timtbehext frame. This technique
reduces the fraction of out-of-time events significantlyhwispect to non frame store CCDs. The
readout itself is also significantly quicker than with a cemtional CCD because the CAMEX
chips amplify and process the signals from each column iallgrbefore they are serialized and
transfered to the Analog-to-Digital Converters (ADC). Tleadout process is optimized for low
noise and high energy resolutioR\WHM =~ 130 eV at5.9 keV).
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4.4.3 Split Events

When a photon hits a CCD, a charge cloud is produced in thecsahiictor bulk material. Dur-
ing the drift of the charge cloud towards the potential mimim(close to the front side), its size
increases due to diffusion and electrostatic repulsiore fiiial shape of the charge cloud is ap-
proximately a 3D Gaussian distribution. The size of the gd@toud depends on the energy of the
photon. Details about the behavior of charges in the CCD ednind inKimmel (2008.

When the charge cloud reaches the potential minimum, itsyehia divided among adjacent
pixels depending on position and size of the cloud. If thegda&ollected in a neighboring pixel
(next to the one in which the charge cloud was initially progtl) exceeds a certain threshold, the
event is called a "split event”. Otherwise it is called a mevent”. The event type depends on
the photon’s incident position as well as on the setup oflthesholds.

Data Treatment by the DSP

The data coming from the ADCs are further investigated bygit&liSignal Processor (DSP). Two
different thresholds are implemented in the code runninghenDSP:The event threshold(or
"trigger threshold”)T., is stored individually for each CCD pixel. Its value is a ctam factorn

of the standard deviation of the noise in each pixel:

Tevt = M- Onoise - (414)

Every pixel with a signal larger than its event thresholdaadied over to the next step of the DSP
code, which is the split threshold analysis: The envirorninf@rby 3 pixels) of each pixel having
passed the first test is examined for possible neighbors.

The split threshold Ty, (given in ADU) is constant over the whole CCD and usually lotan
the event threshold. If any of the eight neighboring pixélsve an amplitude exceeding the split
threshold, this information is stored along with the anyolé of the main pixel. Otherwise, the
event is defined to be a single event.

An offline analysis checks each split event whether it fitsrte of the patterns shown in figure
4.8 Also patterns rotationally symmetric to the ones showrvalid patterns, i.e. probably caused
by photons. Invalid patterns would be for example three orenpixels in one line. Those can
be caused e.g. by pattern pile-up or by cosmic ray partidigsical values for the two thresholds
are: Toyy = 10.0 - oyoise (COrresponding tev 98.8 eV) and Ty, = 32 ADU (corresponding to
~28.4 eV).

Figure4.9(left panel) shows a sketch of the charge clouds of three pbaavents. It becomes
clear from the figure that (for monochromatic energies)dtae regions where incident photons
produce certain types of events. The inner squared regitireisingle region, the rectangular
marginal regions are the double regions. Photons hittirtpéncorners can produce either triple
or quadruple events, depending on the split threshold ofi¢ighboring pixels and on their exact
incident position (compare the sub-division of the corrietthe right panel of figurd.9).

4.4.4 The Sub-Pixel Resolution Algorithm

The SPR code was developed in the programming languag® MHe purpose of the code is to
reconstruct the initial incident points of photons thatdurce split events, based on information
from their charge distribution. During the developmentg#hat has been realized that a crucial

®IDL = Interactive Data Language



4.4. SUB-PIXEL RESOLUTION 51

o B

single double triple quadruple

" o5 b, Ty = 0,
o
5

LT ||

Dy = 7, = Q

[T

D w7 - O
(L] [T 1]

D, - o - 0

Figure 4.8: Upper panels: Valid pattern types. Different shadings indicate the défe relative
charge content in each pixel. Black: maximum charge, dagl¢:gntermediate charge, light grey:
minimum charge, white: no charge exceeding any threshaldier panels: Possible split direc-
tions together with their identifiers, which are used asaldés denoting the pattern abundance.
The indiced andr stand for left and righth andf for backward and forward (with respect to the
readout direction).

ingredient for each SPR measurement is an associated flatfidlerefore it was introduced as
a standard procedure to perform a flatfield exposure contempto the actual measurement to
make sure that the setup parameters from both match asyeaagqtbssible. The newly introduced
flatfield analysis is described in the following.

Flatfields

Due to the size of the charge cloud varying with the photorrggnealso the marginal regions
where split events occur vary in width. In order to calibridiis behavior, each SPR measurement
is accompanied by a flatfield measurement: The TRoPIC CCluisihated by monochromatic
X-rays with a spatially homogeneous intensity distribatid he flatfield image is analyzed with
respect to the occurring abundance of the four valid patigras and their split directions (see
figure4.8).

From the pattern fractions, the widths of the margins of araye pixel can be calculated for
the current photon energy. FigudelOshows an example of a postscript page which is automat-
ically produced by the flatfield analysis tool. The lower darghow the sizes of average pixels
graphically and as percentages of the physical pixel site average pixels of the two halfs of
the CCD are displayed separately in case there is a differbatween the two CAMEX chips
The margins are labelled, z, z,, andy,, v, y¢.

A split behavior different for the two halfs of the CCD has oged during the commissioning phase of the TRoPIC
due to a non-perfect setup of the back-end electronics.
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triples

quadruples

Figure 4.9: Left: A CCD pixel with three photons. The X marks the respectivédient point of

the photon, the blue shaded area illustrates the chargd.cibue dashed lines mark the borders
of marginal regions where incident photons produce diffepatterns.Right: The approximate
realistic shape of the marginal regions and their corredppgnpattern types. Due to statistical
fluctuations, in reality the borders are not as sharp as drese Compare e.g. the measurements

in Kimmel (2008 or Kimmel et al.(2006).

Because the margins’ area is proportional to the patternddnce, the following four equa-
tions could be derived (for variable definition see figdr®:

:L': S+ Dy, + D¢ (415)
x1 Dy + Ty + Ty + Quw, + Qi

:L': S+ Dy, + D¢ (416)
Ly Dr+Trb+Trf+Qrb+Qrf .

S+Dy+D
v Dy + T + T + Qi + O

D+ D,
Y_ St Dt (4.18)
yr Dy +Tig + Top + Qir + Qrs

These equations can be solved for the geometry of the avpregjs.

Image Creation

There are different levels of accuracy with which the retmrasion of photon positions can be
implemented. The most straightforward method is to lookaatheevent and decide (upon its
pattern) which marginal region it has to be assigned to (gpedi.9, right panel). In order
to avoid aliasing effects, the final photon position has toub#ormly randomized within the
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Figure 4.10: A typical postscript page as it is produced by the flatfieldlysia tool. Top left:
Spectral energy distribution in the selected region ofrege(ROI), separately displayed for left
and right CAMEX.Top right: Spatial photon distribution (image) on the TRoPIC chip. sTisi
important to be able to judge the flatness of the flatfield nmessent.Bottom: Pixel display for
both CAMEX. Here the sizes of the split margins are given giegdly as well as in numbers.
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respective region. This is the method which is currentlylangented in the SPR code. The final
image is then created by binning the final photon positiorie argrid (image pixels). The image
pixel size has to be chosen not too large, or otherwise ttodutesn gain from SPR would be lost,

but large enough to have a sufficiently high photon statistiche pixels. The ratio of CCD pixel

size (/5 um x 75 um) to image pixel size has been calledhgnification

75 pm

(4.19)

mag = - . -
image pixel size

The current implementation of the SPR code produces fougésiavith1024 x 1024 image pixels
with the following properties:

| mag | image pixel size| image size \

5 15 pm x 15 pm 15.3 mm x 15.3 mm
15 5 pm X H pm 5.12 mm x 5.12 mm
25 dum x 3 um | 3.072 mm x 3.072 mm
75 lpum x 1 um | 1.024 mm X 1.024 mm

The position of the SPR image with respect to the full CCD &i622 mm x 19.2 mm) can be
chosen via mouse click from a preview image.

Itis planned to also write the reconstructed photon passtimack to the initial data file (into an
additional column) for further processing. The split egerinsist of more than one participating
CCD pixel, so the reconstructed event will be written nextht® main charge (maximum charge
of the event).

More Exact Reconstruction of Photon Positions

Assigning photons just to their correct marginal regionssdoot make full use of the available in-
formation. By additionally looking at the ratio of the chagg a more exact photon position can be
reconstructed for split events. Together with N. Kimmehfirthe semiconductor laboratory of the
Max-Planck-Society a more sophisticated method has beeékedout, which is not implemented
yet.

First consider a double event. Let the split direction (lee@necting the centers of the two
participating CCD pixels) be the x-axis. The charge clous &aproximately the shape of a 3D
Gaussian. Projected onto the x-axis this is again a Gauésiém standard deviatiow). The
charge collection function is defined as the amount of chadijected in a pixel depending on
the photon’s incident point. This is just the integral ovee fprojected Gaussian along the x-
direction from one pixel border to the other one. The chamkected in one pixel can therefore
be expressed by the error function:

q(x) = erf(o, x) (4.20)

wherez is the photon incident position. The details about the ahargjlection function in CCD
pixels are described e.g.Kimmel (2008 andKimmel et al.(2006. Since the error function is not
analytically invertible, it has to be tabulated for a largeniber ofc andx values. The algorithm
can then look up: wheng(z) ando is known. In two dimensions (for triple and quadruple events
x, o0, andy, o, would be involved.

The applicabler, o, ando, can be determined in the following way: A measurement with a
sharp edge (realized e.g. by a razor blade) casting a wellate§hadow onto the CCD is recon-
structed by this technique, trying many different combmag of o, 0., o,. The best fit values
are the ones where the edge is best reproduced. It is plaom@agiement this method in a future
project.
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4.5 Mirror Characterization Measurements for eROSITA

As a first application of the newly developed SPR code, inldial mirror shells of the eROSITA
telescope have been measured at PANTER in order to testeviiaty meet the specifications.

45.1 Pixel Scans

A good eROSITA PSF has a half energy widthiEHEW < 15”. The size of a CCD pixel i%5 um
which translates t0.55” at PANTER due to the finite source distafic&his means that the very
core of the PSF is quite small compared to a CCD pixel. In aimlexclude effects from the PSF
shining always onto one region of a piXeh pixel scanis performed:

The CCD is moved in steps &.75 wm on a grid of20 x 20 positions by means of the
manipulator inside PANTER'’s test chamber. Each positigtusinated for an exposure time of
75 s in order to achieve a fair sampling of a CCD pixel. It is notegzary to know the absolute
location of each of thd00 measurement positions with respect to the CCD pixels. Th &idle
automatically re-shifts the derived photon positions aditg to the recorded relative manipulator
offsets during the image reconstruction process.

Figure4.11shows the inner regions of a PSF measurement evaluateduvilké) and with
(right) sub-pixel resolution analysis. It is well visibleat the PSF core shrinks and image struc-
tures emerge much more clearly when switching from nornsalution to SPR. A measurement
of a mirror shell with figure errors has been deliberatelysgimohere so that the effects of SPR
are much better visible than in an ideal case. The measutedrtegy width of this mirror shell
decreased fror@6.5” in the standard resolution case2t4” in the SPR case.

45.2 HEW Measurement

Another feature implemented in the SPR code is the measutenfiehe half energy width of
the PSF photon distribution. Based on the SPR-reconstrysteton event list, this is possible
in a quick way: An initial guess for the distribution’s cenis determined from its centroid.
The distance (=radius) from this center is calculated fahgzhoton. The median of the radius
distribution is the half energyadius, since half of the photons have a radius smaller and the
other half larger than the median. The HEW is just double #é énergyradius This HEW
measurement is repeated far x 41 center positions around the initial guess. The minimal HEW
is taken as the final measured value.

The most recent measurement analyzed with the SPR algorithsncarried out with an
eROSITA mirror model containing five out of the total 54 mirghells, illuminated in the light
of Al- K, (Aluminium, 1.49 keV). The result of this measurement is shown in figdr&2in a
different representation: the encircled energy fractit{r< r) is the fraction of the total number
of photons enclosed in a circle of radiisFrom this plot, one can read of the HEW as well as all
other fractions of the PSF, e.®Vy. The measured HEW decreased 185, from 18.6” in the
standard analysis tth.3” with SPR analysis.

®Note the difference to the value with infinite source distargixel scale 9.67” (see table.1).
°E.g. shining always onto the single region would producetipaingle events and therefore be of minor use for
SPR analysis.
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Figure 4.11: Comparison of PSF measurements in the light of th@A\ine (tungsten].78 keV)
using normal detector resolution and sub-pixel resolutlagft: PSF of mirror shell 27-4 recon-
structed from a pixel-scan measuremdRight: The same measurement evaluated with the newly
developed algorithm for sub-pixel resolution. Not only #pékes from the mirror mounting (spider
wheel) are visible much more clearly in the SPR image, bt iategularities due to figure errors
of the mirror shell are enhanced. In both images the magtiditdactor ismag = 15, i.e. one
image pixel is 15 times smaller than a CCD piXglum x 5 pum.
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Figure 4.12: Encircled energy fraction of the measured eROSITA mirrodeievaluated with
normal CCD resolution as well as with sub-pixel resolutié.the horizontal grey line, one can
read off the half energy radius which decreases$&y¥ when switching from normal resolution to
SPR.



Chapter 5

XMM-Newton Simulations

The XMM-Newton Distant Cluster Project (XDCP) was introddcin section3.4.2 It is very
important that the statistics of the source detection aadsdication is calibrated by suitable
simulations, in order to use the sample for high redshifstelucosmology. For this purpose an
XMM-Newton simulator was developed, which directly prodadémages (rather than event lists).
These images are then analyzed with the same methods amdgt@raettings that have also been
used for the analysis of the real data.

Cluster detection depends not only on the properties ofdhecs, like shape, size, and bright-
ness of a cluster, but also on various observational effdate to the PSF degradation towards
the edge of the field-of-view, the discrimination betweemptike and extended sources becomes
more difficult at larger off-axis angles. A bright point-soe in the vicinity of a cluster can reduce
the cluster’s detectability or influence the derived clugi@rameters. Additionally, the galactic,
extragalactic, and instrumental background as well asxpeseire map and the galactic hydro-
gen column density of the observed XMM field play an importaié in characterizing cluster
detectability (see section 7.2 ¥ikhlinin et al. (1998). All these effects are realistically taken
into account by the simulator code. This chapter describegetail the characteristics of the
XMM-Newton image simulator and summarizes the varioussstéthe analysis pipeline.

5.1 The XMM-Newton Image Simulator

The XMM-Newton simulator program is calledrmsi mand it has been developed within the
programming languag@, using theCFl TSI Olibrary (Pence1999* for reading data and writing
simulated images to hard disk. It relies on the Monte Carioggle, which will be introduced
briefly in sectionb.1.1 Sectionb.1.2explains the "transformation method”, a special Monte €arl
technique which is crucial for the high computational efficdy ofxmmsi m The simulator code
is capable of dealing with the X-ray background and poinirses as well as extended sources
and does a sophisticated PSF convolution according to thBIME accuracy PSF model (see
section4.2.2. Finally, it performs a binning of the calculated photoreets onto a sky image,
taking into account the realistic structure of the chipggakhe image is written out as a FITS file.
The components of the program are discussed in sedidn3to 5.1.7.

All XMM simulations are carried out on squared image$é8 x 648 image pixels of size
4" % 4", These are also the parameters used by the XDCP pipeliffee XDCP has introduced

*http:// heasarc. gsfc. nasa. gov/ fitsiof
2 This pixel size is a natural choice due to the physical piiad sf EPIC-PN, which is the most sensitive detector
of XMM-Newton (see tabl&.1).
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a non-standard detection band, which is optimized for higshift galaxy cluster search (see
Fassbender2008 and Scharf 2002. This 0.35 — 2.4 keV energy band is used throughout the
simulations.

5.1.1 The Monte Carlo Principle

Monte Carlo is a technique, which is widely used in simulagi@nd relies on pseudo-random
numbers. It has been developed in parallel with the emergence of tsediitomatic computers
during the first half of the 20th century. The name is relatetthé gambling in the casino of Monte
Carlo, MonacoMetropolis(1987) reports on the details of the history of the Monte Carlo radth

Monte Carlo simulations are frequently used in many physica&nces, whenever a set of
particles and their positions has to be followed througtetancording to certain decisions. Every
decision is based on an appropriate probability distrdsutvhich describes the physical process to
be studied. One of the method’s first applications was thaystfithe behavior of neutron diffusion
in fissionable materials. It is also perfectly suited for siating the production, scattering and
detection of photons in (X-ray) astronomy.

Pseudo-random numbers are generated in a computer baseg: orwmber which is called
"seed” and has to be given by the user. With the seed at haadilgthe same series of pseudo-
random numbers can be reproduced whenever running themandmber generator again. This
property can be very useful for the testing, developmentcamaparison of algorithms.

The natural random distribution for a computer is the umifalistribution, i.e. every number
between an upper and a lower bound occurs at the same pithabllst of algorithms producing
uniformly distributed pseudo-random numbers between aedoone is given iPresg2002).

5.1.2 The Monte Carlo Transformation Method

Since random number generators only produce uniform biigtons, a method is needed to trans-
form the uniform distribution into an arbitrary random distition. Examples for random distri-
butions needed in astronomy include e.g. the logN-logS oNA@odels of extended sources and
especially point spread functighsin the latter two cases, the associated random number is the
photon’s position in the source model or the PSF, respdgtive

The following argumentation is based Bness(2002. Consider a probability density(x),
which obeys a uniform probability distribution. The prob&p p(z)dz of finding a number
betweenr andz + dz is constant on the intervéd, 1]:

der, 0<z<1
pw)dz = { 0, otherwise . 6.1)
By definition, the integral over the probability densityr) is equal to one:
/ p(x)de=1. (5.2)

3pseudo-random numbers are distributed statistically boegated by an entirely deterministic process from an
initial seed. Sequences of pseudo-random numbers have\hstage that they are exactly reproduced when using the
same seed again. This can be useful for the development stirthtef software.

“PSFs can be taken as probability distributions since thegrilee the probability of finding a photon at a certain
image position.
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Figure 5.1: Monte Carlo simulation of a random number following an adif discrete probability
distribution. y is the random variable to be distributedading top(y). The three steps from left
to right are described in the text.

uniform random variable p(x)

In order to obtain a random number from an arbitrary desirethaility distribution,x is trans-
formed by a functiony = y(z). The probability of findingy in the interval[y, y + dy| has to be
equal to the probability of finding in the interval|x, z + dz]:

dz
py)dy =p(x)dz  or  p(y) = p(x)d—y : (5.3)
For the cas® < z < 1 this reduces to
dz
the solution of which is just
r=P(y), (5.5)
with P(y) being the anti-derivative gf(y). Solving equationg.5) for y leads to
y(x) =P (z), (5.6)

whereP~! is the inverse function oP. With this expression for the demanded functign), one
can now construct random numbers following any distributichose integral is invertible. With
a uniformly distributed input fop(z), the transformation will then be distributed accordingtte t
desiredp(y).

Visualization of the Transformation Method for the Discrete Case

The algorithm described above can be directly applied wianiie integral of the desired dis-
tribution can be analytically calculated and inverted. sTisithe case e.g. for the logN-logS dis-
tributed flux of a point-source sample (see secBdh4. Non-analytic distributionshave to be
treated slightly different although the principle is thenga The left panel of figur®.1 shows a
simple example of a probability distributigriy) with only four bins.

The first step is to compute the cumulative distributi®fy) = [¥__ p(y) dg, which is shown
in red in the central panel. Seen from the left side, each @i¢rof the cumulative distribution

SA ray-tracing simulated PSF model like the one in secdah2can be taken as an example for a non-analytic
probability distribution.
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which is not "covered” by the previous bin is proportionaltte probability of that bin in the
original distribution. A random number (from a uniform distributionp(z)) is then generated
by the computer’'s random number generator and transformélaelrecipe according to equation
(5.6) to find the corresponding. This is indicated in the right panel of figugel by the two
arrows.

In a computer program, the distributid?(y) can be calculated once in the beginning and then
be stored in an array. The remaining issue is to find the colweation in this array according to
the generated random numherThis has been solved by nested intervals for which an apiptep
bisection algorithm can be found Rresg2002.

5.1.3 X-Ray Background Modelling

The first source component taken into account by the simrmamsi mis the X-ray background.
It is generated on the basis of background models obtailed feal observations.

In the analysis pipeline for real XDCP data (see sedi@) the X-ray background is estimated
for each of the 469 XDCP fields by fitting a model to the X-ray gmavith excised sources (point-
like as well as extended ones), ttieeese imageThe model is a linear combination of a constant
component and a vignettédomponent. Figurg.6, panel (a) shows an example of a background
model. A detailed description of the creation of the backgo models is given ifrassbender
(2008.

In order to simulate photons from a background template,rfage value in each pixel is
interpreted as the expectation value of a Poisson disimibutA random number is then drawn
from this distribution (in the case of the Poisson distiitait this is always an integer) and the
result is the number of background photons to be stored imabgective pixel. This process is
calledpoissonizatiorand the appropriate algorithm is knowngsdevin Presg2002.

Instead of the background modelling described above, thalatorxnmsi mis also capable
of using a real observation as background for the simulaataky clusters.

5.1.4 Point-Sources (AGN)

In the X-ray band, the major part of the point-source poputedt high galactic latitudes are Active
Galactic Nuclei (AGN), i.e. accreting black holes sittimgthe centers of galaxies which shine
brightly in X-rays. Regardless of the type of AGN, all posutrces impose a strong impediment
to the detection of extended sources (galaxy clusters).ekample, two point-sources close to
each other can be mistaken as an extended source (due toRHglUP@Eng) and thus result in a
false positive detection. Also the opposite can happenightypoint-source located "on top” of a
galaxy cluster can hide the cluster, resulting in a loweraleetection efficiency. It is therefore
very important to include the point-source population itite simulations with a realistic flux
distribution.

The flux distribution used here follows the logN-logS measduin the COSMOS field by
Cappelluti et al(2007) and is assumed to be representative for observationgeuitsé galactic
disk at latitude$ > 20°. The data fronCappelluti et al(2007) is parameterized by the following
differential distribution (broken power law):

_d_N_{ASC”’ 5> 5 (5.7)

S =45 = BS—®2, §<S,

bVignetting: see sectio8.1.2
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with S - flux in units of 10~ erg cm =2 57!
n(S) : Number of sources per square degréesf) in a certain flux bindS
N(>S): Number of sources pefeg? above a certain flus (cumulative distribution)

A,B  : Normalization constants with the boundary conditiéf, “* = BS, **
o : Bright end slope

a9 : Faint end slope

Sy : Break flux.

The input parameters for the simulator are taken from thefiie@lues of the more updated
paper byCappelluti et al.(2009): a; = 2.40 + 0.05, ap = 1.6075%, S, = 1.00702 x
107 ergem =2 s~ and A = 141 deg 2.

The AGN population has to be simulated down to the lowest flaiker which can still be
detected. This flux limit varies from field to field dependingtbe background and exposure time
of each pointing as well as with off-axis angleThe flux of AGN below the detection limit will
be contained in the background model due to the way it has dmestructed (see secti@nl.3.

If the flux limit is given by Sy, the total number of AGN in the image is given by the equation

o0

(NVAGN tot) = /S n(S) S x (648-4")2, (5.8)
lim

where the last term expresses the sky area covered by thefimalye result is the expectation
value of the number of AGN. It has to be poissonized (see giperadixA) to obtain the actual
number of AGN to be simulated. Once the total number of AGNXisdj N o, 1ot Fandom num-
bers are drawn from the flux distribution according:{&) to determine the flux of each source by
applying equationg.6) (with P(y) = N (> S)). The image positions of the sources are generated
from two independent uniform random distributions. AltgbuAGN in reality show some spatial
clustering (e.gYang et al, 2009, the homogeneous distribution is a good approximatiortHer
purpose of the simulations.

Flux-to-Countrate Conversion

In order to convert the simulated flux of each source to a catstan energy conversion factor
(ECF) is required (see sectidl.§. As a model spectrum to compute the ECFs, a power law
(equation 8.18) with I = 2.0 is assumed, followinGappelluti et al(20091. In the simulations
described here, the non-standard barsd — 2.4 keV is used instead of th&5 — 2.0 keV band,
leading to an ECF that is different from the one used in theepapurthermore, X-rays are ab-
sorbed by the galactic interstellar medium (ISM) beforeytreach the observatory. The ISM’s
absorption is expressed in terms of the galactic neutratdggh column densityn(;). Theny
value differs from field to field, which has to be consideredhia model to calculate the ECF
value.

"The procedure described here assumes a flux limit beingamnever the field-of-view. At a further develop-
ment stage the point-source population will be created mgsrivith constant off-axis angle and thus an off-axis angle
dependent flux limitSy;,, (6) can be used.

8point-sources are distributed randomly over the whole emaggardless of whether the position is covered by a
detector or not. The decision about whether a source is sd@e final image is taken at a later step (see se&ibry).
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The expectation value of the number of photons in each Euintee: is obtained by multi-
plying the countrate by the respective exposure value t&kam the exposure map’s value at the
source position:

(ci) = Ti X eXPy(i) (i) (5.9)
with  (¢;) . expected number of counts (photons) in source number
7 . countrate of source numbegr

exp,, : exposure value at position y
x(i),y(7) : position of source number

Analogously to the background photons, also here the exfi@ctvalue is poissonized (see ap-
pendixA and sectiorb.1.3 to get the final number of photons in each source. Since thd A@
point-sources, each of them occupies only a single pixered?SF convolution.

The same as in the case of the X-ray background is also truadgroint-source population:
if a real observation is used as background for the simulgddaiky clusters, the point-sources are
not simulated additionally. This simulator mode has twoesadages:(i) the spatial distribution
of the point-sources is real as opposed to the idealizedumitlistribution of the simulated AGN
population andjii) the flux distribution (logN-logS) for each field is already bg nature.

5.1.5 Galaxy Clusters

Galaxy clusters, as the most important source componertsorulated, are realized d&smodels
(see sectio.2.2. Equation 2.4) together with the appropriate normalization constantdftixed
B = 2/3) reads:

N 97 —36+1/2
ph r
= 1 — .l
o= 21+ (2)] =
with (npn(r)) : Expectation value of the number of photons in each pixel

T : Radius

Npn . Total number of photons contained in the cluster model

Te : Core radius of the beta model

B : B-parameter, in this case fixed fo= 2.

The choice of a fixe@-parameter is justified by the result\gkhlinin et al. (1998, who found that
the detection probability has very little dependence3of his simplifies the technical feasibility
of a large simulation run, since each additional paramedeiation causes a large increase of
points in the parameter space to be probed.
Ny, andr. are input parameters fammsi m This means that the flux is not derived from a
distribution like in the case of point-sources (sectioh.4. It is rather determined by, which
is set from outside the program. The choice of various valoethe input parameterd/,, & .
is described in sectiof.2.1

The 5-model clusters are generated in large boxedif x 150 pixels, corresponding to
10" x 10/, to make sure that edge effects are negligible. Figufeshows two examples of-
models and their realizations with 10 000 photons. Thisdlamgmber has been chosen to enhance
the image details. As can be seen in the figure, the model digpgicantly at large radii: panel
(a) shows as-model with a core radius. = 128”. This is the largest core radius used in the
simulation, which in reality is beyond the expected valudsigh redshifts. Tha50 x 150 pixel
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Figure 5.2: Examples of3-model clusters (before PSF convolution): width of the box =
150 pixels = 10’. a) Model with . = 32pixels = 128" b) Realization of model (a) with
10000 photonsc) Model with r. = 3 pixels = 12” d) Realization of model (c) with 10000
photons.

box contains in this cagit.2% of the model when integrated out to infinity. Pat@lshows a very
common example with. = 12” containing96.4% of the total counts. Nevertheless, in both cases
the realization of the cluster (pandls) and (d), respectively) containexactly 10 000 photons
within the box so that the flux generation is exact. This iSead by means of the Monte-Carlo
transformation method: As a first step, the image ofthmodel is linearized, i.e. each line of the
image is put next to the previous one, as shown in figugdor the case of & x 7 pixels cluster
model. The resulting one-dimensional array can then b@rated according to figurb.1, to
obtain the cumulative array. This enables the simulatopfiyathe Monte-Carlo transformation
method to distribute exactly the required number of photores the cluster box.
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Figure 5.3: A squared image is transformed to a linear array. The coltic&ies image intensity.
This is a necessary preparation for applying the Monteeadeahsformation method to a 2D-array
(image).

Distribution of Photons among the Three XRTs

After each source component (background, point-sourcas galaxy clusters) has been
added, the complete sky image, sampledsé® x 648 4”-pixels, is available in the computer
memory. The next step is to distribute the photons amonghttes tX-ray telescopes of XMM-

Newton. This is done according to the approximate relataressivity of the three EPIC instru-

ments MOS1, MOS2, and PN. The exact sensitivity ratios démenthe ECFs, calculated with
each detector’s response individually. For simplicityastbeen decided to implement the follow-
ing approximated sensitivity ratio:

MOS1 +MOS2+PN=1+1+32 . (5.11)

The photon assignment is done again via Monte-Carlo tramsftion by assuming equatiof. (1)
to be a probability distribution. Each photon is randomlgigsed to an XRT according to this
distribution.

The XDCP field selection (see sectiBm.2 works with the criterion that at least one EPIC
instrument has to work in full frame imaging mode in orderdgrointing to be selected as XDCP
field. In cases where the instrumental mode could not be useduster detection, these images
are missing in the survey. This fact is considered by the lsitou for pointings where one or two
cameras are missing, the corresponding photons are disteather than distributing them among
the remaining detectors.

5.1.6 PSF Convolution

The central part of the simulator is dealing with the PSF obarion. It involves the convolution
itself which can be done in different ways and, as a secorg ateotation according to the az-
imuthal angle of the source. PSF rotation is very importarthé case of XMM-Newton since the
PSF is not rotationally symmetric. For image convolutiorxiifmsi m the 1.5 keV template of
the MEDIUM accuracy PSF model is used (see secti@d).

The images of the six off-axis angles avaiablé .atkeV in the MEDIUM model (/... 15" in
3/-steps, see figurd.3) are interpolated to 61 imaged (.. 15 in 0.25'-steps). These are saved
in a separate PSF file. To save computation time, no furthergalation takes place during the
runtime ofxmmsi m The appropriate PSF is chosen from these 61 images acgdaithe off-
axis angle at which the convolution currently takes place.

Image convolution is mathematically described by equatt?. There are different al-
gorithms to implement it in a program. The two which have beensidered in this thesis are
described below.
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Figure 5.4: lllustration of conventional convolution according to atjon 6.12: The kernel (in
this case 3x3 pixels) sweeps over the image and collectevflom neighboring pixels, multiplies
them with the corresponding kernel pixel and sums the prisddte shades of grey correspond to
different image intensities. Drawing adapted fr&arry and Burnel(2005.

Conventional Convolution

In the discrete case of pixelized images, equat®btd) can be re-interpreted as

I(@y)= Y > Ix+iy+j) - K(,j) (5.12)

Jj=—ri=—r

with I : Unconvolved image
I : Convolved image
K : Convolution Kernel = PSF
x,y : Image coordinates
1,7 : Kernel coordinates
r . Half size of the kernel.

This equation is visualized in figue4. The Kernel (PSF) calculates the convolved image pix-
elwise: for each image pixel, as many products as pixelsarkérnel & i - j) have to be com-
puted and summed up to get the new image value. Due to the tyuired for-loops, the run-
time of the image convolution scales withumber of image pixels)2. In the case okmmsi m
6482 - 5122 ~ 1.1 x 10'! calculations are thus required for one image convolutiogpdhding on
the CPU type, this leads to a total runtime of a few minutes {gpire5.5).

Convolution by Monte Carlo Transformation

Image convolution in the X-ray regime can profit a lot from fhet that there are fewer photons
the higher the energy of the observed radiation. In the deepgosures of the XDCP, there
are at most som&)® photons per field. In this case, simulating positions fohgatwoton is much
quicker than conventional convolution. To do this, all 6IFRSodels are linearized analogously to
the linearization of theé-model described in sectidhl.5(see figures.3). These linear arrays are
integrated and the cumulative arrays are stored in a FITS/lith these cumulative distributions,
the Monte-Carlo transformation method as described iri@ebt1.2can immediately be applied
for each individual photon.

PSF rotation

Since the applied PSF model is not azimuthally symmetrit shows an orientation (especially
at large off-axis angles, see figufe3), a final rotation is required depending on the azimuth
angle of the source within the field. PSF convolution by Me@Gtelo transformation was the
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Figure 5.5: Runtime comparison of the two PSF convolution methods ondifferent CPUs.

only convolution algorithm which was implemented in the fisenulator program. Therefore
PSF rotation is described here for this algorithm only: ratte new positionz due to the PSF
convolution is known for a source photon, it is transformgeia by a rotation matrix/:

Tpot = M -
with
__ [cos¢p —sing
M= <sin¢ cos ¢ )

where x,..; is the final photon position after rotation awdis the azimuth angle at which the
convolution currently takes place.

(5.13)

Runtime comparison

In order to verify the gain in runtime by applying the Montes® convolution algorithm, a series
of tests has been performed with different implementatiohg mmsi mand on two different
CPUs. The result of the measurement is displayed in figuewhile the runtime of the program
that uses conventional convolution is independent of thabar of photons, the runtime of the
Monte-Carlo version is roughly proportional to the numbémphotons. In contrast to optical
wavelengths, observations in the X-ray regime (marked ue)busually deal with few photons
where Monte-Carlo convolution is much faster than coneerati convolution.

An additional advantage of the Monte-Carlo convolutionhiattthe number of photons per
source (e.g. galaxy cluster) is unchanged during the @lonl Conventional convolution can
only deal with expectation values which have to be poissshiafterwards to get realizations.
This introduces some noise, i.e. the number of photonss/feen source to source and also from
simulation to simulation if different seeds are used.
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Binning of Photons onto the Final Image

During PSF convolution, the photon positions are kept inciiaputer memory as double preci-
sion floating point numbers. However, the resolution is témiby thel.1”-binning of the PSF
models. In order to achieve a fair distribution of PSF cowmedl photons among th&’-pixels,
each photon is shuffled within its respective targét:-pixel after PSF convolution according to
a uniform distribution. It is then assigned to the fid&limagepixel according to its final double
precision value. In this way, alias effects from the PSFtiaaare eliminated.

5.1.7 Photon Detection and Example Images

The final step of the program simulates the detection of pisotm the EPIC CCDs. Since the
quantum efficiency is already included in the ECF (see sedi.4), the only task left at this
stage is taking into account the insensitive chip-gaps @ad dolumny i.e. to decide, whether a
photon is detected or not. This has been realized by puttiagops into the final FITS file only
at positions where the exposure value according to the exparap is larger than one second.
Figure5.6shows the photon distribution before and after the chipsieaulation and the exposure
map. For comparison, other intermediate simulator predant one real XMM observation are
shown as well. The detailed description of the six panelsvid here:

a) Background model of EPIC-PN, as described in secGdn3 The large variation over
the field-of-view is due to the vignetting effect. The chigpg and dead columns can be
identified. The diameter of the sensitive detector areapsaqmately30’.

b) Exposure map of EPIC-PN. The vignetting effect and the daips and dead columns are
visible here as well. The highest exposure marks the tgiessmptical axis (boresight).
The boresight was deliberately designed to have a littisevfirom the chip center since it
would otherwise fall on a chip-gap.

¢) Simulated photon fieldeforePSF convolution. For illustration purpose, the image hanbe
slightly smoothed, otherwise the point-sources would bidlfiaisible because they occupy
only single pixels. Ter8-model clusters have been added with parametgjs = 1000,
r. = 3 pixels = 12",

d) Simulated photon field after PSF convolution, but befordfitied cleaning of the chip-gaps.
Some photons from point-sources were scattered into tipegaps by the convolution from
sources lying just next to the gap. Also clusters outsideattiaal field-of-view are still
visible here. Note the increasing PSF elongation with iasireg off-axis angle.

e) Final simulated EPIC-PN observation of the photon field afgddd) with photons removed
from the chipgaps. The generated clusters are marked wilesi Thex marks the bore-
sight. Clusters outside the field are generated, but wilbeadetectable in the PN exposure.
They might be covered by the MOS1 or MOS2 detectors.

f) Realobservation of the XDCP field LBQS 2212-1759 (1.7 ks clean effective exposure
time, see equatiof.1). Real galaxy clusters are marked with circles. The souomiia-
tions (clusters and point-sources) are different from thesan panels ¢, d, and e because
the simulation was done with the artificially generated pations.

®Dead columns can occur on a CCD due to partial damage of the@iis or the chip itself, e.g. through high
energy radiation in the space environment.
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The output ofxmmsi mare three FITS files, one for each EPIC detector, along witkta |
of simulated point-sources in the case of the artificial AGMdfi and a list of simulated galaxy
clusters.

5.2 Pipeline Analysis of the simulated XMM Fields

Just as in the case of the 469 XDCP fields, every simulatedadigm as well is analyzed by the
Science Analysis System for the XMM-Newton observatory (MMAS!?). The XDCP analysis
of the 469 fields is based on SAS version 6.5.0, which was thstleeleased version at the time of
running the analysis. For consistency, the same versiolsasuged for the analysis of simulated
images. Throughout the thesis, the teXDCP pipelineis used for the pipeline that has been
used to analyze the 469 real pointings of XDCP while the oradyaimg the simulated pointings
is referred to asimulation pipeline

The XDCP pipeline is a dedicated development based on a beaphwhich calls the various
tasks of the XMM-SAS ("SAS-taskY’). The details of the pipeline are described extensively in
Fassbendef2009. The simulation pipeline is an offspring from the XDCP pipe with some
adaptations. It is described in the following.

5.2.1 The appropriate Background Model

The XDCP pipeline performs preparatory steps, such as theva of out-of-time events, flare
cleaning (i.e. removal of time periods during solar flares) @nage creation from the photon
events. The first task working on images is the source detebiyeboxdet ect . For this first
detection stepeboxdet ect is run in thelocal modei.e. the background is estimated from the
surrounding of the detection box.

Sources are then cut out circularly with a radius dependimthe estimated source flux. After
the detected sources have been removed, the image cortéinssarder only background (includ-
ing unresolved sources). This image is cattbdese imagand it is used for fitting the background
model (linear combination of constant and vignetted pa, sectiorb.1.3. The production of
the cheese image and the model fit are performed by the SA®$3d | nemap.

For the simulation run, 18-model clusters are artificially inserted into each simedgpoint-
ing (see sectio®.2.]). Therefore the cheese images of the simulations would basfilled as
the ones of the real pointings (more "holes”). This meanstti@background fit is not as stable
and definitely different as compared to the background nsofein real pointings. Although the
treatment of the data would be more realistic when implemgrthe background fitting, it has
been decided to not do a re-fit for the above mentioned redsstead, the background model
from the respective real pointing is adopted as input forséend run oéboxdet ect .

©htt p: // xmm esac. esa. i nt/ sas/
1The manuals for each task of SAS version 6.5.0 can be fourideoal
http://xmm vil spa. esa. es/ sas/ 6. 5. 0/ doc/ packages. Al |l . htni .


http://xmm.esac.esa.int/sas/
http://xmm.vilspa.esa.es/sas/6.5.0/doc/packages.All.html
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Figure 5.6: Images of various intermediate and final steps of the sirulaj Background model,
b) exposure mapg) unconvolved photon fieldJ) PSF-convolved photon fiel@) final simulated
EPIC-PN observation arf)i real XMM-Newton observation. For symbol definitions, sed.te
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5.2.2 Sliding Box Source Detection

The taskeboxdet ect has a second mode of operation, calledp mode In this case, the
background is taken directly from the background map attinesat position of the detection box.
Once the signal-to-noise ratio exceeds a certain threstiwdcorresponding source information
is written out to the source list including source positiestimated number of photons, estimated
countrate (determined by use of the exposure map), estinflate and detection likelihood.

5.2.3 Maximum Likelihood Source Fitting

The final SAS-task used in the simulation pipelineeid det ect . It steps through the source
list produced byeboxdet ect and looks at each source separately. The goal of the task is to
characterize each source as either point-like or extendeédietermine the respective parameters
of each model, i.e. source position in the imagd (MA andY_I MA), source countratBATE, and,

in the case of an extended source, additionally the exteminpmeterEXT. Two different extent
models are implemented g det ect : in the case of a Gaussian profileXT is the standard
deviationo, whereas in the case of &model profile,EXT is the core radius,. (see equation
(2.4) with fixed g = %). The XDCP pipeline and the simulation pipeline both usedlfter extent
model.

The algorithm is based on an earlier implementation thatbiees used for the analysis of
ROSAT data Cruddace et al.1988. Details can be found there as well as on the webpage of
theenl det ect manual. Here, the intention is only to describe qualitdivew the algorithm
works.

The statistical significance for the detection (or the etjteha source is expressed as a like-
lihood L = — In py,0i, With p,ei being the probability that a random Poissonian backgrourd fl
tuation has caused the source to appear (or to be extendeebefdre, it is the goal to determine
source parameters, for which the source probalility = 1 —p,,.; is maximized, i.e. to maximize
the likelihood function.

For each source in the input source list (coming freboxdet ect ), two likelihood func-
tions are constructed (for all three EPIC images simultasigd: one for the point-source model
and one for the extended source modehfodel). By differentiating the likelihood function with
respect to the different source parameters, their bestlfiesare determined. Since the extended
source model has an additional fit parameter, all likelitsoark transformed to normalized likeli-
hoods, corresponding to two fit parameters, in order to altoveomparison between models with
different numbers of fit parameters.

If the maximum likelihood value of the extended source medekeds that of the point-source
model by less than a fixed valukL,,;,, = 5, the point-source parameters are written out to the
final source list. IfAL > 5 the likelihood of a third model of two superimposed poinths®s
(which might imitate an extended source) is determined.y@rthe likelihood of the extended
model fit exceeds the two point-sources model fit, the sogregiiten out to the final source list as
extended together with its best fit parameters including#tent parametdeXT. All uncertainties
of the fit parameters are written out as well. The most impontearameters of the final source
list are listed in tablé.1l DET_M. is the difference between the normalized likelihood of hgvi
a source and the normalized likelihood of having no souraedom background fluctuation).
EXT_ML is the difference between the normalized likelihood of hgvan extended source and the
normalized likelihood of having a point-source.
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enl det ect | explanation
parameter
M__| D.SRC | eml det ect source number

BOX_I D_.SRC | correspondingboxdet ect input source number

SCTS number of source counts
X1 VA source image pixel X coordinate
Y_I MA source image pixel Y coordinate
EXT source extent, in this case core radil®f the 5-model fmagepixels]
DET_M. likelihood of detection
EXT_ML likelihood of extent

BG_.VAP background at source locatiotojints/pixel]
EXP_VAP exposure at source location (vignetting correctefl) [

RATE source count ratespunts/s]

FLUX fiducial source flux (for an assumed ECFxf cm 2 s~ 1]
RA source right ascensioddgrees]

DEC source declinationdegrees]

Table 5.1: Selection of important output parameters written to thd Sparce list byeni det ect
together with their explanation. The primary fit paramesgesshaded in grey.

5.2.4 The Final Extended Source List

After the source characterization leyrl det ect is finished, all sources with a non-zero core
radius (implemented aSXT > 0.1 pixels) are written to an ascii-file with their parametets
Npn, z, andy 12 These sources are now callegtonstructed clustersThe simulatoxnmmsi m
writes the same parameters for the simulated clusters @iao &scii-file. These sources are now
called generated clustersThe two ascii-files are merged into one for comparison oegztied
versus reconstructed clusters.gln-vs-redile is saved on disk for each simulation of an XDCP
field.

Figure 5.7 shows an example of such a gen-vs-rec ascii-file. In its folurans, it lists the
parameters: [pixels], Ny, =, andy. In this case, the simulator was run in the mode where it
uses a real XMM observation as background and does neitbduge an artificial background
nor an artificial point-source population. The real obsgovealready contained four galaxy clus-
ters, which are marked in the file fiducial clusters by setting. = 1.0 and N, = 0 (first four
generated clusters). The next ten lines are the paramdtées simulated3-model clusters at
ten different off-axis angles with randomly selected azimuAmong the reconstructed clusters,
the four fiducial clusters can be identified (by comparingrdowtes) in lines 1, 2, 13, and 16.
Two spurious sources are also among the reconstructeegrduse. they have been detected al-
though there were no real or generated sources at the riespgesitiort®. Thus, the number of
reconstructed clusters adds up to 16.

12These are the primary source parameters which were useuefanglysis in this thesis. The next step would be to
investigate also the likelihood paramet®ET_M. andEXT_M..

130f course one can in principle never be sure whether thereréslacluster contained in the underlying XMM
observation at the position of the spurious source. Howévahould have been detected in the analysis by the XDCP
pipeline, if it was there.
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Cenerated Clusters:

1.00 0 307.0 376.5

1.00 0 136.1 300.6

1.00 0 215.1 527.7

1.00 0 352.5 374.6

3.36 269 331.6 341.6
3.36 269 309.8 316.4
3.36 269 378.6 394.0
3.36 269 411.9 264.9
3.36 269 246.8 371.9
3.36 269 472.1 393.6
3.36 269 396.8 483.0
3.36 269 433.4 171.5
3.36 269 350.7 534.5
3.36 269 178.3 189.0

Reconstructed C usters:

. 08291 974. 209 307.032 376.494
. 80850 175.684 136. 094 300. 628
. 05502 285.185 351. 153 534. 537
. 09045 542. 142 381. 167 392.072
. 34062 214.157 332.122 341.854
. 49782 197.882 452.837 513.711
. 73489 229.839 411.631 263. 507
. 41654 256.115 277.310 364.218
. 60915 211.976 246.984 372.623
. 20598 151. 700 433.343 170. 451
. 99246 318.972 397.542 482.968
. 75577 403.278 308.938 317.716
. 52246 121.416 215.166 527.771
. 79360 136.820 289.501 464.179
. 28641 122.126 471.679 393.432
. 10314 180. 143 352.468 374. 420

ANWONOORANNBAEANNNO WE ®

Figure 5.7: Example of a gen-vs-rec ascii-file. The columns are fromttefight: r. [pixels], Npn,
x, y. For a detailed description see text.



Chapter 6

First Results from XMM-Simulations

As a first application of the newly developed XMM simulato80lout of the 469 XDCP pointings
have been simulated in a run of 2.5 months on 20 CPUlse purpose and the selection criteria of
this subsample are described in sectioh Section6.2 explains how the simulatotrmsi mand
the simulation pipeline were used to compute a selectiontimm depending on several cluster
parameters. These results are then post-processed ifse@ido yield the sky coverage of the
survey (sectior.4). Section6.5shows how to calculate the corresponding survey volumegwhi
section6.6 lists opportunities for possible further improvementsutufe projects.

6.1 The Chandra Extended Cluster Cosmology Sample

The Chandra extended Cluster Cosmology Sample (CheCCS3juis-sample of the 469 XDCP
pointings. In 2009, the idea emerged to follow-up XDCP dtstvithz > 0.8 with NASA's Chan-
dra observatory. With their high spatial resolution, Chranobservations are capable of excising
point-sources from the extended cluster emission moreegitlg than XMM-Newton observa-
tions and determine the cluster shapes more accuratelyefbhe, the subtraction of point-source
contributions to X-ray spectra and fluxes as well as the niogl@f the cluster density profiles
can be performed more thoroughly. This leads to a betterrdé@tation of cluster parameters like
X-ray luminosity, temperature and gas mass. Since thesangders can be used as mass proxies,
also the mass determination for the followed-up clusteraase precise, which is very valuable
for cosmological studies with any cluster sample.

The CheCCS has been designed to meet several goals:

e Establish a well understood sample with a relatively singglection function, at flux levels
well above the detection limits.

e Define a sample size feasible for Chandra follow-up.
e Extend existing sampléso redshifts beyond > 0.8.

The criteria following from these requirements can be suitidd into field selection criteria

The computation was performed on a Sun Fire X4600 M2 with 8d9Dare processors based at MPE.
2The most famous distant cluster sample from Chandra ismtlyréhe 400 deg? survey byVikhlinin et al. (2008
with a redshift range af.35 < z < 0.9 It was constructed by following up a sample of clusters detbby ROSAT.

73
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and additional source selection criteria. The cfeafiective exposure time.,,, is defined by
weighting the individual exposure times of the three EPI€riments with their sensitivity:

1
texp = 57(3-2 “texp,PN F texpMOS1 + texp,MOS2) - (6.1)

Field selection criteria:

e Galactic neutral hydrogen column density < 6-10%° cm—2.

e Clean effective exposure tintg,, > 10 ks with at least two EPIC instruments in imaging
mod¢'.

e No sources in the field that significantly contaminate salact

e Low background level.

Applying the field selection criteria leaves 160 out of th® KD CP pointings.

Source selection criteria:

e Source detected in the35 — 2.4 keV single band detection mode.
o Off-axis anglefsource < 12'.

No objects associated with original target.

Flux fo.35-24 > 1.5-10"" ergcm™2 s 1.

Conservative screening to remove obvious non-clusterdoand clusters.

6.2 Simulated Observations of3-Model Clusters

A large simulation run was carried out in autumn 2009 to daeiee the sky coverage for the 160

fields of the CheCCS. For this purposaymsi mwas run in the real-background mode, i.e. the
real XMM-observation of the field to be simulated served akfeound image and clusters were
just added to it. No artificial background and no point-seysopulation was added.

For computing theompletenesshis is the operation mode of choice because the pointsour
population and background are exactly as in the real obsenvalhe determination ofontam-
ination requires the other operation mode which uses an artificiekdraund and an artificial
point-source population. Only in this case, the complatatfit about the contained point-sources
and galaxy clusters is known. With it, the fraction of fajsetconstructed sources can be cal-
culated. In real observations, one could never be sure whetlspurious source is really not
associated with extended X-ray emission.

3'Clean” refers to exposure times after having excluded siméth high background level. This flare cleaning
process is described in detailassbendeg(2008.

“The EPIC cameras can be operated in several modes of daiaiiequE.g. the timing mode allows for improved
time resolution with imaging only in one dimension.
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6.2.1 The Choice of Cluster Parameters and Locations

Ten 5-model clustersf = % see sectiod.1.5, all with the same core radius and number of
photons/N,,;,, were added to each single field to be characterized. Theg distributed over the
field according to the following rules:

e The ten clusters were assigned different off-axis angéegying fromf,,;, = 1.5 t0 00y =
15" in steps ofl.5'.

e The boresight{ = 0) was determined from the exposure map of the PN detector. For
observations where it was not available, the boresight efMIOS1 detector was taken
instead.

e The azimuth of each cluster is assigned randomly from a umifdistribution, which guar-
antees a fair treatment of azimuth angles.

e In order to prevent overlap of galaxy clusters, an anti-cidience radius of’ was intro-
duced as a spacer gfmodels from each other as well as from real clusters cosdaiimthe
real observation: The position of each new cluster is tefstethe spacer criterion. A new
azimuth is chosen until a position fulfilling the criteriontkvall other clusters is found.

e For crowded fields, a "timeout” has been implemented: afd@0lirials, the program gives
up and the current off-axis angle is not occupied by a clusidris is important for the
two innermost off-axis angled ¢’ and3.0’), where the solid angle available for simulated
clusters is very limited.

e Within the CheCCS, 21 out of 160 fields contain an exclusigiorein their centers in order
to mask bright central targets. 8 fields have exclusion regai higher off-axis angles. The
placement of3-models is performed regardless of any exclusion regiof& masks with
possible exclusion regions are taken into account in thegagessing (sectiof.3.4 and
in the computation of the final sky coverage (sectoh.]).

Each of the 160 XDCP fields was simulated five times with différseeds to increase the
statistics. The above population scheme was applied foaRtes ofr., each with 25 values of
Nph:

re =2"...128"” in 25 logarithmic bins
and (6.2)
Npn = 20...1280 in 25 logarithmicbins.

This leads to a total number of
5realizations x 25 r. bins x 25 Ny, bins = 3125 simulations, (6.3)

containing 312503-model clusters per XDCP field. This would lead to a total o€ fiillion
B-model clusters for the CheCCS simulation run. However, tdube compression scheme, in-
troduced in sectio®.2.4 this number is reduced t02.5 x 10°.
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6.2.2 The Matcher

After the run, a gen-vs-rec file for each of the 3125 simutetiper XMM field is available which
summarizes the generated and the reconstructed clusanetrs (see figure.7). The recon-
structed and the generated clusters now have to be matciie@ach other. For this purpose, a
program has been written which compares the two sets and foolpairs with a distance of

AZgen—rec < 40" . (6.4)

In test runs90% of the pairs had a matching radius satisfying this criteribhanks to the intro-
duced anti-coincidence radius @f(see sectios.2.1), the assignment of a reconstructed cluster to
a generated one is unique. The matcher code then assignsitooitloree available flags to each
entry in the gen-vs-rec file:

| Flag | Meaning \

d | generated andetected
n | generated butot detected
f falsely reconstructed (=spurious).

~—

Detection Probability

With the assigned flags at hand for the five different reabnatof one fixed set of parametets
Nyn, andd, the detection rates can now be calculated. The rates aaedeshas probabilities and
they are computed by counting the number of d-flagd)(and n-flags ##n) and inserting them

into the following equation:
#d

T Hd+#n
The sum #d + #n is equal to the total number of generated clusters. The titetegrobability
paet has to be calculated for each of the 6250 parameter comisagier pointing.

pdet(rm Nph7 0) (65)

6.2.3 Representation of Detection Probability in Datacube

The detection probability, derived in the previous sectian be represented in a datacube. This
means, for each simulated off-axis anglea grid of r. and Ny, is drawn with the calculated
detection probability colorcoded in the 625 bins. Figaréshows two such datacubes for a deep
and a shallow field. These two fields were processed in a test simulatioratam early devel-
opment stage. The nameBQS andSCSAare not official identifiers but only used as working
titles throughout the thesis. With i&8 ks exposure time, SCSA is not part of the CheCCS (see
field selection criteria, sectio®.1). The green lines and the grey shaded area overlaid on the firs
slices of the cubes represent a compression scheme of #u@@@r space which is explained in
section6.2.4

The transition line from low to high detection rate on the Isfnearly perpendicular to the
Npn-axis. This transition is due to the discrimination betwpeimt-sources and extended sources.
B-models withr. < 4” cannot be spatially resolved and are thus missing in thé not@ber
of detected clusters (see equati®®). The fact that the transition line is slightly inclined can
be explained by the photon statistics: with more countslaviai, the-model fit performed by
enm det ect works better and is thus able to discriminate extended ssurom point-sources

>Deep” and "shallow” refer to a long and short exposure tinespectively.
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Figure 6.1: Probability cubes of the two XDCP test fields "LBQ$2(ks) and "SCSA’ 8.8 ks).

The three considered parameters are: core radjusimber of photons/,, (8-model parameters)
and the off-axis anglé (observational parameter). The green lines indicate avbase only the
central pointin the.-N,-plane (alld) was simulated. The grey shaded regions were not simulated
at all in the final run.
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down to lower core radii. Thanks to the logarithmjescale, this transition region is resolved well
enough to see this effect.

The other transition line at the right side of the probapititstribution can be attributed to a
surface brightness effect: Regarding only photons withandore of the3-model, the signal-to-
noise ratio (SNR) is defined as

- N. - N.
SNR = E _ fc ph fc ph (66)

N VB /a2 B
with B being the number of background counts within a cirdleadiusr.; f. denotes the fraction
of cluster photons encircled by, which is independent of, for a given-valué. pp is the

surface density of background photons at the cluster pas{ih photons per square arcseconds).
Solving equation@.6) for Ny, yields

Nph o< ¢ (6.7)

for a constant minimum SNR required by the source detectigorithm. The right edge of the
probability distribution shows just this behavior. Clust¢o the lower right of the transition line
are too low in surface brightness to be detected; they desagdp the background.

Regarding the slice @& = 15, one can see that the detection rate shows a sharp drop soward
the edge of the field-of-view, even at intermediate corei @i large numbers of photons. The
reason for this effect becomes clear by looking at the bgiegosition in figures.6 (e): rings
at large off-axis angles are not fully covered by all detextd’hel5’-ring is covered by the PN
only at 1/3 of its perimeter and not at all by the MOS detectaisich is not seen in figur.6).
Nevertheless, this off-axis angle was included in the satiorhs in order to cover the full detector
area.

6.2.4 Running 160 XDCP Pointings

The production of a simulated pointing by the XMM simulatarmsi mtakes only a few seconds
(see figureb.5). On the other hand, the-model fit performed beni det ect is computationally
expensive and can take up to ten minutes for the processthg sburce list of one pointing. With
the layout of the first test fields, the complete simulatioommé XDCP pointing Z5 r.-valuesx

25 Npp-valuesx 5 realizations) took 5 days on 5 simultaneously running CPWbe. computation
time for 160 fields would therefore have been 800 days. Theimedjamount of storage space for
the FITS files containing simulated pointings, source lists. would have been approximately 13
Terabytes.

Several optimization steps were taken to save computatiom ds well as disk space. First
of all, the storage space management of the simulationip@gelas improved with respect to
the XDCP pipeline. While the latter keeps some metadata {f@egimage sum of the two MOS
detectors), the simulation pipeline regularly deletedilels which are not needed any more. Only
the image sum of all three EPIC detectors is kept (for posséter diagnostics) and of course the
final source list products.

A second improvement was the compression of the paramedeedp be simulated. By
looking at figure6.1 it can be seen that some regions of the probability disiobuare very
homogeneous. This fact was utilized for saving resourcks.gfey shaded regions on the/ N,j,-
plane were excluded completely from the simulations sives én the shallowest fields (SCSA)

6 ; _ 2 ; ; ; ; p ; ;
For. the canonical valug = £, this fraction can be analytically calculated by integrgtequation §.10), which
results inf. ~ 29.3%.



6.3. POST-PROCESSING OF THE DATACUBES 79

those parameter combinations did not show significant@lwstections during the test runs. For
each of the x 2 and4 x 4 boxes overlaid on the first slices in figuBel, only the central value was
taken as the. /N,-combination to be simulated. The detection rates werenasginomogeneous
within those regions. This measure reduced the number aflatedr./N,,-combinations from
625 to 321 (each with ten off-axis anglés

The third improvement came with a new workstation with 32 Gfltes, 20 of which were
reserved for the XDCP simulations. After a runtime of abadtdonths, the simulation of 160
fields was completed in November 2009. The improved storpgeesmanagement together with
the compression of the parameter space reduced the hardedisikement for 160 pointings to
800 Gigabytes.

6.3 Post-processing of the Datacubes

6.3.1 Conversion from Counts to Flux

In a first step of post-processing, the number-of-photoatesaf the 160 data cubes (see equation
6.2) has to be converted into a flux scale. Due to the effectivesxe time varying with off-axis
angle, this has to be done individually for eatislice of the data cubes according to equation

(3.17:

Nph,det/texp,det
F(Nph, Ostice) = ECF(det, filter, ny, T, 2) (6.8)

In this casefexp det IS the exposure time which has been derived from the exposapeof the

respective detectord¢t) for the correct off-axis anglég;.. by taking the median of all pixels

fulfilling the condition to lie in a ring withfgjice — 1 pixel < Opixel < bOglice + 1 pixel. In this

way, the influence of the chip-gaps on the exposure time ledion is eliminated. Thé&CF in

the denominator depends on instrumental parameters (detket and the used filter) as well as

on astrophysical ones (galactic hydrogei and the temperatur€ and redshift: of the galaxy

cluster). The parametetk:t, filter andny are fixed for each pointing. They value has been

taken from a radio astronomical survey Dickey and Lockmar§1990.

Equation 6.8) is always evaluated for one detectdet) only: for the PN where it is available
and for MOSL1 in cases where the PN was not in an operation nsaidaufor cluster detection.
At least one of those two is always available in the simula@uple of 160 fieldsN,, get is the
expectation value of the number of photons simulated in @teator: Ny, pn = Ny, - g—g and
Nowmost = Nph - 5% respectively (see equatidnll).

Figure6.2 shows how the ECF depends on the cluster parameters tenmeefaand redshift
z. It varies only by approximately 6% over the redshift andpenature range which is important
for XDCP. It has therefore been decided to fix the fiduciallues at7T" = 5keV andz = 1
(marked by the circle).

After having transformed thév,,, scale into ten flux scales, the 160 cubes are now available
in the formpqet (re, f,0). However, their shape is not exactly cubic any more becdese lices
are shifted with respect to each other, due to the differemtdtales originating from vignetting.
See figures.4 for a view of the relative positions of the ten flux scales.

"The term "fiducial” indicates the fact that some paramettirgehas to be selected as a reference point, which is
chosen to be an average representative value.
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Figure 6.2: XDCP’s energy conversion factors (ECF) against the clysteameter§” andz. The
following assumptions have been made in this example: thatcate is the sum of the countrates
of all three EPIC instruments with thin filters and the fluxaken in the0.35 — 2.4 keV energy
band. An absorbed mekal model (see secBdn6 was used with galactic hydrogemn = 2.36 x
10?° cm~? and cluster metallicity? = 0.3 Z,. The circle marks the fiducial values b’ andz
which are used for the flux calculation in the probability eab

6.3.2 Interpolation of Detection Probability in the r. — f Plane

Because of the reduction of the number of support pointsemnrth- N, plane, which was de-
scribed in sectio®.2.4 the parameter space is now sampled inhomogeneously. tampoegions
are sampled with finer resolution, while regions, where tection probability is expected to
change only marginally, are sampled on a coarser grid. Fopthpose of further processing
of this inhomogeneous data set, the functign., f) is interpolated linearly (for each of the ten
f-slices separately) on a triangular grid, which is showngar@6.3 (left panel).

In order to eliminate artefacts from the interpolation, tasulting image is smoothed with a
boxcar average of a width corresponding to four linear bitee smoothing is a legitimate opera-
tion because it is performed on a well understood and wekbeth function (no local extrema to
be expected) of the two parametersand f. As an example, the resulting(r., f) map of the
first slice ¢ = 1.5") of the LBQS datacube is shown in figuBe3 (right panel).

6.3.3 Extrapolation in Flux-Direction

Figure 6.4 shows an example of the "side view” of a probability cube. Tlbg scales, indicated
by horizontal bars differ from each other, despite the comuvg,-range, due to the vignetting
effect (decreasing effective exposure time with incregsifi-axis angle). The green shaded area
marks the target flux range onto which all flux scales weresgtep.

At the lower end, the derived detection probability has bexdmapolated towards the lowest
target flux fuin = 10716 erg cm™2 s~ (marked in the figure by dots). When going from the
lowest simulated flux towards lower fluxes, in most cases tinetfon py.; becomes zero well
before the lowest target flux is reached. This operatioretoes has little influence on the results,
but it is necessary to be able to further process the data.
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Figure 6.3: Left: The 321 support points in the - f plane where the detection probability has
been simulated and the lines, along which the linear intatjpm of the functionpget (7, f) is
performed. Right: Interpolated and smoothed functipp.:(r., f) of the sliced = 1.5" of the
LBQS testfield (see figuré.1). The colorbar is the same as in fig@4.

At the upper endpq.; was extrapolated out t¢.x = 2 x 10713 ergecm=2 51, This is
necessary in order to estimate the sky coverage for high letemess levels. Especially for ex-
tremely small or extremely large core radii, the functigg; (f) reaches only intermediate levels
at the highessimulatedflux. These regions can have a large influence, depending @nw}
distribution is assumed for the weighting process (seexe613.5. Without extrapolation, some
paet (f) curves would never reach, for example, the 90 % level anddhresponding pixels would
therefore be missing in the sky coverage curve:fer0.9. At fluxes where the extrapolation yields
numbers larger than one, the probability was fixeggat = 1.

6.3.4 Expansion ind-Direction

For each of the 160 simulated XMM-pointings, ten slices efdatacube at different off-axis an-
glesd are now available on equalized flux scales. The final sky @peeis obtained by counting
pixels, depending on their individual sensitivity. Thenef, the available information has to be ex-
panded irf-direction as well as re-binned onto a finer grid so that fahgzixel, the corresponding
paet (e, f) can be chosen according to its individédatalue.

This re-binning procedure involves extrapolation andrjpiéation steps. There are several
cases to be considered which are illustrated in figlus&ind described in the following.

Missing data due to too many real clusters in the image: In XDCP fields that are "crowded”
by real clusters, it was often not possible to put artificlakters at small off-axis angles, because
the matching between reconstructed and generated clugbetd have been distorted by the real
ones, which would lead to a wrong estimation of detectiorbabdlity. To prevent this effect, a
timeout was implemented iknmsi mfor the positioning ofg-model clusters (see positioning
rules in sectior6.2.1). The drawback is, that no probability estimation is audéafor thosed
slices. Out of the 1600 simulatetslices, this occurred 32 times ét= 1.5 and 5 times at

6 = 3.0'. In these casegq.t Was extrapolated from the inner three remainjng () (in the
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Figure 6.4: "Side view” of a probability cube (in this case LBQS data).€lthars show the ranges
of the flux scales for each simulated off-axis angle, derivedch the commonV,,;, scale. They
are shifted with respect to each other due to the decreagpusere time with increasing (see
equation6.8). The shaded region marks the range of the final flux scale.

case of missingd.5’ value) or interpolated (in the case of missisiy)’ value). The latter case
is illustrated in figure6.5, where the support point & = 3.0’ (red x) is not simulated and was
therefore set to zero and not considered further. Note tiigapoint at? = 1.5’ in this case was
actually simulated. Its lowg.; Value is caused by a bright central object in the field. Théeda
described in the next paragraph.

Low detection probability due to a bright central object: A bright central object does not
preventxmmsi mfrom placing S-model clusters on top of it. However, it is difficult for the
analysis pipeline to detect such clusters, which are augshby the bright object. This leads to a
very low detection probability close to the bright sourcesdéme cases reaching zero for the whole
parameter space & N,;,. This is also the case in the example in fig6rg, which can be seen
clearly in all panelsaato f. In most cases, these regions are not counted in the finalosigrage
because they are excluded by the detection mask and thug dontdbute to the XDCP survey
anyway. It is however important to treat this case correatlyrder to achieve a good estimation
of pqet just at the border outside the exclusion region where thewiBgs from the bright central
target might still affect cluster detectability.

Estimation of the central detection probability: The on-axis detection probability has not been
simulated since this poiné (= 0) is negligible when weighted with the detector area. Furttoee,
there is only one point to put a cluster and no variation ofmath is possible to enlarge the
statistics. The on-axis detection probability was theefextrapolated from the other support
points as well.

Interpolation between the support points: For the re-binning of the now available 11 support
points (for fixedr. and f), a spline fit was used to expand thescale to 101 final bins, corre-
sponding to a bin width d§””. The sometimes strong variationgf.; with 6 is real and originates
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Figure 6.5: Example of a field with missing simulated datafat 3.0’ and a bright central object,
which leads to a sharp drop in.; towards the center of the field. Shown in the middle is thesslic
atf = 7.5’ in the parameter plangandr.. The panels-f show the third dimensiortj of the the
"data cube” for six example points of thfe— r.-plane. They illustrate the re-binning algorithmin
0 direction: The redk mark the ten simulated off-axis angles, the smaller blaake the 101 finer
gridpoints obtained by extra-/interpolation and a finalrspfit (see text).

from the peculiarities of the fields. For example, clustgrirf point-sources at a specific off-axis
angle can sometimes lead to a systematically reduced oneatia,.; at the respectivé. Not all
points in ther.- f-parameter space are affected, because different seeeidban used for each
run, leading to different azimuths of cluster positions.wdger, from a statistical point of view,
the effect is present and should be taken into account. Tdrerdinear interpolation between
the support points plus smoothing the data or just fittinglgrqmmial are not considered the best
approaches here. The spline fit, which preserves the pdtiabeof the functions, seems to be an
adequate solution.

6.3.5 Weighting of Detection Probability with a Core-Radiws Distribution

The final product from the simulations is a sky coverage deipgnonly on flux. Therefore, a
suitable averaging over the parametgiis required. This is achieved by weightipge (7, f)
with anr.-distribution, which should be as realistic as possible.egd attempts have been made
to measure such a distribution from galaxy cluster survgyb® Einstein Observatory (e.dones
and Forman1999 and ROSAT (e.gVikhlinin et al., 1998.

Such measurements are likely to be affected by incomplssenehich implies that the.-
distribution should be corrected for missing objects byudating a detection probabilityget (7).
In principle, the simulation run described here could belds@btain such a function by averaging
paet (e, f) over flux, assuming a suitable flux distribution, which inntis affected by selection
effects as well. Such problems can possibly be solved inesatite way but this investigation is
not performed here.
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Pacaud et al(2006 have assumed a constagttysicalcore radius ofr. = 180 kpc. The
approach followed here is to consider two extremes and ami&diater.-distribution (scenarios
a, b andc, see figures.6, right panel) and to check how the results are influenced éyghioice of
the r.-distribution.

Derivation of the r.-Distribution

The catalog oWikhlinin et al. (1998 contains 223 measurethgular r. values where in 200 cases
the redshiftz of the cluster is known as well. Note, that the core radii ia thtalog were deter-
mined by assuming a fixe@ = 0.67 which is close to the valug = 2/3 used in this thesis. The
physicalr. values can be derived for the 200 clusters with known retiblgifapplying equation
(B.11). The clusters are then rescaled (first without assumingesalution) to the fiducial red-
shift of z = 1 and the resultingngular r.-distribution is the one applied to the weighting of the
detection probability function. This distribution is rdug Gaussian ifog(r. ), see figures.6 (left
panel). In order to use it for the averaging procedure, ithdeen fitted by a log-normal function,
normalized to fulfill the conditionff"C>O n(r.) = 1. This yields a most frequent core radius of
ur. = 14.05” (scenarioa). The extremes are obtained by moving the mean of the fittingtfon

to the two valuegu,; = 2 - i, (Scenaridd) andpy, = %Mrc (scenaricc).

The right panel of figuré.6 shows the three applied versionsrgfdistributions overlaid on
the colorcodegg(rc, f) atd = 7.0’. In this way, it can be seen which parts of the simulated
parameter space contribute most to the final sensitivityecur

The justification for the lower extreme (scenacdjois given by assuming an evolution of the
core radius with redshift like. o Flz Since the original cluster population has a rather low
redshift (with a peak of the redshift distribution around- 0.2), this leads to a shift of the core
radii by a factor of~ 2 to lower values. The width of the Gaussian does not changelaysath-
mic scale. The case of highervalues (scenarib) has been considered mostly for completeness.
A possible astrophysical reason could be, that there are oloster mergers taking place at high
redshifts, which may appear as single clusters with a largey radius when fitted with /@&model.

The weighting algorithm steps through the 101 fiflgins and computes the functigfe (f, )
according to the equation

Pact(£,0) = pact(re, f,0) - n(re) . (6.9)

To exemplify, the resultingqet (f, #) for 6 = 7.0" is shown in figures.6 (right panel) as well. Due
to occasional outliers, this curve is not always strictlynoimnic. Sectiorb.4 describes, how this
artefact is dealt with. The data available at this stageistmsf the functiongq(f, ) for all
simulated 160 fields, which are stored as images in FITS forinahe following these datasets
are called pft-maps (i’ of f andtheta”).

6.4 Sky Coverage of the 160 CheCCS Fields

The sky coveragé. (< f) of a survey states the survey area (solid angle in squareeggwhich
is complete to a certain percentage down to a given flux. Fam@e,S.(fiim < fo) = Ss0(<
fo) = 10 deg? means, that on0 deg?, sources of fluxf, are detected wit50% probability,
sources with higher flux have a higher detection probabilityother words S ( fiim, < fo) States
the survey area with a detection sensitivity (flux linfiit,) of at leastf;,, = fo or better (iim <

fo)-
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Figure 6.6: Left: Histogram of core radii of the 200 galaxy clusters with refistiformation from
the survey byikhlinin et al. (1998 and the log-normal fit. Note, that the clusters are jueved
geometrically toz = 1 and not evolved in any wayRight: lllustration of the weighting process
(equation6.9). Shown are the three applied distributiong..) overlaid on thepg.i(rc, f) slice at
0 = 7.0, and thepye (f) for 6 = 7.0" resulting from the weighting with the centra(r.) (blue
curve). Ther.-distributions are marked by labels a, b, ¢ for identificatigth the corresponding
resulting sky coverage plot in figufe8. Example field: LBQS.
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6.4.1 Calculation Method

There are two equivalent methods to construct the final skgrage curve of the simulated XDCP
sample. Both rely on counting pixels with certain properéad summing them up. Each pixel
then contributes to the sky coverage w(th)?.

The first approach follows this procedure:

1. Choose a completeness level for which the sky coveragebis tonstructed.
2. For each pixel, choose the corresponding functign( /) according to its off-axis angle.

3. From this function, read the flux limff;,, . down to whichpgc:(f) > ¢, so that
Pdet ( fiim,c) = ¢ for the chosen completeness

4. Step through the full flux range. For each flixsum up the pixels where the flux limit is
below the current fluxfiy, . < f .

This method works only for monotonic functiopge(f). Otherwise the flux limitfj, . iS not
defined uniquely, i.e. there is more than one solution to uaBonpqet ( fiim,c) = c. As described
in section6.3.5 thepgyet (f) derived from the simulations are not always monotonic. &fuee, a
second approach was pursued:

1. Choose a completeness level for which the sky coveragebis tonstructed.

2. For each pixel, choose the corresponding functign(f) according to its off-axis angle
(up to here, the tasks are identical to the ones in the firdhoadgt

3. Step through the full flux range. For each flfix count the current pixel, if the detec-
tion probability at the current flux is larger than the cutherwhosen completeness level:

pdet(f, 6(273)) >c.
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Mathematically, this method can be written as

Se(< /)= > (") (6.10)

1,7 | cond.

wherei, j are pixel indices defined uniquely within the 160 pointingsl &ulfilling the condition
cond:
cond.=i,j € M A paet(f,0(i,7)) > c . (6.11)

M is the mask, which defines the pixels that are to be consideredrt of the survey. The mask is
constructed from the exposure maps by excising the exclusigions, such as regions with bright
central sources. Note that the loop runs over all pixelslia@d XDCP fields.

This method works also for non-monotonic functigng;(f). At first sight, this might seem
unphysical. Why should a source with a certain flfjxbe detected, but a second source with a
larger flux fo > f1 not be detected? This is actually an artefact due to lowstitzgi For example
a cluster (with fixed core radiug.) could be detected at a certain flux, but disappear behind a
bright point-source at a higher flux due to a different positin the field. This is possible because
different seeds were used for all simulated parameters.ederywith the second approach, each
detection is treated statistically correct and the arteface averaged out in the final sky coverage
for a whole field (or even more for all 160 fields) due to the miacher statistics.

6.4.2 Treatment of overlapping Fields

Because XDCP is a serendipitous survey, all suitable XMM$iélom the Science Archive (XSA)
have been considered. Thus, the chosen XMM pointings atleemgilaced on the sky in a special
pattern, nor distributed homogeneously. It is thereforgsjiide that some fields overlap, especially
in regions of high astronomical interest, where e.g. thgimal observing purpose required to look
at one object several times or to do mosaics of a larger skyhpat

To obtain the unigue non-overlapping area on the sky, datgipixels must be counted only
once. Calculating WCScoordinates for each pixel, sorting them in right ascensioth declina-
tion and calculating their distance is a computationallgy\stensive task fo)(2 x 107) pixels.
Therefore, a different approach was implemented to treabterlapping regions: All fields (in-
stead of allpixel§ were tested for pairwise overlap by calculating their byt distances (on
great circles on the sky). Out of the 160 CheCCS fields, 42lase @nough that they can overlap.
They can be arranged in 16 groups. For each group, a mosdiebasreated using the SAS-task
enpsai c. Each mosaic consists of the detector masks of the membds,fedaled by a unique
binary code which identifies the mask with its OBS through a lookup table. An example is
shown in tables.1 with the resulting mask mosaic in figuéer.

For each pixel, it is now possible to identify unambiguoustyich fields overlap at the current
position. Since also the boresight coordinates are stordkilookup table (transformed from the
single masks to the mosaic pixel coordinates), the corretipg off-axis angles are determined
and the correcpges (f) functions can be chosen from the pft-maps (see se6tids).

6.4.3 Discussion

Figure 6.8 presents the sky coverage curves resulting from the weightith three different.-
distributions. Paned is valid under the assumption that the raw distribution fidikhlinin et al.

8WCS: World Coordinate System
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U7J

code| OBSID boresight coordinate
xly

1 | 0112680101 501.5/632.5

2 | 0112680301 1100.4/633.5

4 | 0112680401 352.0/336.0

8 | 0112680501 123.3/347.7

16 | 0112681001 948.6 /334.2

32 | 0112681301 632.2/345.9

Table 6.1: Example of a mosaic lookup table. The corresponding mosage is shown in figure
6.7.

bl 5 10 15 20 25 30 35 40 45

Figure 6.7: One example of the 16 groups where fields overlap. The colww $he decimal
values of the binary numbers which encode the field's OBSsee table6.1). Boresights are

marked by green circles.
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Figure 6.8: Final sky coverage of the 160 XDCP fields from the CheCCS supkg plot-
ted for different completeness levels, different maximuffiagis angles, and three different
rc-distributions. The flux scale is the same on all panels. &dhér description, see text.
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(1998 represents the real cluster population with a most comnooe @dius ofu,, = 14.05”.
Panelsh andc result from scaling the.-distribution to larger £, = 28.10”) and smaller £,, =
7.03") core radii, respectively. Each panel displays the cureeghree different completeness
levelsc = 0.1, 0.5, and 0.9 and three different maximum off-axis angles out to whictefshave
been considered),., = 10/, 12/, 15’.

The total area of the 160 fields included within the detecticasks is27.113 deg?. The
maximum occurring off-axis angle of any mask pixelli&(0’. As already mentioned in section
6.2.3 already circles at5’ are not fully covered by the CCDs any more, i.e. the field bexom
very inhomogeneous at these off-axis angles. When the sigrage is evaluated fek,., = 15/,
the corresponding (dotted) curves converge to a valugscf deg?. Reducing the maximum
considered off-axis angle to the "standard” XDCP valué,gf xpcp = 12’ reduces the survey
area tol17.7 deg?. A further constraint of,,.x = 10’ decreases the area by anotheB0 % to
12.3 deg? with only a marginal difference in the resulting sensitivisee figures.9and tables.2).

At arbitrarily high flux levels, the sky coverage should imgiple always converge to the total
survey area. However, due to the mentioned inhomogenelgrge 6, the detection probability
does not always react)%, and even less tH#% level. Also in the case of bright central sources,
the detection probability drops significantly towards tkater, even for very bright cluster models.
These pixels are therefore missing in the budget of the skgrage, making a difference in total
area when considering different completeness levels. ddrisbe seen for example in figuseB
(top panel) when comparing the curves fgr., = 15’.

For comparison, in panelsandc, the curves from panel are overlayed in grey color. From
the appliedr.-distributions in comparison with they.; (7, f)-map (figure6.6, right panel), it is
evident that upon rescaling the-distribution to higher values, the survey sensitivity dases
and all sky coverage curves are scaled to higher fluxes (jpdnel

This effect is less pronounced, when considering the mkedyliscenario of decreasing core
radii evolution with higher redshifts (pan€). The curves for completeness levek 0.1 are then
even shifted to the left. To understand this effect, one baggard the completeness levels as
guantiles of the core radii distribution: Recovering oily% of the clustersd{ = 0.1) is easiest,
if the centrall0 % lie just at the tip of thepget (., f)-map. This most sensitive region is roughly
situated around. i, ~ 10”. This value is closer to the mean core radius of scerma(iv03")
than to the one of scenarip(14.05").

The curves for = 0.5 are almost insensitive with respect to scaling thelistribution from
scenariaa to the physically motivated evolution scenacioWhen requesting a completeness level
as high a®90 %, the required fluxes increase by a factor~08.4 (green curves), because a large
part of the corresponding.-distribution lies in regions, where it becomes increalsitgrder for
the detection algorithm to discriminate clusters from paiources (see the red-distribution in
figure 6.6).

The flux scale of the sky coverage plots is defined for the loeBitl— 2.4 keV. By assuming
a fiducial cluster at redshift = 1 with a temperature ofT" = 5 keV observed in a field with
a hydrogen density afy = 2.8 x 10%° cm—2 (median of all CheCCS fields), the fluxes can be
transformed to the standard band (e.g. by using X3pec

fos—20kev = 0.78 " fo.35-2.4 keV - (6.12)

This conversion factor changes by only % over the relevant redshift range§ < z < 1.5) and
temperature intervaB(keV < kT < 7 keV). The change to the standabdb — 2.0 keV energy

°htt p: / / heasar c. nasa. gov/ xanadu/ xspec/


http://heasarc.nasa.gov/xanadu/xspec/
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Figure 6.9: Flux conversion from the XDCP band.85 — 2.4 keV) to the standard soft X-ray
band0.5 — 2.0 keV for a fiducial cluster withkT = 5 keV at redshiftz = 1. Only the curves for

¢ = 0.5 andr.-distributiona (u,, = 14.05") are shown here. Vertical lines indicate the fluxes
reached at half the total area for edgh,«.

band is illustrated in figuré.9, which shows scenaria with a zoomed flux scale, now defined
in the standard band frof5 to 2.0 keV with the original curves defined in the35 — 2.4 keV
band shaded in grey. The vertical lines mark the flux limielswreached at half the total respective
survey area. All numbers characterizing the sky coveragis pke summarized in tabe2, which
states the total survey area out to three maximum off-axgtearand the flux limitg;,, defined at
half the respective area for both, th85 — 2.4 keV XDCP band and thé.5 — 2.0 keV standard
band.

Note, that the flux considered here is the gemeratedfor the 5-models. It is the total flux
within a squared box of 0’ edge length (see secti@l.5. In real observations, the cluster flux
is usually measured withimyg. This influences the flux scale by anothver 10%, in the same
direction as going from the XDCP band to the standard baedidwards an increased sensitivity
or lower flux limits, respectively.

As a final result, the detector area which is best suited fstel detection can be evaluated:
as mentioned above, the sensitivity for completeness tevel(0.5 changes only marginally~(
3.5 %), when constraining the maximum off-axis angléffg.. = 10’ instead ofl2’; on the other
hand abouB0 % of the available detector area is lost. When put the othernvagd, more than
40 % of the detector area (and therefore survey area) are gaiitbdomy a marginal loss in
survey sensitivity when using the definitié,., = 12’. The use of the "standard” XDCP value
of Omax,xpcp = 12 is therefore a suitable choice, confirming the preliminasts ofFassbender
(2008.
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0 max Total survey area
[arcmin] deg?
— 27.113
15.0 25.232
12.0 17.679
10.0 12.304

Te c Omax | fim(0.35 —2.4keV) | fiim (0.5 — 2.0 keV)
distr. [arcmin] [erg cm 2 s_l] [erg cm 2 s_l]
0.1 15.0 2.7 x 10715 2.1x 10715
< 01| 120 2.4 x 1071 1.9 x 1071
3 01| 100 2.3 x 1071 1.8 x 1071
x 105 15.0 8.3 x 1071 6.5 x 10715
05| 12.0 7.3 x 10715 5.7 x 10715
£ 105 100 7.0 x 10715 5.5 x 10715
0.9 15.0 3.1 x 101 2.4 x 10714
< |09 12.0 2.6 x 10714 2.1x 10714
0.9 10.0 2.5 x 10714 2.0 x 10714
0.1 15.0 4.0 x 1071 3.1x 1071
< 0.1 12.0 3.6 x 10719 2.8 x 1071°
= 01| 100 3.4 x 10715 2.7 x 10715
X |05 15.0 1.2 x 10714 9.3 x 10715
105 12.0 1.0 x 10714 8.2 x 10715
£ 05| 100 1.0 x 10714 7.8 x 10719
0.9 15.0 4.3 x 10714 3.3x 10714
S |09 12.0 3.7 x 1074 2.9 x 10714
0.9 10.0 3.5 x 1071 2.8 x 10714
0.1 15.0 2.2 x 10715 1.8 x 1071
0.1 12.0 2.0 x 10715 1.5 x 10710
%Oo 0.1 10.0 1.9 x 10715 1.5 x 10710
= |05 15.0 9.3 x 1071 7.2 x 10715
I 0.5 12.0 8.0 x 10715 6.3 x 10715
£ 05| 100 7.7 x 1071 6.0 x 10715
0.9 15.0 1.1 x 10713 8.2 x 10714
< |09 12.0 8.8 x 107 6.9 x 10714
0.9 10.0 8.5 x 101 6.6 x 10714

Table 6.2: Summary of the characteristic figures of the sky coverages pibhe flux limit values
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fum are defined as the fluxes reached at half the total area forégagh They are stated for two
different energy bands. The "standard” values are shadgrkin
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6.5 Calculation of the Survey Volume

For relating observations to theoretical predictions o§t#r number density, the comoving survey
volume has to be known in addition to the total number of eltssin a given redshift and mass
interval. The predicted number density can then be comparetiserved histograms of certain
cluster properties, e.g. cluster mass or luminosity. Thal fioal of the complete survey will be a
reconstruction of the high-z luminosity and mass functiofscompute a luminosity function of

a source population, the establishiégd..-approach is commonly used, which was introduced by
Schmidt(1969:

1 1
®(L) = 17 Zl T (6.13)
with L : luminosity [erg/s]
i) : number density of objects with a luminosity betwdeandL + AL

(%) ~'h° Mpe™]
AL : size of the luminosity bingrg/s]
i . source index
Ng : number of sources in the sample
Vinax,i - maximum volume of théth source.

For each source (with inde}, the maximum redshift is computed, at which it would st b
observable according to the (local) flux limit of the survgy,. This redshiftz,,..; (together
with the survey area) defines the maximum volufg, ; for each source. The maximum redshift
Zmax,i 1S calculated from the luminosity distandg,,(z) = /L/(47 fim) by solving equation
(B.10) for z, which is the desiredy,.x ;. Since the universe is expanding, a simple formula for the
cone volume (likel” = %A -h) does not suffice. The maximum volume is therefore obtained b
integrating over the shell elements along the lightéBne

dlum(2)>2 c dz (614)

Vinax,i(L) = Veom|Zmax,i im,L = o Ss
H0) = Viamomassims D) = [ 0y (A2} £ 2

where S, is the sky coverage, i.e. the detection area of the surveyweMer, most surveys,
especially serendipitous ones, do not exhibit a homogeneouerage, because each pointing
has a different exposure time and background, which leads timdividual flux limit for each
pointing, or even for each image pixel. The sky coverage im¢dhse becomes a function of the
flux: Say (fiim) (see figure6.8). While usually only a very small fraction of the geometrica
survey area has a smdil,, (i.e. high sensitivity), the sky coverage will increase lmger fi;n,
since every piece with low;,, also contributes to the sky coverage at regions with figh In
order to properly account for this variation, a further grtion over the flux is required:

fhigh d com max bl
VmaX(L :/ Ve [de (f L)] df =
o (6.15)
fhigh  fzZmax(f) dSsky(f) dum (2) 2cdz
/low /0 df ( 1+ 2 > e

%n equations §.14) and 6.19), c is the speed of light and not the completeness level.
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6.6 Possible Future Improvements for the XDCP Simulations

The experience gained during the project has led to sevegglestions for improving the XDCP
simulation and survey characterization work:

Minor Improvements

e Galaxy clusters have only been simulated at positions wittdfoff-axis anglesi(5’-15.0"
in steps of1.5’) with random azimuth. In order to capture the full charastas of the
individual pointings, it could be worthwhile to also varyetbff-axis angle within the limits
of the respectivé-bin. However, this would require an increased number dizai#ons per
field and cluster parameter set.

e As mentioned in the discussion in secti®d.3 the flux calibration of the simulations is not
yet done on a safe basis. In order to compare with real datalaadvith other surveys, the
post-processing of the detection probability data cubesldibe repeated with ECFs for the
standard band df.5 — 2.0 keV. Due to the differenty; and filter settings of each pointing,
the assumption of a global flux correction (equattd? can lead to minor deviations.
More important is the calculation of the flux fraction intatgd out torog, instead tol(’
as it is implemented at the moment (see sectidny. This effect becomes increasingly
prominent at larger core radii and therefore depends diyagthe applied-.-distribution
with which the probability data cubes are weighted.

Further Projects

e The completeness of the XDCP survey has been determinedsisttitly. The second part
is the contamination, i.e. how many false detections areewp for certain cluster and
field parameters. It is important to quantify for a complebaracterization of a survey.
However, every distant cluster candidate (in real obsems} is followed up by optical
and/or infrared imaging for confirmation and possibly bycpescopy in order to determine
its accurate redshift. In most cases, the imaging steplrakbows for a classification of
whether the source was real or spurious. Simulations ofghtamination can nevertheless
be helpful for the optimization of the detection softwaregmaeters.

Simulations of the contamination rate require the seconder@xnmsi m in which an
artificial point-source population is generated and thekgiaomind is poissonized from the
background model of the original pointing. Simulating NQ@sters at all and analyzing
those images will yield an estimation of the falsely deteatkisters (false positives) and
their statistical properties. It is also possible to gasight on the mechanisms leading to
spurious detections and to improve the detection algoriimeh the used parameters with
respect to a low contamination rate. The lessons learned this study will also influence
the development of detection software for the eROSITA mtofer which follow-up obser-
vations become a major challenge, regarding the expectedrarof clusters to be detected
in the all-sky survey.

e The main challenge in every source detection algorithm iin the right trade-off be-
tween high completeness and low contamination. The stdratalysis for XMM data has
two main parameters defining the significance of the detesteidces: the detection like-
lihood DET_M. and the extent likelihood®EXT_M. (see sectiorb.2.3. The present study
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has examined the detection efficiency with the current setitsf on those parameters. An
optimization of the cuts for the purpose of detecting exéehslources could lead to further
improvements in detection efficiency. In the current versibern det ect however, the
parameteEXT_M_ is only written out to the final source list in cases where th&ree has
been identified as extended. In order to perform the sugijestely, a modified version of
enl det ect is required.

Towards more realistic Models

e Inthe current version ofmmsi m the ray-tracing PSF model is implemented for the image

convolution. Efforts are on the way (e.g. at AlPto calibrate XMM-Newton’s PSF by
means of real observed point-sources. The difference leetifee real and the ray-tracing
simulated PSF can be estimated by comparing figdr2end 4.3 ("on-axis”). This im-
proved PSF model (tentatively calledllbetd’-model, see also sectich2.2 is included in
the latest version of XMM-SAS and can also be implementedim.si m At this point, it
is not clear how this more realistic PSF model would influetheedetection probability and
contamination.

Simulated observations gFmodel clusters are based on only few parameters and thiis wel
controlled. However, they are azimuthally symmetric byigieand thus do not represent the
diverse sub-structure of real clusters. Furthermore ntes@mparisons to real observations
have shown, that a singl@-model does often not accurately reproduce the clusterl@rofi
over the full cluster radius (e.€roston et al.2008.

Therefore, an additional track &fimmsi mhas been developed for the purpose of ingesting
single hydrodynamically simulated clusters. Their adagatis that their mass and lumi-
nosity are accurately known from the hydro-simulation. Seéhare the parameters linked to
cosmological models of cluster formation. Completenesisnations based on simulated
observations of hydro-simulated clusters can thereforesee to directly correct observa-
tions and then compare them to cosmological predictionsthEumore, the density profile
of hydro-simulated clusters is known from the simulatiomnl #mus quantities like'ooy and
fo00 are well defined (unlike in the case gfmodels). However, these parameters depend
sensitively on the implemented input physics of the hydnoutation. Hydro-simulated
clusters are also the basis of the eROSITA image simulatarhwif described in chaptét

Within the scope of the present work, a large number of us&fullation and analysis tools
have been developed, which are now available for furtheeldement and integration into future
projects. The simulator codenmsi mis capable of reading different PSF models and also pre-
pared for the implementation of different cluster models/diédynamic cluster simulations by
Yang et al.(2009 have already been included experimentally. More devetygrnwork is thus to

be done in order to quantify the limits of galaxy cluster scie with XMM-Newton and to gain
experience for the future large efforts in doing cosmologghwcreasingly large cluster samples,
as expected from the upcoming eROSITA survey.

HMAIP: Astrophysikalisches Institut Potsdam, Germany



Chapter 7

A fast eROSITA Image Simulator

For any data analysis project, being able to simulate datacisicial ingredient. There are two
main reasons for this: Firstly, for an analysis softwarechhs still in the development phase
it is important to have mock data available to check the perémce of the software and test
whether the output parameters of the analysis follow ablas possible the input parameters of
the simulation. Secondly, also for well established sofewzackages, observers sometimes have
difficulties to understand their data. In this case it can &y Welpful to analyze simulated data
in parallel to the observed data because with the input petersiof the mock data at hand it is
known exactly what the analysis software should producéhitnway one can draw conclusions
about the observed data. An example of this approach is tineation of XDCP data through the
selection function which was described in chajiter

This chapter describes in detail the eROSITA image simulaith the simulated celestial
sources, flux-to-countrate conversion, image convoluinthsimulation of sub-pixel resolution re-
lying on split events. The simulated images were not yetyaeal because no dedicated eROSITA
analysis software was available at the time of writing. Eipents with provisionally adapting
the XMM-SAS to analyze eROSITA data were given up due to techproblems. However, the
first pieces of the eROSITA Science Analysis Software SygEROSITA-SASS) are currently
close to being available for test runs and so the eROSITAlatmuwill serve as a testbed for the
software developers.

7.1 The eROSITA Image Simulator

In parallel to the development of the real instrument, an 8R@ image simulator has been
developed using the programming language C. The aims ofrthdations are:

e Test and develop object detection algorithms of the deglitahalysis software (eROSITA-
SASS) once it is available,

e Compare cluster parameters derived from a simulated stioviae respective input param-
eters in order to assess the integrity of the data proceskiaig,

e Assess, how well the eROSITA mission can detect and chaizeilusters of galaxies,

e Provide a simulation tool for future analyses,

95
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e Predict the scientific outcome of the survey and thus sugpertiesign of a sophisticated
follow-up strategy.

Two different approaches to simulate mock data are followikin the eROSITA collabora-
tion which are partly complementary to each other:

Simulating Photon Events

An important part of the eROSITA data analysis software ésMiear Real Time Analysis (NRTA)
which is being developed at the Dr. Remeis-Sternwarte Baghb&he NRTA is a software pack-
age which will be responsible for monitoring data directfifeathey are downlinked from the
spacecraft. These are house keeping data of the instrutikeng.g. CCD temperatures, voltages,
currents, etc.) as well as science data. Photon eventsraensd to detect possible errors already
at this early stage. However, the main scientific purposee@NRTA is, to analyze the science data
as soon as possible and thus identify astrophysical objaatediately after their first observation.
This is especially important for transient objects like a@ysupernovae or gamma-ray-bursts. In
these cases it is crucial to alert the astronomical commumibrder to trigger timely follow-up
observationsKreykenbohm et al(2009 describes the NRTA in more detail.

In order to test this software package during the developmplease and well in advance of
the mission’s launch, a photon event simulator is being ldgeel which is designed to resemble
the real measurement process as closely as possible anddiacprthe same data format as the
real data. It consists of various subprograms, e.g. a progrhich generates photons from astro-
physical source models, an orbit and attitidenulator which takes care of the scanning of the
telescope over the sky, and a telescope simulator whicbrtfighe photons following a probabil-
ity distribution according to the telescope’s PSF. At thd,ezach simulated photon event carries
information about its incident point on the eROSITA CCD (xday), its photon energy, and its
time of arrival.

The main drawback of this approach is that it takes a very tong to simulate even a small
patch of the sky on up-to-date standard CPUs. On the othel; liamevent simulator produces the
most realistic data as it follows each step of the real measent process. In order to get images
from these photon event data, the photons have to be sotteskiy pixels by additional software.
Furthermore, also light curves and spectra can be gendratadhe event data, which is a crucial
precondition for the testing of the NRTA software. A commesive description of this project
can be found ir5chmid(2008.

Simulating Sky Images

Another simulation approach, which produces mock data nfiaster but also relies on various
approximations and assumptions, is the eROSITA image aiimulvhich was developed within

the scope of this thesis. The idea is to neglect the infoonmadbout the time of arrival of each
photon and also its spectral information (photon energgptoe extent. The image simulator only
cares about the energy band in which a photon energy liesdd#hout the exact energy. Up to
now it is operating in the standard X-ray band fror keV to 2.0 keV. The spatial information is

nevertheless kept and also PSF convolution is done on ahleyement basis. The data product of

*http: //www. st ernwart e. uni - erl angen. de/
2pttitude is the combination of the pointing direction ane (azimuthal) roll angle of an astronomical satellite. An
attitude file contains attitude information for all timesasf observation.
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the image simulator are sky images in the format of FITS filédike the event simulator, where
images have to be produced from the events by the NRTA or tf&SSAimmediately sorts every
single photon into sky pixels. The high computational spekthe image simulator is needed
to produce many images with a large amount of different imsantal characteristics as well as
astrophysical properties, e.g. cluster parameters. $rvthy, many different mission scenarios in
terms of hardware and software can be tested with respebtiiodcientific outcome. The field
size of the output images of the eROSITA simulatoB.ig7° x 3.77° on the sky o096 x 4096
image pixels, which is a legacy of the cluster lightcone dbed in sectior.2.3

The details of the eROSITA image simulator are describedhénfollowing in the order in
which an X-ray photon coming from the sky would encounterititividual parts of the instru-
ment. The emphasis is on aspects which differ from the XMMusator. For features which are
common among the two programs, a reference to the correspselction in chaptes is given.

7.2 Simulated Celestial X-Ray Sources

The eROSITA image simulator is capable of generating X-ragtgns from various types of
sources. First of all it has to consider the diffuse extractad X-ray radiation. A second com-
ponent which also hampers the detection of galaxy clusterpaint-sources, in this case mainly
Active Galactic Nuclei (AGN). Concerning the topic of thisesis, the leading characters in the
eROSITA simulations are of course the galaxy clusters tleéras. These three source compo-
nents are described in the following sections.

7.2.1 Estimation of the expected Background Countrate

Since no experience or data about the X-ray background aBER® orbit around the Lagrangian
point L2 is available at present, the background radiatemm ot just be generated from a back-
ground model fitted to real data as it has been done for the XN&Mton simulations as described
in section5.1.3

The components of the background model used in the eROSI&§ersimulator are described
here and their relative contributions are estimated byablétassumptions. For simplicity, the
eROSITA image simulator uses a constant background cdenfva the whole3.77° x 3.77°
image. The total background countrate resulting from thra sfithe model components in the
band0.5-2.0 keV is an input parameter of the simulator program. The indizidub-components
are modelled with the spectral analysis software Xspeogud 1996:

e Local Bubble + Solar Wind Charge Exchange:The "local bubble” is a cavity in the inter-
stellar medium (ISM) with an unusually low gas density anéza ef~ 200 pc in which the
solar system resides. The thin gas has a temperature of sdlioa i and therefore emits
in the X-ray band. The origin of this phenomenon is still ygtebated (see e.yVelsh
and Shelton2009. The term "Solar Wind Charge Exchange” (SWCX) in this casfens
to the effect of ions in the solar wind interacting with irg=llar neutral H and He atoms
which produces X-ray radiatiorCfavens 2000. Both components together are modelled
with a "mekal” model Mewe et al, 1985 with temperaturéT” = 8.2 x 10~2 keV, redshift
z = 0, and metallicityZ = Z,.

e Interstellar medium of the Milky Way: The hot plasma in the Milky Way itself emits
X-Rays via thermal bremsstrahlung (free-free transifioas well as via line transitions.
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Background component | xspec model model parameters
ny(wabs) ‘ kT ‘ r ‘ norm.
Local Bubble + SWCX mekal - 82x1072 | —| 2.0x 1073
Milky Way ISM wabs*mekal| 2 x 10%° | 8.08 x 1072 | — | 1.12 x 1072
Supernova Remnant | wabs*mekal| 3 x 1020 | 12.7x 1072 | — | 3.6 x 1073
Cosmic Particle Background unfolded PL - - 0 0.2911

Table 7.1: The models for the individual background components usedltulate the background
countrate for the eROSITA image simulator and the prelimyiparameter valuesiy (wabs) is the
absorbing hydrogen column densitydm =2, T is the temperature of the mekal plasmaiV, I

is the power law index of the unfolded power law (PL). The hefiiss = = 0, the metal abundance
is Z = Zg andny (mekal) = 1 cm~2 in all components.

This component is modelled by an absorbed Mekal model wjth= 2 x 10%° cm~2,
KT =8.08x 1072 keV,2=0,Z = Z .

e Supernova remnant: A prominent feature on the X-ray sky is the North Polar Spuniciv
is very well visible in the ROSAT all-sky survey. It extendgeo~ 120° and its origin is not
fully understood (see e.g§Volleben 2007). Since this component appears not everywhere
on the sky, aroptionalabsorbed mekal model can be assumed here with model paramete
ng =3 x 102, kT =127 x 1072 keV, 2 =0, Z = Z.

e Cosmic particle background: The ubiquitous ultra high energy cosmic rays (UHECR)
penetrate the whole eROSITA instrument and thus contritautiee background by directly
interacting with the seven CCDs. This component is moddlied power law model which
is not folded with the detector’s response matrix.

The relative weights of the above components are listedble A1 together with the other
model parameters. In this case, all components togetheursnm a total eROSITA countrate of
2.7 counts/s/deg? in the0.5 — 2.0 keV energy band. Not included in this value is the unresolved
Cosmic X-ray Background (CXB) because it is taken into aotdy simulating the point-source
population to very deep fluxes. This is described in the nestien.

7.2.2 The AGN Content

The point-source population to be observed with the imagaulsitor was modelled following
the logN-logS distribution in the 0.5-2.0 keV band as obsdriv the COSMOS fieldGappelluti
etal, 2007). The flux generating algorithm works in the same way as tleevanitten for the XMM
simulator as described in sectiéri.4

Rather than modelling some spatial clustering of the AGN&iy tpositions were chosen from
a random distribution uniform over the whole simulationdieThe AGNSs are simulated down to
a flux of 10717 erg/cm? /s which is about two magnitudes deeper than eROSITA's fluxtlfiori
point-sources in its deepest exposures. This is done i twddso include the unresolved X-ray
background into the simulations which was deliberately det in the diffuse background model
(see sectioff.2.9). The positions and fluxes of each AGN are stored in the coenpaémory with
double precision and can optionally be written out to disk.



7.3. FLUX-TO-COUNTS CONVERSION 99

Observer . m—

Figure 7.1: Construction of the input lightconelLeft: Simulation box 0f192 Mpc/h comov-
ing size Borgani et al. 2004. Right: Several comoving volumes stacked together to form the
lightcone Roncarelli et al.2006.

7.2.3 The Cluster Content

For simulating the X-ray emission from galaxy clusters,ghagram uses a surface brightness map
produced byRoncarelli et al(2006 as input data. It takes into account not only galaxy clsster
but also emission from the universe’s large-scale stradtige filaments and galaxy groups. These
dimmer components will only be observable for eROSITA invbgy nearby universe. The surface
brightness map was produced in the following way:

The parent simulation is a cosmological hydrodynamicalugition byBorgani et al(2004).

It was performed in a cubic volume @b2 Mpc/h comoving edge length. The content of the
simulation box aret80? Dark Matter particles of mas&6 - 10° My, plus 480° gas particles of
mass9.9 - 108 M. The output of the running simulations was written to disknainy time steps
corresponding to different ages of the universe or lookki@okes. Several such outputs of the
simulation box were then attached to each otheRloycarelli et al (2006 at simulation times
corresponding to the respective redshifts. See figukéor an illustration.

In this configuration, each gas particle is given a lumiryoadcording to its emission measure
using the plasma emission model Rgymond and Smitfl977. The luminosities are converted
to fluxes using the respective luminosity distances. Theltieg flux field is then sampled onto
a map of3.77° x 3.77° or 4096 x 4096 pixels, respectively. Figur@é.2 shows an image of the
resulting surface brightness map. Altogether twenty suapsrare available for the simulations,
adding up to a total solid angle ef 284 deg?. The surface brightnessrg/cm?/s/deg?] is
converted to a flukerg/cm? /s ] in each pixel by multiplying with the pixel area.

7.3 Flux-to-Counts Conversion

Once the flux of each point-source (or in each pixel, respelgi is known, it is first converted to
an eROSITA countrate and then to counts, using an exposnee ti

ECF Determination

The Energy Conversion Factor (ECF) is defined in equatbh7. eROSITAs preliminary re-
sponse is available in the format ofrap-file, i.e. the redistribution matrix is already multipliegt
the instrument’s total effective area. In this case, theatiffe area averaged over the field-of-view
is used in order to simulate the scanning mode of the eROSIif¥ey. Since statistically each
source crosses the field-of-view at different off-axis asghith equal probability, this automati-
cally accounts for the vignetting effect.
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Figure 7.2: The surface brightness map resulting from observationelfigihtcone by a hypothet-
ical ideal instrument. The units aseg/s/cm?/deg? in the0.5 — 2.0 keV band and the representa-
tion is on a square root scale here. The dashed frame marksgaeorresponding to the observed
region of figure7.5.
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With the response matrix at hand, Xspé@rnaud 1996 can be used to calculate Energy
Conversion Factors for different source models. For thetpsdurce population, an absorbed
power law has been assumed (followiG@gppelluti et al(2007)) with a power law index of" = 2
and an absorption ofi = 2.6-10?° cm~2. This model does not depend on the redshift of the
source and leads to an eROSITA specific energy conversitor faic

ECF pointsources, 0.5—2.0 kev = 7-8 10™ counts - cm2/erg . (7.2)

For the galaxy clusters, the determination of the ECF istle lhore complicated since the
appropriate model, the absorbed mekal mole et al, 1985 depends on the redshift and the
temperature of the source. Although from the constructibtihe lightcone, the redshift of each
individual cluster is known, it is not possible to spatialigentangle different sources in the surface
brightness map and to apply different ECFs to them. Furtbezthe temperature of each source
is not known exactly but can only be derived from the clustassby application of an empirically
calibrated Mass-Luminosity relation. It is planned to ud# the flux-to-countrate conversion into
the construction process of the light cones and thus tdiemtfor eROSITA applications. The
data product would in this case be a eROSITA countrate mapadf a surface brightness map.

For the moment, ECFs for a range of redshifts and tempesahaee been calculated. From
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Figure 7.3: Energy conversion factors for different temperatures aadgdhifts of the mekal model.
For the eROSITA simulations, a fiducial pointzat 1 andkT = 5 keV has been chosen.

the plot in figure7.3it can be seen that the ECFs do not vary by more iltgf over the parameter
range which is relevant for eROSITA from= 0, kT = 7 keV toz = 2, kT = 3 keV. Therefore,

a fiducial point atz: = 1,kT = 5 keV has been chosen for the simulations which leads to an
eROSITA specific energy conversion factor of

ECF clusters, 0.5-2.0 kev = 7.67- 10" counts - cm? /erg . (7.2)

The expected countrates for each point-source and for eeehipthe surface brightness map
of galaxy clusters can now be calculated according to egu#3i.17).

htt p: // heasar c. nasa. gov/ xanadu/ xspec/


http://heasarc.nasa.gov/xanadu/xspec/
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Event List Generation

Once the countrate of each source (or pixel, respectivelgipown, the expected number of pho-
tons is calculated by multiplying the countrate with the @sqre time:

(nph) = countrate - exposure time (7.3)
In order to get realistic counts, the expectation value bdetpoissonized by
Nph = poidev((npn)) (7.4)

where the functiorpoidev((n,)) chooses a value according to a Poisson distribution with the
expectation value,, (Press2002. For each source or pixel,,;, events are stored in the event list
with double precision image coordinatesdndy). No time or energy information is conserved.
The event list is only kept internally in the computer memang can be written out for debugging
purposes. From now on, the event list stays in the memory alydlee positions of the individual
photons are changed by redistribution due to the telessdmint Spread Function (PSF) and the
CCD’s Sub-Pixel Resolution (SPR), which are described énfttiowing sections.

7.4 PSF Convolution

The Point Spread Function (PSF) is the probability distidouof the photon incident position
on the detector when looking at a point-source. Of courseoniyt point-sources, but the whole
image (including extended sources) has to be convolved thwhPSF in order to obtain a proper
image simulation.

The conservative way of convolving an image with a kernetlfia case the PSF) scales with
the number of PSF pixels times the number of image pixelsaus each image value has to be
multiplied by each PSF value. This method very quickly beeswery time consuming for large
images, even on fast computers. For high-energy astronshere usually rather few photons are
contained in an image, it is a big advantage to do the corieolun a photon by photon base (see
also the runtime comparison for XMM simulations in secttoh.§).

The construction of the PSF model used for the eROSITA sitiomis is described in section
4.3. The PSF convolution of the eROSITA image is done via the M&sHrlo algorithm described
in section5.1.6 Due to the scanning of the eROSITA telescope over the skyP®F becomes
elongated in scan-direction. The magnitude of this effactloe estimated from the scan velocity
(see sectior8.4.4: Assuming a scanning rate of 6 hours per revolution, thestalpe moves an
angle of1’ per second. The eROSITA cameras operate with a frame rateldf, i.e. each frame
is exposed fob0 ms. During that time, the telescope advanceshySince there is no information
about the time-of-arrival of a photon during theéems, the3” add to the positional uncertainty
in scan-direction. A scanning rate of 4 hours per revoluti@uld result in an additional error of
4.5" due to this effect.

The eROSITA image simulator does not use any attitude irddon but rather produces im-
ages of an average sky-survey. Therefore, also the smeargegn-direction affects all directions
in the final image. This can be taken into account by choosilagger PSF model for the image
simulations.

When the convolution process is finished, the event lisesgrts the photon field as it appears
between the X-ray telescopes and the CCD detectors.
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7.5 Sub-Pixel Resolution and Image Creation

According to the Nyquist-Shannon sampling theorem, a fanatith a maximum frequency,.x
has to be sampled with a frequency of at least 2 ... in order to conserve its full information
content (e.gShannon1949. This means on the other hand, that the spatial binningeoptoton
field measured in the detector must be smaller than one hdieafmallest feature to be resolved.
The spatial binning is done by the pixels of the CCD detecimt the smallest feature is deter-
mined by the width of the instruments PSF, because sma#éuries are smoothed out by the PSF
convolution. eROSITA's CCD pixels have a physical sizelef 75 wm which translates into an
angle on the sky ofv = 9.66” by applying the formula

d
o & tan o 7 (7.5)
where f = 1600 mm is the instrument’s focal length. In the pointing mode, tiheagis PSF of
eROSITA is specifietito have a half energy width 3 EW = 15”. Thus the physical CCD pixels
"undersample” the image created by the X-ray telescopes.

Split Events

A lucky fact of semiconductor physics makes it possible tm@a the X-ray image with better
resolution. A photon falling onto the CCD produces a chaigedtin the bulk material of the
chip. Due to diffusion as well as electrostatic repulsidie tharge cloud is enlarged during its
travel time to the front side of the chip. The shape of the ghatoud is Gaussian and its width
depends on the energy of the incident photon.

Depending on the photon’s incident point, the producedgshaan either be collected in one
pixel or distributed among neighboring pixels and prodydé svents ("doubles”, "triples” and
"quadruples”). This mechanism is described in more detadieictiord.4.3

Sub-Pixel Resolution

By using information about the charge distribution of anrgythe incident point of the photon can
be constrained much better than to the accuracy of one CG. pithis approach is called Sub-
Pixel Resolution (SPR). Two methods with different levelsaocuracy are described in section
4.4.4 One of them has been implemented for mirror charactevizatheasurements with the
TRoPIC CCD, which is a prototype of the eROSITA CCD.

Implementation in the Simulator

Although in the scanning mode the (field-of-view average8fFmas a Half Energy Width of
HEW = 30" and is thus larger than twice the pixelsize, sub-pixel rggmh has been included

in the eROSITA simulator anyway, in order to design it asistiablly as possible. The plan for
the eROSITA mission is to use a split threshold (see sedtiér® which depends on the photon
energy. According to a model by K. Dennerl (priv. comm.), Width of the marginal regions on

a pixel and thus also the abundances of the various pattpes gre constant in this case. For a
threshold o2% of the photon energy, the distribution of pattern types istaged in tabl&.2 and

the width of the single region i84% of the pixel width. These are the numbers which are also
used in the simulator.

“Design criteria are specified in the document eRO-MPE-R®413 "System Requirements”.
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| Pattern Type] Abundance]

singles 27%
doubles 53%
triples 12%
quadruples 8%

Table 7.2: Distribution of pattern types for a split threshold2y of the photon energy.

FOR each event DO
decide on pattern type

p(S) =27% p(D) = 53% p(T/Q) =20%
choose azimuth angle choose azimuth angle
a = random a = random do not displace
8 =a—90° the event
displace event displace event at all
within +0.27 pixels | within +0.27 pixels
in o and S direction in o direction

Figure 7.4: The simulator algorithm for the treatment of split eventsl @nb-pixel resolution.
p(S), p(D) andp(T'/Q) denote the probability of single events, double events andier events”
(triples and quadruples).

In the eROSITA event simulator developed at the Sternwaatalierg, the photons are written
out to the event list after this step. Using an additionatuate file, the event list can then be
projected onto a grid of sky pixels to obtain an image. UnBamberg's event simulator, the
MPE based image simulator does not use any attitude infavmatherefore, the sorting of the
photons into the sky pixels has to be done in a statistical Wéae image creation algorithm is
summarized in figur&.4.

For each event, the pattern type is decided in a randomlyrdicgpto the pattern distribution
in table7.2 For corner events (triples and quadruples), the positidimegphoton in the event list is
not changed at all because it is assumed that it can be exactiyistructed by the offline analysis
by using information about the charge distribution in theefs. For double events, the position
is displaced by+0.27 = %-0.54 of a pixel becaus®.54 is the height of the marginal region
(measured in the direction perpendicular to the split dioe¢ in the case of @% event threshold.
The other direction again can be reconstructed from thelalision of the charges among the two
pixels. Due to the lack of attitude information, the azimatigle in which the event is displaced
is chosen randomly. For single events, the position is déga by the same amount, this time in
two directions: one is chosen randomly and the other onerpepdicular to the first one.

With the finish of the SPR algorithm, the processing of thenelist is completed and the
photons are now binned into sky pixels. The size of the skglpigan be chosen by the command
line user interface. The final image is then written out tolthed disk in the FITS file format.
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a0 a0 150 200

Figure 7.5: Simulated eROSITA observations including galaxy clusterd large-scale structure,
point-sources and all background components. The obsezgazh is marked in the surface bright-
ness map of the applied lightcone in figufe2. Panela represents an intermediate field with
eROSITAs average exposure timeD? ks, panelb shows the same region exposed3orks.
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7.6 Possible Applications of the eROSITA Image Simulator

The strength of the eROSITA image simulator is its calcatagpeed. The runtime of the program
scales linearly with the number of photons in the image arginislar to the one of the XMM
simulator (see figur®.5). Due to the images being much larger than XMM pointings, ame
can take up to a half a minute for deep exposured ({0 ks, while the maximum exposure of the
eROSITA all-sky survey will bev 36 ks) °.

A first comparison by eye of the outputs produced by Bambexgent simulator and MPE’s
image simulator showed a promising agreement. Furthertijatire comparison studies are
planned in order to ensure that the approximations made éoyntage simulator (like no spec-
tral information, field-of-view averaged PSF and respotse)justified for the purpose of image
simulations. When this qualification step has been perfdrrtiree image simulator can serve as
a reliable and fast tool to produce arbitrary amounts of &ted data with different simulation
parameters which can be used for a number of tests:

e Assess the importance of sub-pixel resolution for the amalyf all-sky survey data.

e Determine eROSITA's source detection sensitivity assgndifferent scenarios concerning
e.g. PSF quality or background radiation. For this purpaseanalysis similar to the one
for XMM-Newton (see chapte) can be performed, with e.g. mass and redshift as cluster
parameters instead of core radius and flux. It is also passibincludes-model clusters
for a better control of the cluster input parameters. At arlatage, even the production of
lightcones with different cosmological parameters is evable.

e Test different source detection algorithms, optimize rtligitection parameters and deter-
mine their individual selection functions.

For these applications, image simulations are the prefepproach because they show enough
detail for characterizing sources as extended or poiet{#pectral- or timing information is not
needed in this case) but they are quick enough to be able & edarge parameter space concern-
ing source parameters as well as instrumental ones. Thetim@stonsuming task in this case
will always be the detection algorithm.

Detection algorithms to be evaluated with respect to thgilieability to eROSITA data in-
clude:

e Maximum likelihood fitting €l det ect , see sectio®.2.3
e Wavelet detection (e.¢/ikhlinin et al., 1998

e Background-source separation with Bayesian probabhigpty Guglielmetti et al. 2009.

Various source detection methods with a focus on XMM dat@angpared in/altchanov et al.
(200)). The detection of- 100 000 clusters (see chapt8) in the eROSITA all-sky survey will be
a very challenging task which requires a lot of developmeidt @ptimization work well ahead of
the mission start. The development of the image simulatseriteed in this thesis presents one of
the first steps in this ambitious project.

SWith fields of3.77° x 3.77° and a pixel size o’ x 4", the writing of the simulated data to the hard disk becomes
a significant time consumer. The image FITS file in this cakesabout 45 MB of disk space.



Chapter 8

Predictions for the eROSITA Cluster
Survey

The science goal of eROSITA is to observe a cluster samplgisimg (of the order of100 000
clusters of galaxies, in order to quantify the growth of stinwe in the universe and test cosmo-
logical models with high precision. The prospects of a sumwith the approximate scope of
eROSITA have e.g. been worked outldgiman et al(2005. In order to test the feasibility of this
goal in the special case of the eROSITA survey parameteligyiagion tool has been created,
which computes the number of detectable clusters basedwpiifsing assumptions. This tool
was given the name "cluster counter”.

Up to now, there is no dedicated source detection softwaaéadme for eROSITA and the
hardware development for its X-ray telescopes and theiracherization is ongoing. For these
two reasons, the cluster detection performance of the omssbuld not yet be worked out in
detail. This work is still in progress and first results wiime in the near future.

Therefore, the cluster counter works with brightness agnumonly, i.e. it does not consider
sizes of galaxy clusters as it has been done in the XMM-Newitmlations (chapterS and6).
Instead, a minimum number of photons for a galaxy clusteetoddiected (count limit;,,,) is given
as an input parameter to the program, which can be variettaily. Plausible assumptions about
the count limit are based on experience with ROSAT, XDCP amly simplified simulations.

8.1 The Input Cluster Luminosity Function

The luminosity function used for these calculations wawioied by H. Bohringer (priv. comm.).
Its construction is briefly summarized here.

The assumed cosmological parameter set is that of the atanrooe cosmological modet. =
Hy/(100km s~ Mpc™!) = 0.7, g = 0.79, Qp = 0.7, Q,,, = 0.3 and€, = 0.04 . Note, that
in contrast to many earlier papers (eRpmer et al.2001), where a too high value oefs resulted
in an over-prediction of the number of expected clusteris, study uses a realistigs, which is
consistent with both, cluster observations and the moenteesults from WMAPKomatsu et al.
2010.

The mass function, on which the luminosity function is baseas created following the proce-
dure ofEvrard et al(2002. The matter power spectrum entering in the computatioalsutated
from

P(k) = T*(k) - Pui(k) (8.1)

107
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where P,;(k) is the initial power spectrum, modelled as a Harrison-Zefidh spectrum
(Phi(k) < k), andT'(k) is the transfer function, which follows frofaisenstein and H({1999.
For a given power spectrum, a mass function can be derivldwing the formalism byPress
and Schechtef1974. See also sectioR.4.1 Evrard et al.(2002 calibrated their mass function
with the Hubble VolumeN-body simulation. Effectively, the resulting mass funatiis identi-
cal to a Jenkins mass function (see equafid?ll), but the Evrard mass function was preferred
here for practical reasons. The mass bins are defined on a fag M,,,;, = 10'*h~! M, to
Mpax = 3.16 x 1012 h=1 M.

Given the mass function, a luminosity function was deriladapplying anLx — M scaling
relation following Reiprich and Bohringe(2002. The behavior of thig.x — M relation was
modelled relying on the following additional assumptiotiee A/ — T relation shows self-similar
redshift evolution (according to equati@ilg with an observationally adapted power-law expo-
nent). This assumption is observationally justified by récdudies (e.gKotov and Vikhlinin
2006. The Lx — T relation however was assumed non-evolving (equa2idrd with observa-
tionally adapted power-law exponent). This scenario igeted by recent high redshift studies
which are consistent with little or no evolution in tiig — T relation (e.gO’Hara et al, 2007,
or show even negative trends with redshittori et al, 2004). The construction of the luminosity
function used in this study agrees therefore quite well tithcurrent knowledge about the scaling
laws of X-ray properties of the ICM.

The resulting data contain information about how many elsstire expected to be found
from the above modelling in a certain luminosity and redstaihge per solid angle (steradian)
O(L,z) [AL Azt sr 1.

8.2 Further Input Data and Assumptions

Apart from the cluster luminosity function, the cluster nter is based on the following input data
and parameters:

e An exposure map. The all-sky exposure map was calculated by Maria Furmet2EM
with a simulation tool considering the special geometryhef L2 halo orbit, assuming the
following survey parameters: 4 years of all-sky survey v8@§o efficiency. The remaining
time is assumed to be lost due to orbital maneuvers and satasfl The exposure map is
shown in figure3.11

e An all-sky map of galactic neutral hydrogen. The Milky Way'’s Interstellar Medium
(ISM) absorbs X-rays and therefore has to be taken into axtashen calculating the de-
tectable flux of a galaxy cluster. The absorption is expkaséerms of the galactic neutral
hydrogen column densityy[cm—2]. Severahy surveys are available performed by map-
ping the21 cm emission of neutral hydrogen. This work uses a composite finoap the
survey ofHartmann and Burto(1997) andDickey and Lockmar§1990?2.

e A constant count limit. This is the minimum number of photons required for being able
to identify a cluster as an extended object. This numbersgraed to be constant over the

1The symbol® usually refers to a volume number density in units of clussper cubic Megaparsec. Here, we use
the modified®, to denote the surface number density of galaxy clusters.

2Theny all-sky map is available from this URL:
http://1 ambda. gsfc. nasa. gov/ product/foreground/f_i nages. cfm


http://lambda.gsfc.nasa.gov/product/foreground/f_images.cfm
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Loop overl, b

Loop overz, L
Lookup countrater(z, L, kT (L), ni(l,b))

cts = cr-exp(l,b)
if cts > cjym then Ny = N; + (L, 2) - Q(1,b) - dzdL

Figure 8.1: The cluster counter algorithm. See text for a detailed digtson.

whole sky and is an input parameter based on experience athumerous cluster studies
with ROSAT and XMM-Newton, where typical count limits ranff@m 30 counts with
ROSAT to 100 counts with XMM (compare figure6.1). Early estimations for eROSITA
proposed;;,, ~ 100 counts. Since the count limit is strongly dependent on the backgglou
as well as on the cluster core radius, scenarios for diffevennt limits are investigated in
this study.

8.3 The Computation Algorithm

The cluster counter algorithm is summarized in fig8u® Its main structure is a loop over galactic
longitudel and latitudeb. Each map is represented by an array of 86hs and 18®-bins. The
calculation is therefore performed on 64 800 points on tlye Bke solid angle of each sky bin has
to be corrected by multiplying with the cosine of galactititiale:

Q(1,b) = 1 deg?- cos(b) (8.2)

In this way, the correct value of the total solid angle of tke g7 steradian ~ 41 253 deg?) is
maintained. The poles have been excluded from the calonlatine 180 latitude bins range from
—89.5° t0 +-89.5° in steps ofl°.

Within each sky bin, a further loop runs over 200 redshifshimthe rang® < z < 2. Within
each redshift bin, in turn, th250 bins of the input luminosity function are probed for cluster
detectability.

At each point in the parameter spdce, z, L, the following calculation determines the num-
ber of photon counts expected from a cluster with the regeptoperties: The galactic hydrogen
value is read from the-map for the current sky positioniy; = ny(l,b). The cluster tempera-
ture is estimated from applying an L-T scaling relatidfagkevitch 1998, assuming self-similar
evolution (according to equatidh17, but with a power-law index adapted to observations).

With the parameters, L, kT, andnyg at hand (and furthermore setting the ICM metallic-
ity to Z = 0.3 Z), an absorbed mekal model is fully defined and the expect@iS&R\ coun-
tratecr(z, L, kT(L),ny (1, b)) for the0.5 — 2.0 keV band can be determined directly by using the
Xsped spectral fitting codeArnaud 1996 together with the appropriate eROSITA response file.
In order to save computation time, the countrates are notileaed during the runtime, but rather
saved in a big lookup table prior to running the cluster ceuptogram. The exact countrates are
linearly interpolated from the support points of the lookable in the three dimensionsny, and
L.

htt p: // heasar c. nasa. gov/ xanadu/ xspec/


http://heasarc.nasa.gov/xanadu/xspec/
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‘ Clim ‘ N, allsky ‘ N, extragalactic ‘
30 | 393810 293767
50 | 236503 176 946
100 | 113227 85139
500 | 17272 13159

1000 | 7191 5514

Table 8.1: Resulting total number of expected clusters in the all-skyeay (Vaisky,) and excluding
a region around the galactic plane witt20° < b < 20° (Nextragalactic)- Five different count limit
scenarios for the minimal number of photons required toaeteluster ¢;;,,,) were assumed.

In the next step, the number of photons expected at the ¢yrosition in the eROSITA all-sky
survey is determined by multiplying with the correspondixgosure time:

cts(z,L,1,b) = cr(z, L, kT (L),nu(l,b))-exp(l,b) . (8.3)

For each luminosity, the algorithm checks, whether the ebgagenumber of photons exceeds the
count limit ¢;;,,, Which has been set by the user. If this is the case, the nupfbdusters in
the current redshift bin is increased by the correspondinglrer of clusters computed from the
luminosity function by multiplying with the solid angle ofsky patch, the thickness of a redshift
shell and the width of the current luminosity bin:

Nit1(2) == Ni(2) + AN = N;(2) + ®(L, 2) - Q(I,b) - dzdL, (8.4)

and the cluster number density (in this case clusters parsgiegree) in the current sky Hirb
is increased by the corresponding cluster number density fhe luminosity function:

niv1(l,b) :=n;(1,0) + ®(L, z) - dzdL, (8.5)

wherei is the respective loop variable. The functiond, b) and V(z) are written to disk. The
total number of clusters found in the simulated survey isral for the all-sky case and for high
galactic latitudes with the additional constrajbt > 20°. The latter number is a more realistic
scenario, because cluster detection in the galactic plarthi§ case represented by20° < b <
20°) is not only hampered by large ISM column densities, but alige to the high density of
other X-ray sources. Apart from that, optical follow-up ebstions become more challenging,
the closer a cluster lies to the galactic plane, both dueuocecconfusion and high extinction.

8.4 Results from the Cluster counter

Cluster detection is a challenging problem with many tuegdarameters (see chap@r Giving

a count limit is therefore a strong simplification and thel unt limit will vary with cluster
parameters (e.g. temperature, core radius, shape) assnmikarvational parameters such as the
exposure time, the observed energy band and in particuatothl X-ray background radiation.
Different possibilities for a mean count limit have thereftoeen tested in this simulation. Table
8.1 shows the resulting total number of clusters to be expectéiaei eROSITA cluster survey for
five cases of count limits for the whole sky as well as restddb the region out of the galactic
plane ("extragalactic”).
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A typical lower limit required to identify a cluster as an entled source in the ROSAT cluster
surveys (REFLEX and NORAS, see sectidd.]) was30 photons. Due to the higher background
expected in the eROSITA survey, the count limit will be lartean this.100 photons is a conser-
vative estimate. Approximatel§00 photons are needed to obtain a rough estimate of the cluster
temperature, while with more than 1000 photons it becomes possible to determine an approxi-
mate cluster redshift from the X-ray emission of the iror lof the ICM without additional optical
or infrared observations.

8.4.1 An eROSITA All-Sky Map of Cluster Number Density

The functionn(l, b) represents the cluster number density depending on gataxirdinates which
is expected from the eROSITA cluster survey. A represamtaifn(l, b) is shown in figure8.2in
Aitoff projection. Panelsi.andb show the all-sky maps faf;,,, = 100 andc);,, = 50, respectively.
Note the different color scales. The low cluster yield in¥i@nity of the galactic disk due to the
large ng values shows up as central black bands. The regions of thegilgeey at the ecliptic
poles are also clearly visible. Their sensitivity with respto cluster number density is partly
suppressed at low galactic latitudes. From a technicalt mdiview, it is however not possible to
move the deep surveys to higher galactic latitudes, dueaoesflight related constraints of the
orbit around L2.

8.4.2 Redshift Distribution of eROSITA Clusters

The expected redshift distributiaN (=) of clusters detected by eROSITA is shown in fig8c8
for the caser;,, = 100. The increase at low redshifts shows the effect of incregslmserved
volume, while the decrease at larger redshifts is due to epwtion of the decreasing cluster
flux at fixed luminosity on the one hand and the decreasingasiumimber density on the other
hand.

By integratingN(z), it can be estimated how many clusters are detectable beyaistift -
(where Ny is the total number of clusters found by the cluster counter)

N(>z) = Nyot — | N(2') d2’. (8.6)
[

This function is shown in figur8.4. A particularly interesting result is the number of cluster
detectable beyond redshift= 1: In the case of;;,,, = 100, the numbers aré25 clusters at > 1,
out of which383 are "extragalactic”, i.e. witlp| > 20°.

8.4.3 Discussion

The estimated eROSITA cluster number estimates are basassomptions on scaling relations,
which still bear significant uncertainties, in particulancerning their redshift evolution and the
low-mass end. Significant progress in this field is expectént po cosmological analysis of the
eROSITA data from other surveys (e.g. the XDCP) as well as fitiing the parameters of scaling
relations together with the cosmological ones to the eR@%IAta. This technique is known as
self-calibration(e.g.Majumdar and Mohr2004).

From currently available studies, it can already be dedubedthe L-T relation does probably
not evolve (e.gO’Hara et al, 2007 or even with a trend opposite to self-similar predictions
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a) cim = 100

0.1 0.2 0.4 0.9 1.9 4.1 8.6 18 38
cluster number densitydeg 2]

b) Clim = 90

0.2 0.4 0.8 17 3.6 7.4 15 31 64
cluster number densitydeg 2]

Figure 8.2: All-sky maps (in Aitoff projection) of cluster number detystetectable in principle
by eROSITA. Paned is for an assumed count limit of 100 counts, pamé&br 50 counts. Note the
different color scales. The red dashed parallels indideédtitudes—20° and20°.
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Figure 8.3: Expected redshift distribution of eROSITA clusters &gf, = 100 (all-sky and "extra-
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Figure 8.4: Expected number of clusters detectable by eROSITA beyatshit > for ¢y, = 100
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(Ettori et al, 2009. The no-evolution scenario has been implemented in thetagtion of the
luminosity function (sectior8.1), but not in the temperature calculation for the Xspec caiat
estimation (see sectidh3).

However, as the following consideration shows, this infeemnthe results only marginally:
For a given luminosity, the temperature scales wfith!/?(z) (see equatio2.17), i.e.

Tevo = E_l/Q(Z) “Thon—evo » (87)

whereT.,, is the inferred temperature under the (here employed) gasamof an evolving L-
T relation andT,,,_evo IS the inferred temperature under the (realistic) assumptif a non-
evolving L-T relation. For the concordance cosmologicaldeionith Qy = 0.7, Q,, = 0.3
andw = —1, the evolution factor at redshift.5 is E(z = 1.5) ~ 2.32 (see equatiorB.8).
Inserting into equation8.7) shows, that at this point, the temperatures are underagimby
~ 34% at high redshifts. A calculation with Xspec reveals, thas thads to an underestimation
of eROSITA countrates (in the.5 — 2.0 keV band) by~ 11% for kT = 7 keV or ~ 15% for
kT = 5 keV. Clusters with lower temperature do not contribute muchigt lnedshifts due to
their low luminosity. For lower redshifts, the effect is rast pronounced due to the smallgfz).
Judging from this argument, the predictions of this worksdightly conservative.

Nevertheless, there are several reasons why the resultsipedicant uncertainties. They are
listed in the following with increasing importance:

e Amass limit of M,,,;, = 1013 h~! My, was used in this study. The scaling relations for these
low masses are most probably not simple extrapolationsegbthver law fits to the relations
for more massive clusters. This effect is expected to haymfgiant influence especially at
low redshifts. Due to their lower luminosity, the lower mafissters do not contribute much
at high redshifts. The low mass limit is also the reason wiydhster redshift distribution
(figure 8.3) peaks at a rather low redshift (as compared to other sfudies

e The count limit used in this study is constant over the whéle dn reality, in the deep
survey areas, a larger count limit will be required for chusiietection, due to the higher
total X-ray background in longer exposures. This effect loarseen directly in figuré.1
where the tip of the V-shaped maps of detection probabikty &t a larger value iV, in
the LBQS field {2 ks exposure time), as compared to the one in the SCSA fieklki
exposure time). Thus, the count limit used here should ligelpend on the exposure
time and also on the background level depending on locatiotih® sky. The sky position
dependent background could for example be estimated frerR@SAT all-sky survey.

e This study considers a range of count limits, spanning varapplications from marginal
detectability to high quality X-ray spectral informatiofihey are so far only based on expe-
rience from former cluster surveys. A (background and exppsime dependent) realistic
count limit (or flux limit) should be estimated by simulat®in a similar way as it has
been done for the XDCP survey (see chafier This is a task, which is well suited for
the eROSITA image simulator, which has been developed nvitie scope of this thesis
(chapter7).

e Cluster detectability depends not only on the cluster'sa(ftux. Many other parameters
hidden in the selection function (i.e. completeness andtypcontamination) of a survey
play an equally important role. In this respect, sectoh.4 discusses important aspects
learned from the XDCP simulations analyzed in chapter
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8.4.4 Lessons for the eROSITA Cluster Survey from the XDCP Snulations

The eROSITA mission will provide the largest sample of galelusters ever. Only 2% of them
will be known already from ROSAT cluster surveys like REFLEXd NORAS.The significance
of the mission lies therefor@) in the highly increased statistici) in the low-mass regime at
the transition to galaxy groups afid) in the high redshift regime, where currently projects with
XMM-Newton and Chandra do the pioneering work (see secdidnd. The experience gained
from these projects is of crucial importance for the catibraand understanding of eROSITA
data as well as for improving cluster detection algorithms.

Identifying tens of thousands of galaxy clusters from the data of four years of all-sky
survey is a truly challenging task. The non-detection ofustelr can mainly be caused by three
effects: If the cluster core radius.j is too small, it can be mistaken as a point-source. If it@s to
large, it possibly disappears in the background. Furthesebright point-source in the cluster
can prevent the cluster from being classified as an exteraledes

Although the analysis of eROSITA cluster simulations is aailable yet, from the detection
probability maps derived for the XDCP (especially figar6, right panel), some basic conclusions
can be drawn at this point.

The position of the probability map with respect to theaxis is mainly governed by the PSF
quality of the instrument. Although the on-axis imagingpedies of the eROSITA mirrors will be
comparable to the ones of XMM-Newton, theerage survel?SF of eROSITA is approximately a
factor of 2—3 larger. This means that the detection proligloiiap scales to larget. by the same
factor.

The r.-distribution of galaxy clusters at high redshift is verycartain. The one used for
the construction of the XDCP sky coverage was measured atdamtermediate redshifts with
a sample median of,.qian = 0.24. Depending on the real.-distribution and its shape at high
redshift, the cluster detectability in the eROSITA survegim be strongly hampered by the PSF
quality of the X-ray telescopes. Especially for the reaistenarioc with ., = 7.03” (red/left
curve in figure6.6, right panel), cluster detection with eROSITA becomesegly difficult.

A large fraction of the high redshift clusters would not bstitiguishable from point-sources,
resulting in a low completeness or a high flux limit, respestyi.

One possibility for improving on cluster detection probigpiwould be to analyze photons
with low off-axis angle separately from those at large offsaangle. The better imaging qualities
of the X-ray telescopes towards the optical axis can be @rglavith this approach. This technique
has to be developed and tested thoroughly.

Concluding Statement

A sophisticated data analysis is a very important key fon@e&ible to address the challenges
described above. The goal of identifying0 000 clusters of galaxies from the raw data of the
eROSITA mission, characterizing their properties and mgkise of the sample for astrophysical
and cosmological science application can only be sucdgssfumpleted with the availability of
new and improved cluster detection software and analysimiques. Generating simulated data
is a crucial part of this effort. This thesis is thereforeatitig point for further projects concerning
the improvement of cluster detection algorithms.
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Chapter 9

Summary, Conclusions and Outlook

Within the scope of this thesis, | developed a number of nigakemethods, tailored to be applied
to studies on the detectability of clusters of galaxies i X-ray missions XMM-Newton and
eROSITA. All of the performed studies are embedded in lapgegrams beyond the scope of the
thesis. This final chapter gives a summary of the thesis anadin conclusions and provides an
outlook on possible further developments in future prgject

9.1 Summary and Conclusions

Sub-Pixel Resolution and PSF Measurements

TRoPIC is the Third Rontgen Photon Imaging Camera operateatle PANTER facility. It is

a smaller version of the eROSITA CCD. Among the three PANTEReras, it provides the
highest spatial resolution. However, due to the relatigélyrt focal length of the eROSITA mirrors
(1600 mm), it is not sufficient to resolve the PSF core. By making usspdit events, where the
charge of an event is distributed among neighboring pixkeésjncident position of a photon can
be determined with a precision better than the physical gize. | have developed a new analysis
algorithm tailored to the data from the TRoPIC CCD, whichdueces images with Sub-Pixel
Resolution (SPR) and optionally determines the Half Enéfggith (HEW) of the PSF of the
tested mirror shell. As an important calibration measurgmiehave suggested to incorporate a
flatfield exposure into the standard experimental sequence.

Because the size of the PSF core is on the order of the CCDsiqathypixel size, mirror
characterization measurements are performed in scanniig in order to guarantee a fair illu-
mination of each part of a pixel. As an example, | analyzeccanepixel scan with the new SPR
algorithm. The measured HEW could be improved!B§; with respect to the standard analysis.

XMM-Newton Simulations

For the purpose of computing a sky coverage for the XMM-Newiistant Cluster Project
(XDCP), | developed an XMM-Newton image simulator, whiclmdae operated in two modes.
Running in the artificial background mode, it simulates thea}( background from a background
model and point-sources from an observed logN-logS digtdh. In real background mode, it
simulates galaxy clusters on top of a real XMM-Newton obagown. Positions where previously
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a real cluster had been found are forbidden for placing aficéat cluster. The simulated clusters
are realized by-models withs = 2/3.

The simulator works on an event by event basis. The MonteoGahsformation method is
used to distribute the photons withinsamodel, which is in this case interpreted as a probability
distribution. Also PSF convolution is performed by Monterlddaransformation. A comparison
with conventional image convolution revealed a saving mtime of at least a factor of four.

The simulation pipeline is an adapted version of the XDCRlpip which was used for the
analysis of the real archival data. Both pipelines are basethe sliding box source detection
technique. A subsequent maximum likelihood method is eyguldo distinguish galaxy clusters,
i.e. extended sources, from point-sources. For each sietbfminting, a summary file is written
to disk containing the parameters of generated versus secoted clusters.

First Results from XMM-Simulations

As a first application of the newly designed XMM simulator, dve simulated a subsample of
160 out of the 469 XDCP fields in a computation run of 2.5 mowth®0 CPUs in parallel. The

160 fields are selected to have a low galactic hydrogen valognimum exposure time di ks,

no bright sources in the field and a low particle backgrountle Galaxy clusters found within

this subsample are intended for a cosmological projectdbasdollow-up observations with the

Chandra observatory: the Chandra extended Cluster CoggnSiample (CheCCS).

By matching reconstructed clusters with generated onestemtibn probability was calculated
depending on core radius, humber of photons and off-axiteaf§fter some adequate interpo-
lation, extrapolation and smoothing steps during the postessing stage, those datacubes were
weighted with an assumed core radius distribution derivechfobservations. Two extreme cases
of the distribution were also generated by scaling the cadéd up and down, respectively by a
factor of 2. The downscaling can be justified fer= 1 with an expected redshift evolution of
re o< 1/(1 + z). The up-scaling was considered for completeness but ahpessstrophysical
reason could be the higher merger rate for higher redshifts.

After a suitable countrate-to-flux conversion, a sky cogeraf the 160 CheCCS fields could
be computed from considering each pixel in the masks of tHdsfieOverlapping fields were
treated with a special method involving the creation of nsaages from the masks.

As aresult, it turned out that the sky coverage depends tightly on the applied core radius
distribution. Especially the outcome of the realistic ca$ehe 1/(1 + z) scaling differs only
marginally from using the raw,-distribution. The flux limit of the survey could be determh
to be fiim (0.5 — 2.0 keV) = 5.7 x 10715 erg cm 2 s~! at a completeness level ef= 0.5 for
the case of the raw,-distribution and a maximum off-axis angle &f.., = 12’. The total survey
area in this case i$7.679 deg?. A comparison with the case @f,.. = 10’ showed that this
further restriction of the field, which would imply a loss % of the survey area, results in only
a marginal improvement &.5% in the flux limit.

An Image Simulator for eROSITA

In parallel to the eROSITA event simulator based at the Dm&s-Sternwarte in Bamberg, |
developed an eROSITA image simulator which relies on difierapproximations to speed up
the computation process. The celestial sources observélebynage simulator ar@) an X-
ray background estimated for the expected orbit aroundi)2an AGN population following a
realistic logN-logS distribution and randomly distribdtepatially andiii) a population of galaxy



9.2. POSSIBLE REFINEMENTS FOR FUTURE PROJECTS 119

clusters. The latter one is realized through a surface tomgs map of large-scale structure which
was provided by the collaboration. It is created from a hglgirmamical N-body simulation by
putting simulation boxes at various redshifts next to edbkrdo form a light cone. The developed
eROSITA simulator is very well suited for projects similarthe one performed for the XDCP. It
simulates X-ray images in a certain energy band by takimgaotount an average survey PSF as
well as the effects of sub-pixel resolution. Since at thidyestage a dedicated analysis software
package for eROSITA data was not available, the procesdisjrulated eROSITA images is
deferred to future projects.

Prospects of the eROSITA Cluster Survey

Without relying on the analysis of simulated images, thespeats of the eROSITA cluster survey
were estimated from luminosity arguments only. Based owlshiét dependent cluster luminosity
function, | developed a program which estimates the numbelusters to be found in the survey
for eachl® x 1° sky patch. Further input data are an all-sky map of the galagtrogen column
density as well as an all-sky exposure map. Within each sky thie algorithm steps through
the redshift- and luminosity scale and calculates the drdecumber of photons to be detected
with eROSITA. If the number of photons exceeds a certainb@ly constant) count limit, the
number of clusters in the current redshift- and luminositydd the luminosity function is counted
as detected. The resulting function is the number of clagter redshift bin per sky pixel. This
function is presented as an all-sky map and as a redshifibdison. Assuming a conservative
count limit of 100 photons, this estimation predictsl x 10° clusters to be detected in the all-sky
survey out of whicl8.5 x 10* are "extragalactic”, i.e. with galactic latitudel > 20°.

This estimation relies on scaling relations which are notwedl constrained at high redshifts,
but it is based on a realistic scenario in agreement with tineent knowledge. This means that
the potential to detect0® clusters of galaxies with the eROSITA mission is confirmetigreas
their identification and the scientific use of the data id ativery challenging project. Further
significant progress in the development of source deteetigorithms and analysis techniques is
necessary to achieve the mission’s scientific objectives.

9.2 Possible Refinements for Future Projects

This section summarizes the suggestions for possibledpiujects which were made throughout
the thesis:

Next Steps on Sub-Pixel Resolution

e Development of a new version of the SPR code which writes loaitréconstructed SPR
coordinates back into the input data file for further prowess

e Implementation and testing of the more exact reconstmaifgphoton positions relying on

the ratio of charge distribution among adjacent pixels.

Next Steps on XDCP Simulations

e Calibration of the flux contained in the simulat8emodels on a firm basis as mentioned in
section6.6.
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e Computation of the point-source contamination of the XDGRay selection function.
e Optimization of the parameter settings fET_M_ andEXT_M_.

e Test of an implementation of the new in-flight calibrated R&#del and comparison with
simulation runs using the ray-tracing simulated PSF model.

e Implementation of a simulation run with hydrodynamicallynslated clusters of galaxies
and computation of completeness depending on mass andftedshcluster.

e Comparison of completeness corrected prospects of thecexpeedshift distribution of
XDCP clusters with a histogram of t28 spectroscopically confirmed XDCP clusters above
redshift z > 0.8. This project has the potential to provide constraints osnumogical
parameters.

Next Steps on eROSITA Simulations

e Analysis of first simulations from the newly developed eRUSimage simulator once the
dedicated Science Analysis Software System (SASS) becavadlable.

e Development, improvement and optimization of various seuwtetection and characteri-
zation algorithms with3-model simulations as well as with hydrodynamically sinteda
galaxy clusters.

9.3 Outlook on the Impact of the eROSITA Mission on Dark Energ
Studies

More than ten years after the first convincing evidence ofkDEmergy Riess et al. 1998,
eROSITA will be the first space mission dedicated to Dark gneesearch. The report of the
Dark Energy Task ForceA(brecht et al, 2006 recommends "[...] that the dark energy program
have multiple technigues at every stage, at least one othwikia probe sensitive to the growth of
cosmological structure in the form of galaxies and clustérgalaxies.”, where the term "stage”
refers to different levels of experimental advancement.

eROSITA is scheduled for launch in late 2012. Taking intoocact a commissioning phase
and travel time to L2 of- 110 days, the four years of all-sky survey are expected to be finished
in 2017. Follow-up observations (for measuring clusteshéfts) can only partly be performed
in parallel to the X-ray survey and thus additional time iguieed to complete the full cluster
catalogue from the eROSITA mission.

From a sample of0° galaxy clusters, without priors from complementary proaed taking
into account self-calibration, one can expect the follapdonstraints on Dark Energy parameters:
o(wp) = 0.093, o(w,) = 0.490 ando(24) = 0.0067 wherewy is the present-day equation-of-
state parametety, = dw/da is its evolution with the scale factarand(, is the Dark Energy
density Haiman et al.2005. In this respect, eROSITA can be a major player in the field of
Dark Energy research for the next decades. The resultsofitesis help to pave the way to this
ambitious goal.
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Acronyms and Terminology

This is a list of acronyms and technical terms used througtimithesis. The numbers indicate
the pages of their occurrence, page numbers of importanpsssages are typed in bold.

2XMM: Second XMM-Newton serendipitous source catalo@re.
AAAC: Astronomy and Astrophysics Advisory Committef)

ABRIXAS: A Broad Band Imaging X-ray All-sky Surveg8

ADC: Analog-to-Digital Converter23, 49

ADU: Analog-to-Digital Unit, internal unit used by an ADGO0

AGN: Active Galactic Nucleus?, 28, 32, 60, 98

AIP: Astrophysikalisches Institut Potsda@8, 94

ARF: Ancillary Response File24

ART: Astronomical Rontgen Telescope. The second instrume&tiRi@.24

Attitude: Current orientation of a spacecraft or the pointing dimatin the case of a spaceborne
observatory31, 46, 96

AXAF: Advanced X-ray Astrophysics Facility. NASAs major X-ragtsllite which is now
known as Chandra28

BAO: Baryonic Acoustic Oscillationsl, 13

BCS: Blanco Cosmology Surveg?7

Boresight: Direction of the optical axis of an X-ray telescof, 75
CAMEX: CMOS Amplifier and MultiplEXer.23, 49

CCD: Charge Coupled Device?2, 49

CCEF: Current Calibration File. These files compose the calibratlatabase of the XMM-SAS.
44
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CDF-N, CDF-S: Chandra Deep Field North / SoutB2
Chandra: NASA's major X-ray satellite, formerly known as AXAB5, 73
CheCCS: Chandra extended Cluster Cosmology Samp&.

Cheese image:Source exempted image containing to first order only backgtaadiation.60,
68

CMB: Cosmic Microwave Background.

COSMOS: Cosmic Evolution Surveyd7, 60, 98

CPU: Central Processing Unit.3, 78

CTE: Charge Transfer Efficiency.

CTI: Charge Transfer InefficiencyCTI =1 — CTE . 23
CXB: Cosmic X-ray Background8

DETF: Dark Energy Task Force. Advisory panel for DOE, NASA and N&Fre future of Dark
Energy researci29

DLR: Deutsches Zentrum fur Luft- und Raumfahrt (Germany’s dlal Space AgencyR9
DOE: Department of Energy of the United States governmaat.

DSP: Digital Signal Processob0

DUO: Dark Universe Observatorg8, 48

ECF: Energy Conversion Factd24, 61, 64, 79, 99

Einstein: First X-ray observatory carrying a Wolter telescope on albt. It was known initially
known as HEAO-2 and renamed to Einstein after laudéh34, 83

EMSS: Extended Medium Sensitivity Survey (by the Einstein Obatamy). 34

EPIC: European Photon Imaging Camera (The three cameras of XMMtdihe EPIC-MOS1,
EPIC-MOS2 and EPIC-PN26, 32, 44, 57, 64, 67, 74

eROSITA: extended ROentgen Survey with an Imaging Telescope A2@yand many others
ESA: European Space Agen@6

ESO: European Southern ObservatoBs

FoV: Field-of-View. 20, 27, 38

FWHM: Full Width at Half Maximum.42

FITS: Flexible Image Transport System: file format for all kindsasfronomical data, defined in
Hanisch et al(2007). 44
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Grasp: Product of effective area times field-of-view. The graspmofrestrument is a measure of
how efficiently it can survey a specific portion of the skRg, 33

HEAO: High Energy Astronomy Observatory. A series of three missimunched by NASA,
beginning in 197715, 34

HEPAP: High Energy Physics Advisory Pan&9

HEW: Half Energy Width.43, 47, 55

IAAT: Institut fir Astronomie und Astrophysik der Universif&ifibingen.28
ICM: Intra Cluster Medium6

IDL: Interactive Data Language, a scripting language widelyl iiseastronomy. It is currently
maintained by ITT Visual Information Solutionbt(t p: / / www. i ttvi s. coni ). 50

IKI:  UacturyT Kocmuueckux Mccitegoanmit
say: "Institut Kosmicheskih Issledovanij”, Russibmstitute for Space Researck9

ISM: Interstellar Medium. Gas and dust filling interstellar spagthin galaxies. Massive galax-
ies can be detected in X-rays through their ISM emissionhénspecial case of the Milky
Way, the ISM is relevant because it absorbs X-rays from gateatic sources. Its column
density is expressed in terms of the galactic neutral hyatraplumn density.y;. 6, 61, 97

ISS: International Space Statio87
IXO: International X-Ray Observator9
L2: Second Lagrangian Point of the Sun-Earth systeéin32, 37, 39, 108

LBQS: Working title of the XMM pointing named LBQS 2212-1759 (seetton6.2.3.
LBQS stands for Large Bright Quasar Survéy, 76, 77

LEO: Low Earth Orbit.28, 31, 39

LH: Lockman Hole. An area in the northern sky with very low absiorp by galactic fore-
grounds. This field is especially suited for deep extrag@labservations32

logN-logS: Astronomers’ jargon for the function representing the neméf sources above a
certain flux (cumulative representation) or in certain flinxsh(differential representation).
32,60, 98

LSS: Large-Scale Structure. The cosmic web with its filamentsgataxy clusters at their knots.
32,33

MOS: Metal Oxide Semiconductor. A special layout of CCDs and #étsoname of two of the
three EPIC instruments aboard XMM-Newt@®Y, 32, 44, 64

MPE: Max-Planck-Institut fir extraterrestrische Phys?kand many others

NASA: National Aeronautics and Space Administration. The nafigpace agency of the United
States of America28, 29, 73
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NFW: Navarro, Frenk and White. Initials of the authors of a pajsud a universal Dark Matter
halo density profileNavarro et al.1997). 9

NGC: New General Catalog of Nebulae and Clusters of Starsyer, 1888. 6
NORAS: NOrthern ROSAT All-Sky Survey34, 111

NRTA: Near Real Time Analysi96

NSF: National Science Foundation of the United States goverhr2én

OoT: Out-of-Time (events)23

OBS.ID: Unique identifier of an XMM observation with ten digit36

PANTER: X-ray testing facility operated by MPE in Neuried (south ofiMch). 47
PHA: Pulse Height Amplitude23, 25

Pile-up: The arrival of two or more photons within one CCD frame in tame pixel. This causes
a wrong energy assignment, because the detector alwayaessmly one photon per pixel
per CCD frame23, 30, 47

PN: Positive and Negative doped semiconductors. A speciaulagbCCDs and also the name
of one of the three EPIC instruments aboard XMM-Newt?n.32, 44, 64

Poissonization: Drawing a random number from a Poisson distributjgi) with expectation

value \: p(k) = %If -e~*. This is frequently used in simulations to convert an exgect

number (real valug) of objects (e.g. photons, AGN) to a really observed numbebjects
(integer valuek). 60

PSF: Point Spread Functiorl9, 41, 43, 45, and many others

PSPC: Position Sensitive Proportional Counter (the X-ray Daiecf ROSAT).21, 48
QE: Quantum Efficiencyl9, 22

RASS: ROSAT All-Sky Survey.34

REFLEX: ROSAT-ESO Flux-Limited X-ray cluster surveg4, 111

RGS: Reflection Grating Spectrometer. Two identical ones of the Xi-ray instruments aboard
XMM-Newton. 27

RMF: Redistribution Matrix File24, 25
ROI: Region Of Interest53
ROSAT: ROentgen SATellite (1990-199921, 28, 34, 38, 109, and many others

ROSITA: ROentgen Survey with an Imaging Telescope Array. One of dR&Sprecursors,
which was planned to be operating on the ISS before it waikzeebthat the space station’s
environment is not suitable for an X-ray telescop8.
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SAA: South Atlantic Anomaly: closest approach of the inner VateAlradiation belt to the
Earth’s surface with therefore enhanced flux of energetitighes. The ROSAT PSPC was
regularly switched off during the passage of the SAA, in ofteprotect it from the high
radiation level .38, 39

SAS: Science Analysis System (for XMM-Newton daté&g
SASS: Science Analysis Software System (for eROSITA da®8).97

SCS: Southern Cluster Survey. Working title for the overlap @& ¥DCP and the planned survey
area of the SPT1L25

SCSA: Short identifier for the simulation test field on the backgmwf the XMM pointing
named IRAS 23128-59 (see secti®R.3. "SCS” is a working title for the Southern Cluster
Survey, "A’ serves as a running lettéie, 77

SMEX: SMall EXplorer. A funding program by NASA for space missianigh a maximum total
budget of 120 million US Dollars28
http://expl orers. gsfc. nasa. gov/ m ssions. htm

SNR: Signal-to-Noise Ratio78
SPR: Sub-Pixel Resolutions0, 103

SPT: South Pole Telescope. A millimeter wave telescope dedicftea galaxy cluster survey
by means of the SZ effecl.25

SRG: Spektrum-Rontgen-Gamma. The Russian-German spacerpididr eROSITA 29
SSC: XMM-Newton Survey Science Centrd7
SWCX: Solar Wind Charge eXchang@7

SZ: Sunyaev-Zel'dovich (-effect). Compton up-scattering &I photons by electrons in the
hot ICM of galaxy clusters. This effect is used to detect ypaklusters in the radio regime
as shadows on the CMRBR3, 32

TRoOPIC: Third Roentgen Photon Imaging Camed&.

UHECR: Ultra High Energy Cosmic Ray98

XDCP: XMM-Newton Distant Cluster ProjecB5, 57, 73, and many others
XCS: XMM Cluster Survey.36

XMM:  X-ray Multi-Mirror mission (XMM-Newton).26, and many others
XMM-LSS : XMM-Newton Large-scale Structure Survesi/

XRT: X-Ray Telescopels, 26

XSA: XMM-Newton Science Archive35, 86


http://explorers.gsfc.nasa.gov/missions.html

126 APPENDIX A. ACRONYMS AND TERMINOLOGY

VLT: Very Large Telescope: four individual eight-meter-clasledcopes located at the Paranal
Observatory in Chile, which is operated by ES35.

WCS: World Coordinate System: Celestial coordinates right msiom (RA) and declination
(DEC).86

WMAP: Wilkinson Microwave Anisotropy Probel07



Appendix B

Useful Cosmological Equations

Some cosmological equations are given here for referertoey are taken fronrdodelson(2003,
Schneide(2006 and from the cosmology section Bassbende2008.

In an expanding universe, it is convenient to introduce cangpcoordinatest and physical
coordinatesr(¢). During expansion, two points maintaining their comovirigt@hce increase
their physical distance. The two coordinate systems areamad through the time dependent
scale factom(t):

) =al(t) & (B.1)

The light waves emitted by a receding object are stretchédwmthhat the observed wavelength
Aobs IS larger than the emitted one,,;;. The redshiftz is defined as the stretching factor:

A Aobs — Aemi Aobs
Z(t):)\ _ obs t_ b 1=

emit )\emit )\emit a(temit )

ao

1. (B.2)

Defining the scale factor of today £ ) asag = 1, this leads to the relation

1
a(t) = T4 200 (B.3)
The Hubble parameter is defined as the expansion rate of iersex
() < de/dt (B.4)

a(t)

its present value is the Hubble constdff ~ 70km s~! Mpc~!. The Hubble constant is often
parameterized by the dimensionless constant

h = Hy/100km s~ Mpc~!. (B.5)

The critical energy density of the universe is defined as tiegy density leading to a flat ge-
ometry. It can be expressed in terms of the Hubble parantétey = H, - £(z) and Newton’s
constant (the evolution parametdr(z) is defined below in equatioB.8):

3H?
per(z) = ﬁ CE%(2) =1.879 x 107 P h2gem 3 - E?(2) . (B.6)
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The energy content of the universe as measured today islyustaied with respect to the
critical density of today 4..,0), leading to the dimensionless density parameters

0, = (B.7)
Pcr,0
wherez is a variable for the type of energy componeflt;, is the matter density2py the Dark
Energy density§2, the radiation density an@.,; = Qun, + Qpg + . is the total energy density.
Qiot = 1 means that the total density,; is equal to the critical onep(,) and thus implies a flat
universe.

The various energy components show different scaling weidshift (scale factor). The expan-
sion history of the universe can be expressed in terms ofubleiten factor£(z) = H(z)/Hp
which is related to the cosmological parameters by

z 1+w(z/) dz!

E2(2) = Q1+ 2%+ Qpg-e® 0 107 % 4 1+ 2) + (1 — Qo)1+ 2)%,  (B.8)

wherew = p/(pc?) is the equation-of-state parameter of Dark Energy.

The comoving distanc® of an object at redshift is given by

c [* d

PO )y Be

(B.9)
wherec is the speed of light. There are two more distance definitiohish are observationally
motivated: Thduminosity distancel},,, is defined via the relation between luminosityof an
object and the observed flukby f = L/(4rd? ), while theangular diameter distancé,,

relates the physical siZeof an object to its apparent sidevial = 0 - d,,,. Both are connected to
the comoving distanc® via

dam(2) = D~ (14 2) (B.10)

D
dang(Z) = m . (Bll)
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