Astrophysics of Galaxy Clusters and Groups
with eROSITA

Yunus Emre Bahar

Muinchen 2024






Astrophysics of Galaxy Clusters and Groups
with eROSITA

Yunus Emre Bahar

Dissertation
der Fakultat far Physik
der Ludwig-Maximilians-Universitat
Munchen

vorgelegt von
Yunus Emre Bahar
aus Antalya, Turkei

Munchen, den 03.09.2024



Erstgutachter: Prof. Dr. Kirpal Nandra

Zweitgutachter: PD Dr. Klaus Dolag
Tag der mUndlichen Prifung: 15.10.2024

This work is licensed under CC BY 4.0 https://creativecommons.org/licenses/by/4.0/


https://creativecommons.org/licenses/by/4.0/

Contents

Zusammenfassung XV
1 Introduction 1
1.1 Galaxy Clusters and Groups . . . . . . . . .. .. . e 1
1.1.1  X-ray Emitting Plasma . . . . . ... ... ... ... ... ... .. 4
1.1.2  Physical Properties of Clusters and Groups as a Function of Radius . . . 12
1.2 Scaling Relations . . . . . . . .. .. L 15
1.2.1  Self-similarModel . . . . . ... ... ... ... . ... 16
1.2.2  Deviations from Self-similarity in Observations . . . . . . . .. ... .. 18
1.2.3  Deviations from Self-similarity from the Theoretical Perspective . . . . . 20
1.3 Feedback . . . . . . . . . . e 21
1.3.1 AGNFeedback . . . ... .. ... .. .. 23
1.4 Galaxy Groups . . . . . . o v i i i e e e e e 26
1.5 eROSITA . . . . e 30
1.6 Outlineof the Thesis . . . . . .. .. .. ... 35

2 The eROSITA Final Equatorial-Depth Survey (eFEDS): X-ray Properties and Scal-
ing Relations of Galaxy Clusters and Groups 37
2.1 Introduction . . . . . . . ... 38
2.2 DataAnalysis . . . . . . ... 40
2.2.1 Data Reduction and Sample Selection . . . . . .. ... ... ...... 40
2.2.2 X-ray Observables within rspp. . . . . . . . . . . . . oL 41
2.3 Modeling and Fitting of the Scaling Relations . . . . . ... ... ... ..... 43
2.3.1 General Form of the Scaling Relations . . . . ... ... ......... 44
2.3.2 Likelihood . . . ... .. .. .. 44
2.3.3 Modeling the Selection Function . . . . . . .. .. ... ... ...... 46
234 Fttng . . . . . ... 47
24 Results. . . . . . . e 50
241 Lx—-TandL,y—TRelations . . . ... ... .. ... ... ...... 53
242 Lx — Mg, and Ly, — Mg, Relations .. .. ... 00000 55
243 Lx—Yxand Ly, —YxRelations . . . ... ... ... ... ....... 57
244 Mgs—TRelation. . . . ... ... o 60

2.5

DISCUSSION . . . . . v v v e e e e e e e e e e 63



iv Contents

2.6 Conclusions . . . . . . . ... e 66
3 The SRG/eROSITA All-SKky Survey: Constraints on AGN Feedback in Galaxy Groups 69

3.1 Introduction . . . . . . . . . .. 70
3.2 Sample of Galaxy Groups . . . . . . . . . ... 74
3.3 DataAnalysis . . . . . . .. 77
3.3.1 X-ray Data Reduction and Analysis . . . . ... ... ... ....... 77
3.3.2 Energy band selection for the imaging analysis . . . . .. ... .. ... 78
3.3.3 Imaginganalysis . . . . . . . . . .. ... 78
3.3.4 Estimation of X-ray Observables . . . . . . ... ... ... ....... 82
3.3.5 Grouping and the Spectral Analysis . . . . .. ... ... ... ..... 85
3.3.6  Electron Density, Temperature, and Entropy Profiles . . . . . .. .. .. 88
3.4 Assumptions, Corrections, and Systematics . . . . . . . .. ... ... ..... 90
3.4.1 Assumptions on Temperature and Metallicity Profiles . . . . . . . . . .. 90
3.4.2 Correction for the Flux Discrepancy . . . . . ... ... ... ...... 94
3.4.3 Systematics Related to Mass Measurements . . . . . . . ... ... ... 94
3.4.4 Systematics Related to the Atomic Databases . . . . . . ... ... ... 96
3.5 Entropy and Characteristic Temperature Measurements . . . . . . .. ... ... 98
3.6 Comparison with the Numerical Simulations . . . . . . ... ... ........ 104
3.6.1 MillenniumTNG Simulations . . . . . ... ... .. ... ....... 105
3.6.2 Magneticum Simulations . . . . . . ... ..o Lo 106
3.6.3 OverWhelmingly Large Simulations . . . . . . .. ... ... ...... 106

3.6.4 Comparisons of Observations with OWL, MillenniumTNG and Mag-
neticum Simulations . . . . . ... Lo oL 107
37 Conclusions . . . . ... e e e e 112

4 The SRG/eROSITA All-Sky Survey: Thermodynamic Properties of Galaxy Groups115

4.1 Introduction . . . . . . . . . . L e 116

4.2 Galaxy Group Sample and Data Analysis . . . . . ... ... .. ... ..... 117
4.3 Profiles of the Thermodynamic Properties . . . . . ... ... ... .. ..... 118
4.3.1 Scaled Thermodynamic Profiles . . . . . . .. ... ... ... ..... 118

4.4 Comparison with Previous Measurements . . . . . . .. ... ... ....... 124

4.5 Comparison with Numerical Simulations . . . . . . . . ... ... ... ..... 128
4.6 Summary and Conclusions . . . . . . .. ... . Lo 134

S Summary, Conclusions and Outlook 137
A X-ray Properties of eFEDS Clusters and Groups 141

Acknowledgments 216



List of Figures

1.1

1.2

1.3

1.4

1.5

A composite image of the SMACS 0723.3-7327 cluster using Chandra (X-ray)
and JWST (IR). The image is created by overlaying the Chandra image of the
ICM (blue) over the JWST image of the galaxies and stars (RGB). Credit: X-ray:

NASA/CXC/SAO; IR (Webb): NASA/ESA/CSA/STSel . . . . . ... ... ..

X-ray spectrum of the hot gas (kT ~ 4 keV) at the core of the Perseus cluster
measured by Hitomi’s X-ray micro-calorimeter. Black data points represent the
measurements, the red line represents the modeled spectrum, and the grey line
represents the contribution of an AGN (NGC 1275) within the field of view to
the total spectrum. Figure taken from Hitomi Collaboration et al. (2017).

Photon fluxes from collisionally-ionized hot plasma as a function of photon en-
ergy. Fluxes are calculated using APEC and BREMSS models implemented
in Xspec assuming a metallicity of 0.3Z,, an APEC normalization of one at
a redshift of 0 and at various temperatures. The temperature of the plasma is
shown by the color of the lines where red corresponds to the lowest tempera-
ture (kT = 0.25), and purple corresponds to the hottest temperature (k7 = 10).
Solid lines represent the overall emission from the plasma calculated by using
the APEC model, and the dashed lines represent the contribution of the thermal

bremsstrahlung component calculated by using the BREMSS model. . . . . ..

Measurements of stellar-to-halo mass ratios (M, /M},) of central galaxies (at z =
0.1) compiled by Behroozi et al. (2019). At the top of the figure, approximate
mass ranges where the annotated feedback processes are most influential are
shown with green rectangles. Green arrows indicate reduced star formation ef-
ficiency at the high and low mass end of the parameter space. At the bottom
panel, images of example galaxies are shown that are hosted by haloes at the

corresponding mass range. Plot adapted from Wechsler and Tinker (2018). . . . .

A collage of images of galaxy clusters and groups that exhibit prominent radio
mode AGN feedback signatures (McNamara et al., 2005; Nulsen et al., 2005;
Finoguenov et al., 2008; Kirkpatrick et al., 2009; Werner et al., 2010; Blan-
ton et al., 2011; Hlavacek-Larrondo et al., 2013; Randall et al., 2015; McDon-
ald et al., 2015; Sanders et al., 2016; Tremblay et al., 2018). Plot taken from
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Scaled entropy profiles of galaxy groups as a function of dimensionless radius.
Entropy is scaled with adiabatic entropy predicted from the mass of the halo (see
Eq. 7 in Sun et al., 2009), and the x-axis is scaled with rsq.. Predictions of var-
ious simulations are shown with solid lines in various colors, and their scatter
is shown as shaded regions. The baseline profile obtained from non-radiative
simulations is shown with grey dotted lines (Voit, 2005), and the Chandra mea-
surements of nearby galaxy groups are shown with dashed lines Sun et al. (2009).

Plot taken from Oppenheimer et al. (2021). . . . . . .. ... ... ... ....

Gas mass fraction as a function of halo mass. The universal baryon fraction is
shown as a shaded area in magenta. Predictions of various modern hydrodynamic
simulations are shown as solid lines and scatter points in different colors. The
parameter space covering a compilation of observations is shown as a shaded
region in grey (see Fig. 7 in Eckert et al., 2021, for the list of observations used

to derive the shaded region). Plot adapted from Eckert et al. (2021). . . . . . ..

Front view of eROSITA showing the seven mirror assemblies. Image taken from
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Schematic view of eROSITA’s telescope layout. From left to right, seven camera
assemblies, including camera, electronics box, and filter wheel; seven mirror
assemblies, including, mirrors and electron deflector; and front cover. Figure

adapted from Predehl et al. (2021). . . . . . . . .. ... .. ... ... ..

Top: Comparison between the on-axis effective area of eROSITA with Chandra
ACIS-I (1999 and 2020), Chandra HRC-1, XMM-Newton, and ROSAT. Bottom.:
Comparison between the field of view averaged grasp ( field of view averaged ef-
fective area X field of view) of eROSITA with Chandra ACIS-I (1999 and 2020),
Chandra HRC-1, XMM-Newton, and ROSAT. Figure adapted from Predehl et al.

(2021). . . o e

RGB exposure corrected X-ray image of the Western Galactic hemisphere ob-
tained from eRASS1 observations. The red color represents the X-ray intensity
in the 0.3-0.6 keV energy band, the green color represents the X-ray intensity in
the 0.6—1 keV energy band, and the blue color represents the X-ray intensity in

the 1-2.3 keV energy band. Credit: Jeremy Sanders MPE) . . . . . .. ... ..

Left: Redshift histogram of the Lye; > 15, Ly > 15 sample used in this Chapter.
Right: Weak lensing calibrated total mass (M3 ) histogram of the Ly > 15,
Lexe > 15 sample used in this Chapter excluding upper limit measurements. Me-
dians of the measurements are marked with dashed lines. The overdensity radii
rso0c Within which we measure the X-ray observables in this Chapter are calcu-
lated from the mass measurements presented in this figure. The mass measure-

ments of the full sample (Lgy > 5, Lexe > 6) is presented in Chiu et al. (2022).
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L — T scaling relations and the posterior distributions of the scaling relations
parameters. Left: Soft band (0.5 — 2.0 keV) X-ray luminosity (Lx), bolomet-
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surements of the Lgeq > 15, Lex > 15 sample and the best-fit scaling relation
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the log-normal models (see Eq. 2.5), and dashed red lines indicate the best-fit
standard deviations (o r) around the mean. Orange diamonds indicate median
temperature measurements obtained from clusters between luminosity quantiles.
Right: Parameter constraints of the Ly — 7 and L, — T relations obtained from
the second half of the MCMC chains. Marginalized posterior distributions are
shown on the diagonal plots, and the joint posterior distributions are shown on
off-diagonal plots. Red dashed vertical lines indicate the 32nd, 50th, and 68th

percentiles, and contours indicate 68% and 95% credibility regions. . . . . . . .

Comparison between our best-fit L — 7 and L — Mg,relations, the self-similar
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Zhang et al., 2011; Kettula et al., 2015; Lovisari et al., 2015; Mantz et al., 2016;
Giles et al., 2016; Zou et al., 2016; Migkas et al., 2020). Grey circles are the
eFEDS clusters. In order to achieve consistency, a cosmology and energy band
conversion is applied to the previously reported results (see Sect. 2.4 for the
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L — M, scaling relations and the posterior distributions of the scaling relations
parameters. Left: Soft band (0.5 — 2.0 keV) X-ray luminosity (Lx), bolomet-
ric (0.01 — 100 keV) luminosity (Lyo1), gas mass (M), and redshift (z) mea-
surements of the Ly, > 15, Lo > 15 sample and the best-fit scaling relation
models. The light-red shaded areas indicate 10~ uncertainty of the means of the
log-normal models (see Eq. 2.5), and dashed red lines indicate the best-fit stan-
dard deviations (o7ju,,,) around the mean. Orange diamonds indicate median gas
mass measurements obtained from clusters between luminosity quantiles. Right:
Parameter constraints of the Lx — My, and Ly, — M, relations obtained from
the second half of the MCMC chains. Marginalized posterior distributions are
shown on the diagonal plots, and the joint posterior distributions are shown on
off-diagonal plots. Red dashed vertical lines indicate the 32nd, 50th, and 68th

percentiles, and contours indicate 68% and 95% credibility regions. . . . . . ..
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Loy > 15, Loy > 15 sample and the best-fit scaling relation models. The light-
red shaded areas indicate 10~ uncertainty of the means of the log-normal models
(see Eq. 2.5), and dashed red lines indicate the best-fit standard deviations (o7yy)
around the mean. Orange diamonds indicate median Yx measurements obtained
from clusters between luminosity quantiles. Right: Parameter constraints of the
Lx — Yx and L, — Yx relations obtained from the second half of the MCMC
chains. Marginalized posterior distributions are shown on the diagonal plots,
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M, — T scaling relation and the posterior distributions of the scaling relation pa-
rameters. Left: Gas mass (M,,), temperature (T'), and redshift (z) measurements
of the Lyt > 15, Lexe > 15 sample and the best-fit scaling relation models. The
light-red shaded area indicates the 10~ uncertainty of the mean of the log-normal
model (see Eq. 2.5), and dashed red lines indicate the best-fit standard deviations
(0" my, ) around the mean. Orange diamonds indicate median temperature mea-
surements obtained from clusters between gas mass quantiles. Right: Parameter
constraints of the M,,, — T relation obtained from the second half of the MCMC
chains. Marginalized posterior distributions are shown on the diagonal plots, and
the joint posterior distributions are shown on off-diagonal plots. Red dashed ver-
tical lines indicate 32nd, 50th, and 68th percentiles, and contours indicate 68%
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Left: The mass and redshift distributions of the galaxy group sample used in
the work presented in this Chapter consist of 1178 objects where colors of the
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Zusammenfassung

Diese Dissertation untersucht nicht-gravitative astrophysikalische Phinomene, die die physi-
kalischen Eigenschaften von Galaxienhaufen und -gruppen formen. Die Auswirkungen dieser
Prozesse werden durch Messungen der physikalischen Eigenschaften von Galaxienhaufen und
-gruppen mithilfe von Rontgenbeobachtungen von eROSITA eingegrenzt. Diese Eingrenzungen
werden durch den Vergleich der eEROSITA-Messungen mit den Vorhersagen des einfachen sphé-
rischen Kollaps-Szenarios und den Vorhersagen kosmologischer hydrodynamischer Simulatio-
nen kontextualisiert. Die in dieser Dissertation pridsentierten Ergebnisse bieten einen umfassen-
den Uberblick iiber die Populationseigenschaften von Galaxienhaufen und -gruppen und dienen
als MaBstab zur Aufschliisselung der nicht-gravitativen Mechanismen, die kosmische Strukturen
priagen. In dieser Dissertation konzentrieren wir uns zunéchst auf die Rontgen-Skalierungsrelationen
von Galaxienhaufen und -gruppen. Wir kalibrieren sieben Rontgen-Skalierungsrelationen, wo-
bei wir Selektionseffekte und die Halo-Massenfunktion beriicksichtigen, anhand von eROSITA-
Beobachtungen von 265 Galaxienhaufen und -gruppen, die im eFEDS-Feld entdeckt wurden.
Die Stichprobe wird durch Anwendung von Auswahlverfahren gewonnen, die in eROSITA-
Simulationen reproduzierbar sind, sodass die resultierende Stichprobe eine gut definierte Selek-
tionsfunktion hat. Eine Bayessche Methodik wird verwendet, um die Relationen zu berechnen,
wobei eine benutzerdefinierte Selektionsfunktion und eine kanonische Halo-Massenfunktion ein-
bezogen werden, um Selektionseffekte und die Massenverteilung der Halos zu beriicksichtigen.
Unsere Ergebnisse zeigen signifikante Abweichungen vom selbstdhnlichen Modell und stimmen
gut mit Simulationen iiberein, die Modelle fiir nicht-gravitative Mechanismen enthalten, sowie
mit aktuellen Studien, die Selektionseffekte beriicksichtigen. Unsere Ergebnisse legen nahe, dass
nicht-gravitative Prozesse den physikalischen Zustand von Haufen und Gruppen erheblich be-
einflussen. Unsere Studie erweitert die Skalierungsrelationen auf den Parameterraum niedriger
Masse und geringer Leuchtkraft mithilfe von eFEDS-Beobachtungen. Sie demonstriert eROSI-
TAs Fihigkeit, Emissionen des Intrahaufen-/Intragruppenmediums hinaus bis zu rsgo. mit Belich-
tungen in der Tiefe der Himmelsdurchmusterungen zu messen und Skalierungsrelationen iiber
einen breiten Massen-Leuchtkraft-Rotverschiebungsbereich einzugrenzen. Zweitens konzentrie-
ren wir uns auf die Auswirkungen des AGN-Feedbacks auf die Entropie und die charakteristische
Gas-Temperatur von Galaxiengruppen, die in SRG/eROSITAs ersten Himmelsdurchmusterung
(eRASS1) entdeckt wurden. Wir analysieren eRASS:4-Beobachtungen von 1178 Galaxiengrup-
pen aus dem eRASS1-Galaxienhaufen- und -gruppenkatalog. Wir teilen die Stichprobe in 271
Teilproben auf, basierend auf den physikalischen und statistischen Eigenschaften der Gruppen,
und analysieren gemeinsam ihre Rontgenbeobachtungen nach einem Bayesschen Ansatz. Durch
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dieses Verfahren extrahieren wir durchschnittliche thermodynamische Eigenschaften, einschlie3-
lich der Elektronendichte, Temperatur und Entropie, an drei charakteristischen Radien (von den
Kernen bis zu den Auflenbereichen) sowie die durchschnittliche integrierte Temperatur innerhalb
von s, fiir die 271 Teilproben. Wir erzielen die genauesten Eingrenzungen mit unvergleichli-
cher statistischer Prizision beziiglich der Auswirkungen des AGN-Feedbacks, indem wir die
durchschnittliche Entropie und charakteristische Temperatur der gro3ten in Rontgenstudien ver-
wendeten Anzahl an Galaxien-Gruppen messen. Wir quantifizieren auch die Auswirkungen ver-
schiedener Systematiken auf unsere Messungen und beriicksichtigen ihre Auswirkungen im Ge-
samtfehlerbudget. Wir stellen fest, dass die Entropie mit der Temperatur einer Potenzgesetzbezie-
hung bei hoheren Temperaturen des Intragruppenmediums (IGrM) folgt, wihrend bei kiihleren
(T < 1,44 keV) IGrM-Temperaturen eine leichte Abflachung beobachtet wird. Wir vergleichen
unsere Ergebnisse mit kosmologischen hydrodynamischen Simulationen (MillenniumTNG, Ma-
gneticum, OWL) und finden, dass unsere Entropiemessungen im Kern unter den Vorhersagen der
Simulationen liegen. In der mittleren Region und den AuBlenbereichen stimmen unsere Messun-
gen gut mit den Vorhersagen der Magneticum-Simulationen iiberein. Unsere Messungen werden
genauere AGN-Feedback-Implementierungen in numerischen Simulationen ermdglichen. Zu-
kiinftige eROSITA-Surveys werden Entropiemessungen auf noch kiihlere IGrM-Temperaturen
ausdehnen und ermdglichen die Uberpriifung der AGN-Feedback-Implementierungen in diesem
Parameterraum. Abschliefend untersuchen wir in dieser Dissertation die Profile von thermo-
dynamischen Eigenschaften der von eROSITA selektierten Galaxiengruppen. Frithere Studien
deuten auf signifikante Unterschiede zwischen den Profilen der thermodynamischen Eigenschaf-
ten von Gruppen und Haufen hin, da Gruppen flachere Gravitationspotentiale haben und daher
empfindlicher auf nicht-gravitative Prozesse reagieren. In unserer Studie messen wir die Dichte-,
Temperatur-, Entropie- und Druckprofile von 1178 Galaxiengruppen mithilfe von eROSITA-
Beobachtungen. Die in dieser Studie verwendete Stichprobe ist identisch mit der unserer zweiten
Studie und hat daher eine gut definierte Selektionsfunktion. Wir erhalten genaue Eingrenzungen
fiir die durchschnittlichen skalierten thermodynamischen Profile von rontgenhellen Gruppen, in-
dem wir thermodynamische Profile mit den Vorhersagen des selbstihnlichen Modells normali-
sieren. Beim Vergleich der skalierten Profile mit fritheren Messungen von Haufen und Gruppen
stellen wir fest, dass die skalierten Dichteprofile von Gruppen signifikant unter den skalierten
Dichteprofilen von Haufen liegen. Unser Befund bestitigt frithere Studien, die darauf hindeuten,
dass Gruppen innerhalb von rsy. baryonenarm sind. Wir stellen auch fest, dass die skalierten
Entropieprofile von Gruppen bei allen Radien erheblich hoher sind als die von Haufen, was die
groBere Auswirkung von AGN auf das IGrM im Vergleich zum ICM unterstreicht. Wir verglei-
chen unsere Messungen mit den Vorhersagen aus strahlungsfreien hydrodynamischen Simulatio-
nen, die als Referenz dienen, und stellen fest, dass die nicht-gravitativen Prozesse die skalierten
Dichte- und Druckprofile von Gruppen verringern, wihrend sie die skalierten Entropie- und Tem-
peraturprofile erhohen. Dariiber hinaus wenden wir unsere Selektionsfunktion auf Simulationen
(Magneticum, MillenniumTNG) an, die verschiedene AGN-Feedback-Modelle enthalten, und
vergleichen unsere Ergebnisse mit deren Vorhersagen. Wir stellen fest, dass Magneticum unse-
re Messungen in den mittleren Radien und Auflenbereichen am besten reproduziert, wihrend
unsere Messungen im Kern besser mit MillenniumTNG iibereinstimmen. Wir stellen auBerdem
fest, dass unsere Entropiemessungen unter den Vorhersagen der Simulation im Kern und iiber
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deren Vorhersagen in den AuBlenbereichen liegen, was darauf hindeutet, dass die iiberschiissige
Entropie, die vom zentralen AGN im Kern eingefiihrt wird, in den aktuellen AGN-Feedback-
Implementierungen nicht effizient auf groere Radien iibertragen werden kann.



Xviii Zusammenfassung




Abstract

This thesis investigates non-gravitational astrophysical phenomena shaping the physical proper-
ties of galaxy clusters and groups. The impact of these processes is constrained by measuring
the physical properties of galaxy clusters and groups using X-ray observations of eROSITA. The
constraints are contextualized by comparing the eROSITA measurements with the predictions
of the simple spherical collapse scenario and the predictions of cosmological hydrodynamical
simulations. The results presented in this thesis provide a broad view of the population proper-
ties of galaxy clusters and groups and serve as a benchmark for unraveling the non-gravitational
mechanisms governing cosmic structures.

In this thesis, we first focus on the X-ray scaling relations of galaxy clusters and groups. We
calibrate seven X-ray scaling relations, accounting for selection effects and the halo mass func-
tion, using eROSITA observations of 265 galaxy clusters and groups detected in the eFEDS field.
The sample is obtained by applying selection procedures that are reproducible in eROSITA sim-
ulations such that the resulting sample has a well-defined selection function. A Bayesian frame-
work 1s employed to fit the relations, incorporating a custom selection function and a canonical
halo mass function to account for selection effects and the mass distribution of halos. Our re-
sults show significant deviations from the self-similar model, aligning well with simulations that
include prescriptions for non-gravitational mechanisms and recent studies considering selection
effects. Our findings suggest that non-gravitational processes significantly influence the physical
state of clusters and groups. Our study extends scaling relations to low-mass, low-luminosity
parameter space using eFEDS observations. It demonstrates eROSITA’s capability to measure
intracluster/intragroup medium emission out to rsyy. with survey-depth exposures and constrain
scaling relations across a broad mass-luminosity-redshift range.

Second, we focus on the effects of AGN feedback on the entropy and characteristic tempera-
ture of galaxy groups detected in SRG/eROSITA’s first All-Sky Survey (eRASS1). We analyze
eRASS:4 observations of 1178 galaxy groups from the eRASS1 galaxy clusters and groups cata-
log. We divide the sample into 271 subsamples based on the physical and statistical properties of
the groups and jointly analyze their X-ray observations following a Bayesian approach. Through
this procedure, we extract average thermodynamic properties, including electron number den-
sity, temperature, and entropy, at three characteristic radii (from cores to outskirts) as well as the
average integrated temperature within rsoo. for the 271 group bins. We achieve the tightest con-
straints with unparalleled statistical precision on the impact of AGN feedback by measuring the
average entropy and characteristic temperature of the largest group sample used in X-ray stud-
ies. We also quantify the impact of various systematics on our measurements and include their
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impact to their total error budget. We find that entropy increases with temperature following a
power-law relation at higher intra-group medium (IGrM) temperatures, while a slight flattening is
observed in cooler (7' < 1.44 keV) IGrM temperatures. We compare our results with cosmologi-
cal hydrodynamic simulations (MillenniumTNG, Magneticum, OWL), and find that our entropy
measurements at the core lie below the predictions of simulations. At mid-region and outskirts,
we find that our measurements align well with the predictions of the Magneticum simulations.
Our measurements will facilitate more accurate AGN feedback implementations in numerical
simulations. Future eROSITA surveys will extend entropy measurements to even cooler IGrM
temperatures, enabling the testing of AGN feedback implementations in this parameter space.

Lastly, in this thesis, we explore the thermodynamic property profiles of eROSITA-selected
galaxy groups. Previous studies suggest significant differences between the profiles of thermo-
dynamic properties of groups and clusters due to groups having shallower potential wells and,
therefore, being more sensitive to non-gravitational processes. In our study, we measure the
density, temperature, entropy, and pressure profiles of 1178 galaxy groups using eROSITA ob-
servations. The sample used in this study is identical to the one employed in our second study
and, therefore, has a well-defined selection function. We obtain tight constraints on the average
scaled thermodynamic profiles of X-ray bright groups by normalizing thermodynamic profiles
with the self-similar model predictions. Comparing scaled profiles with previous cluster and
group measurements, we find that the scaled density profiles of groups are significantly below
the scaled density profiles of clusters. Our finding confirms previous studies suggesting groups
to be baryon depleted within rsy.. We also find that the scaled entropy profiles of groups are
considerably higher than clusters at all radii, highlighting AGN’s more significant impact on the
IGrM compared to the ICM. We compare our measurements with predictions of the non-radiative
hydrodynamical simulations, which serve as baselines, and found that the non-gravitational pro-
cesses decrease groups’ scaled density and pressure profiles while increasing the scaled entropy
and temperature profiles. Furthermore, we apply our selection function to simulations (Mag-
neticum, MillenniumTNG) that include different AGN feedback models and compare our results
with their predictions. We find that Magneticum reproduces our measurements the best at the
intermediate radii and outskirts, while our measurements at the core agree better with Millenni-
umTNG. We further find that our entropy measurements lie below the predictions of simulation
at the core and above their prediction at the outskirts, suggesting the excess entropy introduced
by the central AGN at the core cannot be efficiently carried to larger radii in the current AGN
feedback implementations.



Chapter 1

Introduction

1.1 Galaxy Clusters and Groups

Charles Messier was among the first to notice the clustering of nebulae (at the time, the term
"nebulae" was used to describe extended objects in the sky, including galaxies). While cata-
loging extended objects in his search for comets, he found that the positions of nebulae are not
isotropically distributed in the sky(Messier, 1781). Around the same time, F. William Herschel,
aided by his sister Caroline Herschel, also noticed the clustering of nebulae while cataloging ob-
jects that exhibit diffuse emission during his investigation of double stars (Herschel, 1785, 1802).
In the 20th century, Edwin Hubble discovered that the (optical) light from the spiral and ellipti-
cal "nebulae" comes from stars, and hence, similar to the Milky Way, these nebulae are galaxies
(Hubble, 1926). This revealed the true nature of these objects and brought a new perspective for
understanding their physics. With a better understanding of the individual galaxies, astronomers
began to study the properties of the larger structures these galaxies form. Fritz Zwicky analyzed
velocity measurements of the galaxies in the Coma cluster (Hubble and Humason, 1931) and
found that the total mass of Coma, calculated from the velocity dispersion measurements of the
members via assuming virial equilibrium, is ~ 400! times larger than the sum of the masses
of the individual galaxies (Zwicky, 1933). Based on this, Zwicky postulated that to match the
orbital velocities of its member galaxies, clusters should host significant amount of "undetected"
matter, which he named Dunkle Materie (dark matter in English). A similar measurement carried
out by Sinclair Smith on the Virgo cluster confirmed the findings of Zwicky such that the total
mass predicted by the velocity dispersion measurements are ~ 200% times higher than the sum
of the masses of the galaxies (Smith, 1936). These measurements mark the first evidence that
galaxy clusters are not only aggregations of galaxies rotating around the common center of mass
but more massive and complex dark matter reservoirs with deep potential wells.

Efforts to catalog the objects in the optical sky continued during the rest of the 20th century.
George O. Abell performed a systematic search for nearby (z < 0.2) galaxy clusters that host

't is later shown by future work that employing updated values for Hy and stellar masses of galaxies result in a
reduction of the ratio, yet they found that the mismatch persists.
2See footnote 1.
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large numbers of member galaxies (>30) using photographic plates. As a result of these efforts,
he compiled a catalog containing most of the nearby galaxy clusters, which is still widely used
today (Abell, 1958; Abell et al., 1989). The knowledge of the physics of these objects signifi-
cantly changed once again with the discovery of the X-ray emission produced by the hot plasma
composing the intra-cluster medium (ICM). The detection of the brightest central galaxy of the
Virgo cluster (M87) by Byram et al. (1966) marks the first discovery of an X-ray source that
is linked with a galaxy cluster. Cavaliere et al. (1971) proposed that many of the extragalactic
X-ray sources are related to the emission from ICM and the independent detection of the X-ray
emission from Coma with the Uhuru satellite (Gursky et al., 1971; Kellogg et al., 1972) and an
Aerobee 150 rocket (Meekins et al., 1971) strengthened their hypothesis. Since the discovery of
the X-ray emission from clusters and groups, X-ray observations have proven to be one of the
most reliable ways to detect them, with tens of thousands of clusters having been detected over
the course of the history of X-ray astronomy (e.g., Bulbul et al., 2024).

The discovery of the hot plasma in galaxy clusters and groups in X-rays accounted for some
part of the missing mass in galaxy clusters. Nevertheless, it was soon understood that the hot
dilute gas in X-rays is not enough to explain the discrepancy. Therefore, the mismatch between
the total mass and the sum of baryonic mass remained. On the contrary, the detection of hot gas
in galaxy clusters and groups further proved that clusters and groups are required to have deep
potential wells. In fact, later studies confirmed that only ~ 10 — 20% of the mass in clusters is in
the form of baryonic matter, and the remaining ~ 80 — 90% is in the form of dark matter (Ettori,
2015; Lovisari et al., 2015; Chiu et al., 2018; Mantz et al., 2022).

The discovery of the hot plasma in galaxy clusters and groups brought a new perspective
to the physics of gaseous haloes and provided astronomers new grounds for detecting and in-
vestigating their physical properties. Sunyaev and Zeldovich (1970) proposed that the inverse
Compton scattering of low-energy cosmic microwave background (CMB) photons should leave
Doppler boosting imprints in the CMB spectrum as they pass through intra-cluster/group medium
(ICM/IGrM). This phenomenon is called the Sunyaev-Zel’dovich (SZ) effect (Sunyaev and Zel-
dovich, 1970, 1972), and it traces the integrated thermal gas pressure along the line of sight.
Since the proposal of this phenomenon, thousands of galaxy clusters have been detected through
the thermal SZ effect (e.g., Hilton et al., 2021).

Around the same time, Willson (1970) reported the discovery of the first extended radio
emission from clusters by analyzing the One-Mile Telescope observations of the Coma cluster.
This provided the first evidence of magnetic fields on large scales. Later studies revealed that
galaxy clusters and groups exhibit two types of extended radio emission: radio relics and radio
haloes. Radio relics are elongated polarised radio structures that are not associated with any
optical counterparts, and radio haloes are relatively faint polarized diffuse structures centered
around the peak of the X-ray emission from ICM/IGrM. Later studies also confirmed that the
radio emission originates from the interaction of the relativistic populations of electrons (also
known as cosmic ray electrons) with the magnetic fields in the ICM/IGrM (see van Weeren et al.,
2019, for an extensive review on the origin of the extended radio emission from clusters). In
2010, Finoguenov et al. (2010) provided the first evidence for the association between the radio
relics and X-ray shocks that confirmed the theory that the radio relics are manifestations of the
plasma getting (re-)accelerated by the ICM/IGrM shocks Ensslin et al. (1998). On the other side,
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Figure 1.1: A composite image of the SMACS 0723.3-7327 cluster using Chandra (X-ray) and
JWST (IR). The image is created by overlaying the Chandra image of the ICM (blue) over the
JWST image of the galaxies and stars (RGB). Credit: X-ray: NASA/CXC/SAO; IR (Webb):
NASA/ESA/CSA/STScl
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the radio haloes are thought to originate from the (re-)accelerated relativistic electrons by strong
turbulence in ICM/IGrM whose correlation with X-ray radio properties have been reported in
many studies (e.g. Liang et al., 2000; Govoni et al., 2001; Yuan et al., 2015; Pasini et al., 2022).

Einstein’s general theory of relativity (Einstein, 1916) predicts the direction of the light to
be changed as it passes through gravitational potential wells. Chwolson (1924) was the first to
publish on this effect, and 55 years later Walsh et al. (1979) discovered the first lensed object by
noticing a pair of quasars (09574561 A and B) showing remarkably similar features to each other.
They conclude that this may be due to the light from the quasar being lensed, such that we are
seeing two images of the same object at different sky positions. Owing to their large masses, two
of the most suitable objects to significantly bend the light are galaxy clusters and galaxy groups.
Through geometric reconstruction, the mass profiles of the gravitational lens can be inferred by
measuring the distortion of the shapes of the background objects. This provides a relatively
direct and robust way to measure the masses of galaxy clusters and groups, which otherwise is
very challenging due to the "dark" nature of the dark matter (Hoekstra et al., 2013). For galaxy
clusters and groups, two types of lensing are relevant: strong and weak lensing. The strong
lensing analysis is based on investigating multiple appearances or significant distortions of the
shapes of a few background objects close to the direction of the lens, whereas the weak lensing
analysis is based on statistical treatment of the small distortions of the shapes of background
galaxies in larger regions on the sky. Both of these techniques are used to determine the mass
profiles of galaxy clusters at different radial scales. The weak lensing technique is used more
often to investigate the mass profiles in population studies (e.g., Chiu et al., 2022; Grandis et al.,
2024b; Kleinebreil et al., 2024). This is because the applicability of the strong lensing technique
is limited to the clusters and groups able to reproduce significant distortions of the images of the
background objects close to the center of the lens. It is therefore used more often for the analysis
of individual objects or relatively smaller samples (e.g., Sand et al., 2002; Monna et al., 2017;
Mabhler et al., 2023).

A composite image of a galaxy cluster (SMACS 0723.3—7327) obtained by combining the
observations of the highest resolution X-ray and infrared telescopes is shown in Fig. 1.1. The
imprints of the three main components of galaxy clusters and groups (galaxies, ICM, and dark
matter) are evident in this image. The infrared (IR) emission from member galaxies is shown in
yellow, X-ray emission from ICM is shown in blue, and the infrared emission from the lensed
background galaxies, whose shapes are distorted by the dark matter potential well, is shown in or-
ange. Having remarkable multi-wavelength properties in X-ray, optical/infrared, microwave, and
radio bands, galaxy clusters and groups are widely used to investigate astrophysical phenomena
at large scales and the properties of the universe as a whole, e.g., cosmological studies.

1.1.1 X-ray Emitting Plasma

X-ray emitting hot gas makes up 10 — 20% of the mass in galaxy clusters and groups. Accord-
ing to the standard cosmological model, this gas is the end product of the surrounding bary-
onic matter accreting onto the largest density peaks in clumps of various sizes. Through the
accretion process, the gas first gets heated up by accretion shocks. Subsequently, it gets com-
pressed adiabatically and thermalized at electron number densities of n, ~ 10™* — 107 cm™
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(0 =~ 1072 — 107?" gr cm™®) and temperatures of k7 ~ 0.5 — 10 keV under the influence of the
evergrowing potential well (Kravtsov and Borgani, 2012). The hot gas predominantly consists
of hydrogen (H) and helium (He) ions, along with a minor proportion (<1%) of heavier elements
like iron (Fe). At these temperatures, most of the elements, except the heaviest ones, are fully
ionized.

Hot dilute plasma at these temperatures and densities shines brightly in X-rays through
four emission mechanisms: thermal bremsstrahlung (free-free), line emission (bound-bound),
recombination (free-bound), and two-photon emission (2q). Thermal bremsstrahlung, recom-
bination, and two-photon emission make up the spectral continuum, whereas the line emission
appears as spectral bumps at given energies over the continuum. The emission from the thermal
bremsstrahlung mechanism dominates the spectral continuum for gas at k7 > 1 keV such that
the contributions of the recombination and two-photon processes to the continuum are relatively
small. However, at kT < 1 keV, the contribution of the recombination process to the continuum
becomes non-negligible (see Fig. 6 in Boehringer and Werner, 2009).

Emission from the thermal bremsstrahlung mechanism arises from the electromagnetic inter-
action of the free electrons and the ionized nuclei in collisionally ionized optically thin plasma.
The emissivity of an electron in hot plasma scattered by an ion (X) with an effective charge Qy,,
at frequency v, can be formulated as

ff _ 32me ( 27\ 2 T 112 g=hvIKT 11
where m, is the electron mass, c is the speed of light, k is the Boltzman constant, g is the gaunt
factor, n. is the electron number density, ny; is the ion number density, 7 is the temperature
of the plasma and 4 is the Planck constant. The gaunt factor takes into account the quantum
mechanical corrections and the impact of distant scatterings as a function of the effective charge
of the ion, frequency, and temperature (Karzas and Latter, 1961). The temperature and frequency
dependence of the gaunt factor is relatively weak such that it slowly decreases with increasing
frequency and temperature (e.g., see Fig. 1 in Kellogg et al., 1975). It can be seen from Eq. 1.1
that at lower photon energies (hv << kT'), the emissivity scales with temperature as el o 7112
whereas, at higher energies (hv > kT'), the exponential term takes over and the emissivity drops
exponentially, €/ oc e™/¥T a5 a function of energy. The photon energy where the turnover takes
place (hv = kT) is called the cut-off energy and is used to determine the temperature of the
plasma. Eq. 1.1 can be further integrated over frequency to find the total power emitted by hot
plasma through thermal bremsstrahlung per unit volume as
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where g/ is the frequency averaged gaunt factor.
Recombination radiation is the second component of the spectral continuum and arises due to
the free electrons getting recaptured by the ions in the plasma. The emissivity of the free-bound
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recombination process for ion X at the j ionization state (X ), can be calculated as
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where the summation over [ goes over all energy levels of X, w,x;,, stands for the statistical
weight of the ground state of the ion undergoing recombination (X;,1), w;x; stands for the sta-
tistical weight of the /™ energy level of ion X;, a/ X, stands for the photoionization cross-section

of ion X; and y,x, is the ionization potential for the I"™ energy level of ion X; (Osterbrock, 1974;
Sarazin, 1986).

The third and last component of the spectral continuum is the emission from the two-photon
process. The radiation through this mechanism arises due to the electrons at the 2s metastable
states gradually transiting to the 1s state of hydrogen-like and helium-like ions. Direct transition
from the 2s state to the 1s state is forbidden due to the conservation of angular momentum.
However, in hot ICM/IGrM, these electrons can get collisionally excited to higher energy states
and gradually transit to the 1s state through non-forbidden transitions (Spitzer and Greenstein,
1951). The emission resulting from this process is called two-photon emission and contributes
to the overall spectral continuum from clusters and groups in relatively small amounts. The
emissivity of the two-photon decay of H I can be calculated as
npqé]s,Zp + nqus,Zp -
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where n, is the number density of protons, agfsf is the effective recombination coeflicient to the 2s
level, g, is the spectral distribution of H I, q’z’sazp and g5 ,, are the the collisional transition rates
and A, , is the transition probability of the two-photon decay (Osterbrock, 1974).

The last component of the ICM/IGrM spectra is the line emission. Line emission arises as a
result of an electron releasing energy while moving from a higher bound energy state to a lower
one. Bound energy states are quantized as a consequence of the discrete nature of quantum me-
chanics; hence, photons emitted through the line emission mechanism are at fixed energies. For
this reason, unlike the three components described above (thermal bremsstrahlung, recombina-
tion radiation, and two-photon process), photons emitted through the line emission mechanism
are not part of the spectral continuum. The electrons generating the line emission can be excited
to high energy states through various mechanisms: collisional excitation, inner shell ionization
(through collision or photoelectric effect), recombination (dielectric or radiative), or photon ab-
sorption. Among these mechanisms, collisional excitation stands out as the most important one
(Kaastra et al., 2008). The emissivity of collisionally excited (ce) line emission for an ion X; in
a hot plasma at the low electron density limit can be calculated as

el B 2 \?QnB
fei"?e(‘e)dv =— 5 @) vieny T2 AEIKT (1.5)
5] 4 7.(3 m k wgs,Xj J

where v is the frequency of the photon emitted during the transition, Q(7) is the collision
strength, B is the branching ratio, and AE is the energy difference between the ground and the
excitation level (Osterbrock, 1974; Sarazin, 1986).



1.1 Galaxy Clusters and Groups 7

10 g | | R
; Fe ]
[ S ]
- T Ar Ca . .
sl 1 1] Ca o [Fore
e L el ]
"o I ]
@
c
3 0.1
(&)
0.011

2 4 8
energy (keV)

Figure 1.2: X-ray spectrum of the hot gas (kT ~ 4 keV) at the core of the Perseus cluster
measured by Hitomi’s X-ray micro-calorimeter. Black data points represent the measurements,
the red line represents the modeled spectrum, and the grey line represents the contribution of
an AGN (NGC 1275) within the field of view to the total spectrum. Figure taken from Hitomi
Collaboration et al. (2017).
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The strength of the emission lines above the spectral continuum depends on the gas temper-
ature and the abundance of the metals responsible for creating these lines. It is often assumed
that metals in galaxy clusters and groups have abundance ratios close to the solar values. In fact,
this is confirmed by measuring the strength of the emission lines from the Perseus cluster with
the high-resolution X-ray micro-calorimeter onboard the Hitomi satellite (Hitomi Collaboration
et al., 2017; Simionescu et al., 2019). The Hitomi spectrum of the core of Perseus exhibiting
a large variety of emission lines from different elements is shown in Fig. 1.2. In general, there
is a broad agreement that the metallicity® of galaxy clusters and groups is at the Z ~ 0.3 Z,
level outside the core region (r > 0.2rs00.) and gradually increases to the levels of Z ~ 0.7 Z,
within the core region (r < 0.2rs500.) (see Fig. 4 in Gastaldello et al., 2021, and the references
therein). Some of the strongest lines from clusters residing at the high-temperature parame-
ter space (kT > 2 keV) can be listed as iron-K (Fe-K) lines at ~ 6.7 keV, sulfur (S) lines at
~ 2.5 keV, silicon (Si) lines at ~ 1.85 keV, magnesium (Mg) lines at ~ 1.4 keV, iron-L (Fe-L)
complex at ~ 0.7 — 1.2 keV and oxygen (O) lines at ~ 0.65 keV. The strongest lines residing
above 1.8 keV can easily be seen in the Hitomi spectrum of the hot gas (kT' ~ 4 keV) at the core
of Perseus cluster in Fig. 1.2. In the lower-temperature parameter space (k7" < 2 keV), fewer of
the metals in the intra-group medium can get fully ionized; therefore, the strength of emission
from these ions, hence their contribution to the total flux, increases. Through this dependence,
the relative strengths of emission lines can be used to trace the temperature of the ICM/IGrM.

The total emissivity of clusters and groups is the sum of the emissivities of the four emission
processes described above; therefore, can be written as

6 =€l +el’+ e+ (1.6)

where the first three are responsible for the spectral continuum, and the last one is the emissivity
of the bound-bound line emission mechanism. One can notice that all four emission mechanisms
are proportional to the number density of electrons (n.) and the number density of the ions (ny,).
Hence, the total emissivity of an emission mechanism from a collisionally ionized hot gas can be
obtained by summing over the ions, X, and ionization states, j.

S €fb 2q line
nx \ (€ + €’ + e+ e
ey=nenp2("—x)(ﬁ)( e ”] (1.7)

X, np ny I’LeI’LXj

where the first term in the sum is the ratio between the number density of element X and the
number density of proton/hydrogen, and the second term is the ionization fraction, f(X;,T) =
nx;(T)/nx. The result of the summation is called the cooling function, Ay, and it is a function of
frequency (v), temperature (7") and metallicity (Z). Hence, the total emissivity of galaxy clusters
and groups can be written as

dE

€ = ——F

" dtdVdy
Furthermore, emissivity can be further integrated over v at a given band, vy — v; such that the
total energy emitted per unit time from a unit volume of collisionally-ionized diffuse plasma, can

= nenyAep (T, Z). (1.8)

3Metallicity is defined as the abundance of elements heavier than helium
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be calculated as
V1 dE
€o—v = . EVdV = m = l’leI’LpAep(T, Z) (19)

where A¢y(T, Z) is the band-averaged cooling function expressed in units of erg s™' ¢cm? in the cgs
(centimeter-gram-second) system. Lastly, the surface brightness of galaxy clusters and groups at
a given band can be calculated by integrating the power emitted per unit volume (e,,,,) along
the line of sight as

SX = m fnenpAepdl. (110)
One should note that the (1+z)* term above should be replaced with (1+z)* when S y is calculated
in detector units (cnts s™! cm™2 arcsec™2).

Two spectral fitting codes that are often used to extract spectral information from clusters
and groups are Xspec (Arnaud, 1996) and SPEX (Kaastra et al., 1996, 2020). The biggest dif-
ference between these two codes is that they use different atomic codes and tables. Xspec uses
the AtomDB atomic database (Foster et al., 2012) to calculate the APEC (Astrophysical Plasma
Emission Code) model, an updated version of the Raymond-Smith model (Raymond and Smith,
1977; Smith et al., 2001), for collisionally-ionized diffuse plasmas whereas SPEX uses the SPEX-
ACT atomic database to calculate the CIE (Collisional Ionisation Equilibrium model), an updated
version of the MEKAL model (Mewe et al., 1985, 1986; Liedahl et al., 1995). Both APEC
and CIE models include the contribution from the four emission mechanisms described above,
whereas different atomic code implementations and the use of different atomic databases result
in some differences. Initially, the difference between the two models was relatively significant;
hence, they could lead to different conclusions about the emission from the plasma (e.g., Kim,
2012). The codes calculating these models, as well as the atomic tables used by these codes,
have been significantly updated since they were first introduced. Over time, the spectral mod-
els produced by the two codes with the same input have shown a converging trend. The current
versions of APEC and CIE models using the latest atomic databases, AtomDB v3.0.9 and SPEX-
ACT v3.8.0, are in relatively good agreement (e.g., see Fig. 1 in Gastaldello et al., 2021, for the
evolution of the Fe-L complex produced by using APEC and CIE models). Although abundance
measurements of individual elements can exhibit discrepancies (e.g., up to ~ 20% level for Fe
for plasma at kT < 2 keV with XMM-Newton), the temperature measurements obtained from
the two codes agree relatively well (Mernier et al., 2020). Throughout this thesis, the relative
abundances of elements are fixed to the solar metal abundance ratio measurements presented in
Asplund et al. (2009), and the temperature of galaxy clusters and groups are measured by fitting
X-ray spectra using the APEC model in Xspec that uses the AtomDB atomic database. Given the
good agreement between the temperature measurements with the two plasma codes, the choice
of a particular code has negligible impact on our findings. The photon flux model (APEC) of
collisionally ionized optically thin plasma for gas having a metallicity Z = 0.3Z, at a redshift
z = 0, having an APEC normalization % f nenydV = 1 and at various temperatures is
shown in Fig. 1.3. The photon flux model of thermal bremsstrahlung emission from the same
plasma is also plotted for reference using the BREMSS model in Xspec. It can be seen that,
at all temperatures, emission from the thermal bremsstrahlung mechanism is responsible for the
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Figure 1.3: Photon fluxes from collisionally-ionized hot plasma as a function of photon energy.
Fluxes are calculated using APEC and BREMSS models implemented in Xspec assuming a
metallicity of 0.3Z;, an APEC normalization of one at a redshift of 0 and at various temperatures.
The temperature of the plasma is shown by the color of the lines where red corresponds to
the lowest temperature (k7" = 0.25), and purple corresponds to the hottest temperature (k7' =
10). Solid lines represent the overall emission from the plasma calculated by using the APEC
model, and the dashed lines represent the contribution of the thermal bremsstrahlung component
calculated by using the BREMSS model.
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overall shape of the spectral continuum. Furthermore, it can be noticed that, as the temperature
of the plasma increases, the gas becomes almost fully ionized; hence the APEC model matches
very well with the BREMSS model. At lower temperatures, as the ionization fractions of metals
decreases, contributions from both the line emission and other emission mechanisms involving
metals (recombination radiation and two-photon process) become more significant.

In practice, the observed ICM/IGrM spectrum looks different than the photon flux model
shown in Fig. 1.3 due to various observational factors. First of all, observations are made with an
X-ray telescope (e.g., with eROSITA Predehl et al., 2021) that has finite energy resolution and
sensitivity that is a function of photon energy (see Sect. 1.5 for more details on X-ray instruments,
particularly eROSITA). This can be taken into account while analyzing X-ray observations by
folding in the instrumental response before comparing it with the observed spectra. Further-
more, the observed clusters and groups are not at a redshift of 0, and the X-rays emitted by
ICM/IGrM pass through absorbing material in the interstellar medium (ISM) of our own Galaxy
before reaching the telescope. The former results in the source spectra being redshifted, and the
latter results in some parts of the spectra being suppressed by the absorbing material. During
spectral analysis, redshifting of the spectra can be corrected by a procedure called "K correction”
(Hogg et al., 2002), and absorption of X-rays by the Milky Way can be accounted for by using
absorption models such as TBABS (Wilms et al., 2000b). In addition, the source spectra from
galaxy clusters and groups may not look as "clean" as in Fig.1.3 given that there are various back-
ground and foreground components, such as the galactic foreground (e.g., Bulbul et al., 2012;
Ponti et al., 2023), the local hot bubble (e.g., Yeung et al., 2023), the cosmic X-ray background
(due to unresolved X-ray sources; e.g., Cappelluti et al., 2017) and the detector background (due
to cosmic rays depositing energy in the X-ray detectors; also referred as the particle background
or non-X-ray background, NXB) superimposed with the spectra of the hot plasma. During the
spectral analysis, these components can be accounted for by either subtracting or co-fitting spec-
tra extracted near the source region (local background spectra). Lastly, the hot gas in galaxy
clusters and groups often is not at a single temperature but is made up of plasma at different
temperatures. This can be accounted for during the spectral analysis by using a plasma emission
model that includes a distribution of temperatures, such as GaDEM*. Nevertheless, obtaining ro-
bust fits to these multi-temperature models requires deep, high-quality data, which are often not
available. Another alternative to this is splitting clusters or groups into smaller regions where the
temperature can be assumed to vary less and deprojecting temperature profiles through deprojec-
tion schemes calibrated through simulations (e.g., Mazzotta et al., 2004; ZuHone et al., 2023).
However, this technique also requires deep observations; hence, it is observationally expensive.
For these reasons, when moderate signal-to-noise observations are available for galaxy clusters
and groups, the spectra are often fitted with a single-temperature plasma model (e.g., Liu et al.,
2022a; Bulbul et al., 2024).

4https ://heasarc.gsfc.nasa.gov/xanadu/xspec/manual/XSmodelGadem.html
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1.1.2 Physical Properties of Clusters and Groups as a Function of Radius

In the previous section, it was shown that the strength of the emission from the hot plasma in
galaxy clusters and groups depends on several physical properties: the density of electrons (n.),
the density of protons (7,), and the cooling function A, (T, Z) (see Eq. 1.9). These properties
vary as a function of radius as a consequence of the underlying dark matter potential well and
other non-gravitational effects such as active galactic nuclei (AGN) feedback. It is crucial to
investigate the radial dependence of the physical properties of galaxy clusters and groups to
achieve a comprehensive understanding of the physical state of the cluster or group. For this
purpose, analytical models are often used to model the physical properties of galaxy clusters and
groups as a function of radius.

Dark matter mass and baryonic mass stand out as perhaps the most frequently utilized phys-
ical attributes of galaxy clusters and groups. Their measurements are not only of astrophysical
interest but also hold significant importance for cosmology studies, given the close relation be-
tween the mass distribution of haloes and cosmology (Allen et al., 2011).

A commonly used analytical formulation for the dark matter distribution of galaxy clusters
and groups is obtained by Julio Navarro, Carlos Frenk, and Simon White using N-body simula-
tions of dark matter particles. They found that the shape of the dark matter density profiles shows
remarkable similarity in a wide mass and cosmology range. The analytical formula they came
up with is called Navarro-Frenk-White (NFW) profile (Navarro et al., 1996, 1997) and is given
by
Lo

2
£
where py is the normalization of the profile and r, is the scale radius. The model can also be

equivalently expressed by two other parameters often used in the literature, halo mass (M,) and
concentration (c,), by replacing r, with

pom(r) = (1.11)

ro= 2 (1.12)
CA

and py with
M,y 1

47r(r—A)3 In(l +ca) = 7oy

CA

(1.13)

Po =

where the term r, in the equations above is defined as the radii within which the average density
of the halo becomes A times the critical density of the universe (o.°) and is related to M, as

4 4
My =A pcgﬂ'rz =A pC’OE(z)zgn'rz. (1.14)

In the equation above, p. is defined as the critical density at a redshift of zero, p.o = p.(z = 0),
and E(z) is defined as E(z) = H(z)/H, where H is the Hubble constant.

3The critical density of the universe is defined as p. = 3H?(z)/(8nG) where H(z) is the Hubble parameter and G
is the gravitational constant.
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X-ray and optical observations later independently confirmed that the dark matter density
of galaxy clusters and groups follow an NFW profile (e.g., Pointecouteau et al., 2005; Okabe
et al., 2013). There are extensions to the NFW profile in the literature that provide more degrees
of freedom, including a more generalized version of the NFW profile (gNFW) or the Einasto
(1965) profile. Nevertheless, to date, the canonical NFW is still being widely used (e.g., Chiu
et al., 2022; Grandis et al., 2024b).

Similar to the dark matter density profiles, galaxy clusters and groups exhibit remarkably
similar baryonic matter/gas density profiles. A simple yet very versatile analytical formula for
the gas density profile is the 8 profile (Cavaliere and Fusco-Femiano, 1976). The g profile is

formulated as
, 2\—3B/2
Pgas = pO(l + (_) ) (1.15)

c

where p( is the normalization, r, is the core radius and g is a free parameter for the exponent.
The analytical form of the profile is motivated by the density distribution that arises from solving
the hydrostatic equilibrium equation with the following assumptions: the hot gas in galaxy clus-
ters and groups is isothermal and is in hydrostatic equilibrium, the typical atomic velocities are
similar to the velocities of the galaxies in galaxy clusters and groups (o2 ~ kT /umy,, where o, is
the velocity dispersion of galaxies and u is the mean molecular weight) and that the King (1962)
approximation holds for the density profile of galaxies. Once the hydrostatic equilibrium equa-
tion is solved with these assumptions, the analytical formula provided in Eq. 1.15 is obtained
where B = um,o?/kT (see Sarazin, 1986, for the full derivation). Furthermore, using the fact
that pg.s = nepem,, where 1 is the mean molecular weight per electron, Eq. 1.15 can be rewritten

for electron number density as
2\ ¥
ne:n0(1+(—) ) . (1.16)
rC

It is well-established in the literature that the gas in galaxy clusters and groups is neither
isothermal nor fully in hydrostatic equilibrium (e.g., see Lau et al., 2009; Ghirardini et al., 2019).
For these reasons, the 8 profile proves to be insufficient for adequately describing the density
profiles of galaxy clusters and groups throughout the entire radial range. Nevertheless, using the
[ profile for modeling the emission from galaxy clusters and groups at a given band has various
advantages, even though it fails to describe the density profile with high precision. Perhaps the
greatest advantage it has over more complicated models is the fact that the surface brightness
profile of the ICM/IGrM from a gas following the S model can also be expressed analytically.
The analytical form of the surface brightness profile of the gas following the 8 model is obtained
as follows.

The surface brightness of hot gas with an arbitrary gas distribution is calculated by integrating
the emission along the line of sight by following Eq. 1.10. The n, term in Eq. 1.10 can be written
in terms of n. as
He

R (1.17)
Hp

n,=n
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where u;, is the mean molecular weight per proton. Using this, the Eq. 1.10 can be rewritten as

1 He )
Sy=——Fe | 2A,dl. 1.18
X 47r(1+Z)4,upfn° p (1.18)

Furthermore, by assuming the band averaged cooling function does not depend on radius (e.g.,
for an isothermal gas), substituting n. with the analytical form of the 8 model (Eq. 1.16) and
applying a change of variable (dl = dr?/2 Vr? — b?), the surface brightness of the gas can be

expanded as
1 u « P\ 1
Sx = —————A,n; 1+|— ——dr’ 1.19
X 471_(1 +Z)4/lp Pnofb; ( (rc) ) r2_b2 r ( )

where b is the projected radius from the center of the cluster or group. The solution to the integral
on the right is presented in Gradshteyn and Ryzhik (1980, equation 2 of 3.196), using which the
surface brightness profile can be written as

~3B+0.5

b\2
Sx = So(l +(r_) ) (1.20)

_ I e
Ar(1 + 24 pp
and B is the beta function® that forces 8 > 1/6 (Ettori, 2000). Given that the surface brightness
profile resulting from the S density profile can be written in an analytical form, it is relatively
easy to deproject emission from galaxy clusters and groups to measure their density profiles by
assuming the distribution of the gas follows the 5 profile.

However, the g profile fails to accurately represent the shapes of the density profiles of many
galaxy clusters and groups due to its low degree of freedom. For this reason, in most science
cases, more complex density profiles are often preferred. After the S model, one of the most
commonly used profiles with a higher degree of freedom is the Vikhlinin profile (Vikhlinin et al.,
2006). Its functional form is obtained by applying substantial modifications to the S model.
These modifications are motivated by the observed cuspiness at the cores and the steeper profiles
observed at larger radii (r > 0.3ry00.). The square of the Vikhlinin electron number density
profile presented in Vikhlinin et al. (2006) can be written as

- 2 3 2\ 362
ng(r) = n(2) (L) [1 + (L) } (1 + (L) ) + np2 (1 + (L) ) . (1.22)
v v rg )

The right-most additive § model term is added by Vikhlinin et al. (2006) to provide extra degrees
of freedom to model the emission from the cores of galaxy clusters and groups. However, for
most studies, the signal-to-noise and/or resolution are not enough to fit this many free parameters.
Therefore, it is common to drop the extra 8 model, after which the expression becomes

where S is

So AepngreB(3B - 0.5,0.5) (1.21)

-3B+a/2 —€/3

3

—a o\ —3B+a/2 3\ €/
n(r) = ng(ri) (1 +(r1) ] (1 + (ri) ) . (1.23)

5The beta function is defined as B(a, b) = % and the gamma function (I') is defined as I'(y) = fooo X e *dx
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The formula above without the extra 8 term is called the modified Vikhlinin profile and is per-
haps the most common form of the Vikhlinin profile used in the literature (e.g., Maughan et al.,
2008; McDonald et al., 2013; Ghirardini et al., 2019, 2021). In this formulation, the first two
multiplicative terms (after the normalization) describe the core and the intermediate regions, and
the third multiplicative term describes the outskirts of the clusters and groups. If needed, the
model can be further simplified by dropping one of the radius parameters as ry = r., such as
been done in Liu et al. (2022a). The disadvantage of the modified Vikhlinin profile compared
to the B profile is that the surface brightness profile of a gas following the Vikhlinin profile does
not have an analytical form. Hence, to de-project the emission, the Vikhlinin profile is required
to be integrated numerically. This, especially, adds considerable computation time when fitting
X-ray images through the forward modeling approach. Nevertheless, thanks to the advancements
in algorithmic optimization, code parallelization, and central processing unit (CPU) efficiency,
calculating the projection integral numerically to fit X-ray images with the modified Vikhlinin
profile remains feasible.

Throughout this thesis, the modified Vikhlinin profile is used to model and deproject the
electron density profiles of galaxy clusters and groups, given its ability to accurately model the
surface brightness emission from ICM/IGrM at large radii (Vikhlinin et al., 2006).

1.2 Scaling Relations

Scaling relations are mathematical expressions connecting the physical properties of gaseous
haloes at different mass scales and redshifts. Given the connection they form between haloes in
different evolutionary states, they are crucial tools for understanding the evolution of the large-
scale structure. The exact form of these relations depends on two things: non-gravitational
processes (e.g., AGN feedback, stellar feedback, galactic winds, and radiative cooling) and cos-
mology (e.g., cosmological model and its parameters).

Scaling relations are versatile tools and of interest in various astrophysical and cosmological
studies. Two broad science themes stand out in studies utilizing scaling relations: (i) Quantifying
the impact of non-gravitational physics in galaxy clusters and groups (e.g., Puchwein et al.,
2008; Lovisari et al., 2015; Giles et al., 2016), and (i1) constraining cosmological properties of
the universe by constructing the mass distribution of galaxy clusters (e.g., Mantz et al., 2015;
Bocquet et al., 2019, 2024; Ghirardini et al., 2024).

In addition, well-calibrated scaling relations provide means to estimate physical properties
that are observationally more challenging and/or expensive to measure (such as total mass or
temperature) from observables that are easier to obtain, for instance, X-ray luminosity (e.g.,
Mantz et al., 2016; Bulbul et al., 2019; Chiu et al., 2022; Grandis et al., 2024b). This aspect of
scaling relations is frequently used in galaxy cluster and group science, given that observational
resources are often limited.

Kaiser (1986) derived simple forms of these relations by making three key assumptions: (i)
Gaseous haloes are formed by the peaks in the initial density field collapsing under the influence
of gravity in an Einstein—de Sitter Universe (€, = 1 and Q, = 0), (ii) the power spectrum of
the density fluctuations can be expressed as a power-law, and (iii) additional scales are not intro-
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duced by the astrophysical mechanisms governing the physical properties of the halo. In such
conditions, the gravitational collapse, as well as the resulting haloes, are scale-free (Kravtsov
and Borgani, 2012). The model encapsulating the aforementioned assumptions and their con-
sequences is called the Kaiser model (or the self-similar model), and the resulting relations are
called self-similar scaling relations.

1.2.1 Self-similar Model

The Kaiser model predicts that the clusters forming via the scale-free collapse of the initial
density peaks are "self-similar" (see Bohringer et al., 2012, for a review on the self-similarity of
galaxy clusters). This implies that galaxy clusters at different masses and redshifts are simply
scaled versions of each other such that their physical properties are connected to each other with
appropriate mass and redshift scaling (Lovisari and Maughan, 2022).

In this section, the mass and redshift dependence of the self-similar scaling relations and their
derivations are presented for seven observables: gas mass (M), temperature (T), bolometric X-
ray luminosity (Lye), soft-band X-ray luminosity (Lx), Yx, entropy (S') and pressure (P).

In addition to the three key assumptions of the Kaiser model mentioned in the last paragraph
of the previous section, Kaiser assumed that clusters are spherically symmetric and the gas within
the haloes is in hydrostatic equilibrium (Kaiser, 1986; Kravtsov and Borgani, 2012). Given these
assumptions, the gas mass of the halo can be calculated out to an overdensity radius r, as

A
Mgy, = 47r,umpf ner*dr = M foas o< My (1.24)
0

where fq, 1s the gas mass fraction within r,. In the final proportionality, f..s is omitted based
on the assumption in the Kaiser model that f,,s is independent of both z and M, (Giodini et al.,
2013).

Furthermore, the hydrostatic equilibrium equation of the gas compressed and heated under
the influence of the dark matter potential well can be written as (Sarazin, 1986)

dP GM(<r)

E = —Pg8 = —Pg 2

(1.25)

where g is the gravitational acceleration and G is the gravitational constant. Using the ideal gas
law, P = nkT = p kT [um,, the equation above can be rewritten as

M(<r)=- (1.26)

kT dlnpg+dlnT
dinr  dinr )"

Gum,

If the gas is assumed to be isothermal, its temperature would be constant at all radii such that
dInTd/Inr = 0. Hence, the equation above can be simpified as

kT dlnp,

M =— .
(<) Gumy, dlinr )

(1.27)
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Furthermore, the p, term can be substituted with 8 density profile (Eq. 1.16), from which the
relation between the mass and temperature can be calculated as

_ 3BkTr (r/r.)?

MSD = G T+

(1.28)

Note that at large radii (r >> r.), the equation approaches M(< r) = 3BkTr/Gum, which is
equal to the mass temperature relation of a self-gravitating singular isothermal sphere (SIS), as
long as B = 2/3 (Shapiro et al., 1999; Voit, 2005). For both the gas distributed as prescribed by
the 8 model and the SIS, the relation between temperature, mass, and radius at large radii can be
expressed as

T oc M(<n)/r. (1.29)

It should be further noted that the same relation can be obtained by assuming the isothermal
gas is in virial equilibrium (e.g., see Lovisari et al., 2020). At an overdensity radius r,, the r
and M(< r) terms in the equation above can be substituted using Eq. 1.14 such that the relation
between T', My, z and A becomes

T o« My E(@)*PA'. (1.30)

The bolometric X-ray luminosity (L) is defined as the energy emitted per unit of time across
the bolometric X-ray band (0.01 — 100 keV). It can be calculated by integrating €y01_10o kev ' OVEr
the volume as

Lbol:feo.()l—lOO kevdefnZ,A‘gg‘dV (1.31)

where A'ggl is the band averaged cooling function for the bolometric X-ray band. Assuming
thermal bremsstrahlung dominates the emission from the collisionally ionized hot plasma (see
Sect. 1.1.1), Ly, within r, can be rewritten using Eq. 1.2 as

Lo fngT”zdv oc paT'2ry o« Mo, T'?r>. (1.32)

gas

The relation can be further simplified by substituting ra using Eq. 1.14 and M,,, using Eq. 1.24
such that the M, z and A dependence of Ly, becomes

Ly < MyPE(z)"PATC. (1.33)

Similarly, the soft-band X-ray luminosity (Lx) in the canonical soft X-ray band (0.5 -2 keV)
can be written as

Lx = f €0.5-2 kevdV o f naALdV. (1.34)

where Affp is the band averaged cooling function for the 0.5 — 2 keV band. As long as the ICM
is sufficiently hot (k7" > 2keV), the band averaged cooling function is insensitive to 7 in the soft

’See Eq. 1.9 for the definition of €,,_,,
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X-ray band (Eckert et al., 2016; Lovisari et al., 2021) therefore, the relation for Ly can be written
as
Ly o< para o My s> (1.35)

gas

Lastly, by substituting r, and M,,, using Eqs. 1.14 and 1.24, the relation between Ly, My, z and
A can be written as
Ly o« MAE(2)*A. (1.36)

Kravtsov et al. (2006) introduced the parameter Yy as a proxy for the total thermal energy of
the ICM. It is defined as Yx = M, T such that M,, is proportional to the number of particles
in the system and 7 is proportional to the average kinetic energy; therefore, their multiplication
is proportional to the total thermal energy of the gas. It is inspired by the Sunyaev Zel’dovich
(S8Z) observable Compton-y parameter (Ysz), and similar to that, it is a low scatter mass indicator
(Kravtsov et al., 2006). Employing the definition introduced above and using the Eqs. 1.24 and
1.30, the My, z and A dependence of Yy can be written as

Yx o My, T o< MYPE(R)*PAY3. (1.37)

Another useful quantity for studying the hot gas in galaxy clusters and groups is entropy S.
It depends on the structure of ICM/IGrM and is closely connected to the thermodynamic history
(Voit, 2005). It is defined as S = kT/ng/ 3 and the My, z and A dependence of it can be derived
using Eqgs. 1.14, 1.24 and 1.30 as

S = kTn?P o Tpgal® o« TMry o MY E(R)2PA™'7. (1.38)

Lastly, pressure is a key thermodynamic quantity that prevents the gas from collapsing under
the deep dark matter potential well. To first order, clusters are in hydrostatic equilibrium. Hence,
the pressure of the hot gas is tightly connected to the mass distribution of the halo via the hydro-
static equilibrium equation (see Eq. 1.25). Pressure of ICM/IGrM is defined as P = n.kT and the
M, z and A dependence of it can be derived by using Egs. 1.14, 1.24 and 1.30 as

P = nkT o Tpgs o« TMgry® o« My E(2)8? A%, (1.39)

1.2.2 Deviations from Self-similarity in Observations

Testing the predictions of the self-similar model with the observations of galaxy clusters and
groups is essential for advancing our understanding of the complex baryonic physics governing
gaseous halos. Achieving a better understanding of the scaling relations is also key for using
galaxy clusters and groups as cosmological probes (Allen et al., 2011). In this subsection, we
present observational evidence of the deviations from the self-similar model. The observational
results presented in this section are selected based on their relevance to this thesis, with the goal
of laying the groundwork for the studies presented in the following Chapters. Furthermore, the
theoretical perspective on the deviations of galaxy clusters and groups from self-similarity is
presented and discussed in the next subsection.
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The L — T relation, which connects X-ray luminosity and temperature of galaxy clusters
and groups, is both the first and most extensively studied scaling relation (e.g., Mitchell et al.,
1977, 1979; Mushotzky, 1984; Pratt et al., 2009; Maughan et al., 2012; Lovisari et al., 2015;
Giles et al., 2016; Molham et al., 2020). This is due to the fact that both of these observables
can be obtained almost independently from the X-ray observations (Giodini et al., 2013). When
Kaiser (1986) formulated self-similar relations, there were already indications from early studies
(Mitchell et al., 1977, 1979) that the observed L — T relation has a steeper slope than the one
predicted by the self-similar model (the self-similar model predicts a slope of 2 for the L, — T
relation and a slope of 3/2 for the Ly — T relation). Subsequent studies confirmed indications
of a steep L — T relation and got to a consensus of a slope of ~ 3 for the L;,; — T relation and
a slope of ~ 2.5 for the Ly — T relation (Giodini et al., 2013). The temperature of the gas in
galaxy clusters and groups is a good proxy of the underlying potential well (e.g., see Borgani
et al., 2002) whereas, L is highly sensitive to non-gravitational feedback mechanisms as it has
a strong dependence on the density of the gas, L o n? (see Sect. 1.3 for details on the feedback
processes). Therefore, the significant mismatch between the observed slope of the L — T relation
with the prediction of the self-similar model indicates that the non-gravitational mechanisms,
such as AGN feedback, impact the gas distribution of galaxy groups differently than the gas
distribution of clusters (Donahue and Voit, 2022).

Similar to the L—T relation, the S —T relation also provides valuable insights into the heating
and cooling history of the halo. Entropy is a direct tracer of the feedback (Voit, 2005); hence,
studying the § — T relation allows constraining the feedback mechanisms acting on galaxy clus-
ters and groups. Ponman et al. (1999) investigated this relation in their pioneering study and
found excess entropy compared to the similarity relation (obtained from non-radiative hydro-
dynamic simulations) for haloes at the low-temperature/low-mass parameter space. Subsequent
research, which employed a more accurate analysis that moved beyond isothermality assump-
tions and investigated the temperature of the ICM/IGrM as a function of radius, confirmed the
excess entropy (Mahdavi et al., 2005; Finoguenov et al., 2007). Around the same time, Johnson
et al. (2009) and Sun et al. (2009) investigated the S — T relation for groups and concluded that
the entropy excess is more prominent in galaxy groups compared to clusters. Sun et al. (2009)
also investigated the radial dependence of the § — T relation and found that the agreement be-
tween observations and the self-similar haloes in non-radiative hydrodynamic simulations (Voit,
2005) improves as the measurement radii increases. This is also in agreement with the findings
of Pratt et al. (2009) for galaxy clusters. Lastly, Panagoulia et al. (2014) investigated nearby
galaxy clusters and groups and found that the shape of the entropy profiles of massive haloes can
be described well with a broken power law.

As shown above for the L — T and S — T relations, there are numerous observational studies
in the literature indicating scaling relations of galaxy clusters and groups deviate from the self-
similar predictions (e.g., Pratt et al., 2009; Lovisari et al., 2015; Giles et al., 2016; Bulbul et al.,
2019; Chiu et al., 2022). These deviations are attributed to the departures from the simplistic
assumptions inherent in the Kaiser model. While many studies report these deviations, some
studies find that high-mass galaxy clusters exhibit results consistent with self-similarity (e.g.,
Mantz et al., 2016; McDonald et al., 2017). Regardless of how representative the self-similar
model is, it holds significance as it provides a baseline for comparing the observed scaling rela-
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tions and quantifying the impact of non-gravitational processes.

Given the impact of non-gravitational processes on the properties of gaseous haloes is yet not
fully constrained, scaling relations are required to be calibrated using observations to get their
true form and dependencies. Scaling relations cannot be calibrated by directly fitting power-
law models to the measurements due to observational biases (Lovisari and Maughan, 2022).
Robust calibration of the scaling relations can only be obtained by fully taking into account the
selection effects and the mass function, as in recent studies (Mantz et al., 2016; Giles et al.,
2016). A detailed prescription of the calibration process of the X-ray scaling relations by taking
into account the selection effects and the mass function is presented in Chapter 2.

1.2.3 Deviations from Self-similarity from the Theoretical Perspective

The self-similar model predicts power-law scaling relations. The form and the relations are
a consequence of the set of assumptions of the Kaiser (1986) model. In this subsection, the
validity of the list of assumptions of the Kaiser model will be examined, and the consequences
of deviations from these assumptions on the scaling relations will be discussed.

One of the first assumptions made to derive self-similar relations is that, even though the
normalizations of the T and pg, profiles scale with mass (M), their shape is independent of
M (Kravtsov and Borgani, 2012). This assumption is used to derive self-similar relations for
Mg, and T (Eqgs. 1.24 and 1.30) however, numerical simulations have shown that even in purely
self-similar models, the shape of the matter density profile, p(r) has a mass dependence (e.g.
the concentration mass relation in Navarro et al., 1997). Furthermore, the same simulations
also have shown that the mass dependence of the shape of p differs in various cosmologies.
According to the latest cosmology constraints obtained by combining the eROSITA and Planck
results, our universe can be described well with a Lambda Cold Dark Matter (ACDM) model with
Qp =0.68, Q,, = 0.32 and og = 0.82 (Planck Collaboration et al., 2020; Ghirardini et al., 2024).
This is very different than the simple Einstein-de Sitter model (Q, = 0 and Q,, = 1) assumed
in the Kaiser (1986) model. Therefore, even in the case of simple spherical collapse (without
any non-gravitational physics), the shapes of the T" and pg,, profiles being mass dependent, as
well as this dependence not being the same for ACDM and Einstein-de Sitter cosmologies, poses
challenges to the self-similar relations.

Besides assuming the shapes of the profiles to be independent of halo mass and cosmology,
Kaiser (1986) assumed scaling relations to be purely shaped by gravity and thermodynamics. In
the self-similar model, non-gravitational astrophysical phenomena are assumed to be negligible;
therefore, their impact on the scaling relations is ignored. Nevertheless, clusters and groups are
subject to various astrophysical phenomena that have a non-negligible impact on these relations
throughout their formation and evolution (e.g., see Sect. 1.3). In general, the non-gravitational
phenomena have two effects on the scaling relations: they alter the relation and add scatter.
One would notice that the self-similar relations presented in the previous section are in the form
of power law proportionalities, whereas, considering the diverse nature of these objects, some
scatter is expected between observables. A significant proportion of this scatter comes from the
sum of the impact of non-gravitational phenomena on the properties of ICM/IGrM.

It has been shown by independent studies in the literature that galaxy clusters and groups are
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not in full hydrostatic equilibrium as assumed in the self-similar scenario (e.g., see Ettori et al.,
2013; Salvati et al., 2018; Pratt et al., 2019; Eckert et al., 2019; Gianfagna et al., 2021, and the
references therein). This is theorized to be due to the turbulence and/or bulk motions providing
additional (non-thermal) pressure support to the ICM/IGrM whose amount varies from halo to
halo. The objects deviating from the hydrostatic equilibrium assumption in different amounts
both introduce scatter and contribute to the change in the exponents of the relations.

Furthermore, the self-similar model ignores the astrophysical mechanisms that supply ad-
ditional non-gravitational energy to the system, such as AGN feedback, stellar feedback, and
galactic winds, as well as the processes that subtract energy from the system, such as radiative
cooling. Modern cosmological hydrodynamical simulations such as Magneticum® (Hirschmann
et al., 2014), MillenniumTNG® (Hernéndez-Aguayo et al., 2023; Pakmor et al., 2023) and the
OverWhelmingly Large Simulations (OWL simulations, Schaye et al., 2010) include prescrip-
tions of these processes to reproduce observations and the resulting scaling relations show sig-
nificant deviations from self-similarity (e.g, Le Brun et al., 2014; Biffi et al., 2014; Pakmor et al.,
2023; ZuHone et al., 2023). Even though prescriptions of non-gravitational phenomena are in-
cluded in all modern cosmological hydrodynamical simulations, there are implementation differ-
ences as well as uncertainties on the strength of the feedback mechanisms (see Sect. 1.3 for the
description and discussion of the feedback mechanisms). These differences result in discrepan-
cies between the physical properties of gaseous haloes in different simulations (e.g., see Fig. 15
in Eckert et al., 2021). Observations allow us to test the models implemented in these simula-
tions, thereby putting constraints on both the implementation and the assumed feedback model
parameters (e.g, Le Brun et al., 2014).

Lastly, Kaiser (1986) assumed gaseous haloes to be spherically symmetric. Whereas there
is a plethora of observational and theoretical evidence that neither the dark matter distribution
nor the gas distribution is fully symmetrical (e.g., Oguri et al., 2010; Umetsu et al., 2018; Chua
et al., 2019; Ghirardini et al., 2022; Campitiello et al., 2022). This is due to the fact that mor-
phologies of gaseous haloes can depend on various factors, such as their merging history and the
directions of the filaments connecting them to the cosmic web. The diversity of the morphologies
of gaseous haloes introduces large amounts of scatter to the scaling relations (e.g., Pratt et al.,
2009; Lovisari et al., 2020) as well as poses challenges to the validity of the assumed radial hy-
drostatic equilibrium equation (Eq. 1.25) and to the spherical mass definition (e.g. in Eq. 1.24)
in the self-similar model.

1.3 Feedback

In the context of galaxies, galaxy groups, and galaxy clusters, the word "feedback" is used as
an umbrella term to describe self-regulating processes providing energy to their surroundings.
Feedback is introduced as an essential mechanism necessary to explain the observed properties
of gaseous halos. The need for feedback in a cosmological context is initially motivated by four
observational findings (i) the observed relation between the mass of the central supermassive
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Figure 1.4: Measurements of stellar-to-halo mass ratios (M, /M},) of central galaxies (at z = 0.1)
compiled by Behroozi et al. (2019). At the top of the figure, approximate mass ranges where
the annotated feedback processes are most influential are shown with green rectangles. Green
arrows indicate reduced star formation efficiency at the high and low mass end of the parameter
space. At the bottom panel, images of example galaxies are shown that are hosted by haloes at
the corresponding mass range. Plot adapted from Wechsler and Tinker (2018).
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black hole and the bulge properties (the Mgy — o relation Magorrian et al., 1998; Ferrarese and
Merritt, 2000; Gebhardt et al., 2000), (ii) the lack of catastrophic cooling flows around mas-
sive galaxies (Binney and Tabor, 1995; Ciotti and Ostriker, 1997; Peterson et al., 2003), (iii) the
excess entropy at the cores of galaxy groups (Ponman et al., 1999; Lloyd-Davies et al., 2000;
Ponman et al., 2003), and (iv) the requirement of an additional mechanism to reproduce the
observed stellar mass/luminosity function in semi-analytical models and hydrodynamical simu-
lations (Blanchard et al., 1992; Benson et al., 2003; Croton et al., 2006; Hopkins et al., 2006).

Initially, stellar winds and supernovae (stellar feedback) are considered to be the sources of
feedback required to explain observations. These mechanisms were able to explain some of the
observational findings for the low-mass galaxies (stellar masses < 10'© M), such as the ineffi-
ciency of galaxy formation at the low-mass end of the stellar mass/luminosity function (Harrison
and Ramos Almeida, 2024). However, it soon became clear that the stellar feedback alone is
not sufficient to explain the stellar mass/luminosity function at the high mass end (Menci and
Cavaliere, 2000; Bower et al., 2001), as well as the hot gas properties of the massive gaseous
haloes (Kay et al., 2003; Valdarnini, 2003; Nagai et al., 2007b). Given the observed co-evolution
of the mass of the central supermassive black hole and the bulge properties, feedback from the
central black hole (AGN feedback) emerged as an attractive solution to explain the observational
findings for giant ellipticals, galaxy groups, and galaxy clusters (Eckert et al., 2021). In fact,
over time, the energetics and kinematics of AGN feedback proved to be sufficient to explain the
higher mass end of the mass/luminosity function as well as the hot gas properties of massive
gaseous haloes and became a crucial component of modern cosmological hydrodynamic simula-
tions (Springel et al., 2005; Di Matteo et al., 2005).

One of the best ways to visualize the impact of AGN feedback on gaseous haloes at different
mass scales is by looking at the stellar-to-halo mass ratio as a function of halo mass. Observa-
tional results compiled by Behroozi et al. (2019) for stellar-to-halo mass ratios of central galaxies
at z = 0.1 are presented in Fig. 1.4. In this figure, the approximate mass ranges where the feed-
back processes are most influential are also shown at the top panel. As indicated by the green
arrows, overall, feedback processes reduce the star formation efficiency (also see Fig. 1 of Har-
rison, 2017). The degree of this reduction varies with the mass scale and, therefore, depends on
which feedback mechanism is dominant. It can be seen from Fig. 1.4 that the gaseous haloes of
interest in this thesis (M, > 5 x 10'> M) fall within the mass range where feedback from AGN
primarily determines the baryonic properties. Consequently, in this thesis, we primarily focus on
the feedback from AGN.

1.3.1 AGN Feedback

AGN feedback is a crucial mechanism in high-mass halos for regulating bulge properties, pre-
venting cooling flows, accounting for the excess entropy, and controlling star formation activity
(Harrison and Ramos Almeida, 2024). Accretion onto black holes is the most efficient process
for converting rest mass into energy (Werner et al., 2019). Silk and Rees (1998) introduced a rel-
atively simple model for AGN feedback where AGN regulates the accretion flow (thereby also
controls the feedback) through winds created by radiation. In this model, the feedback mecha-
nism couples the properties of the central black hole and the galactic bulge and, establishes the
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M —o relation. They further argued in their paper that depending on the accretion rate, the release
of gravitational potential energy from AGN can approach or even exceed the binding energy of
the host galaxy. King (2003) refined the model proposed by Silk and Rees (1998) by modeling
outflows as momentum-driven wind bubbles. This led to model predictions for the Mgy — o re-
lation that are in better agreement with observations compared to those of Silk and Rees (1998).
Croton et al. (2006) then extended these ideas by incorporating a two-mode feedback model.
They introduced the "quasar mode feedback" (also called wind mode feedback or thermal feed-
back), which arises from AGN with radiatively efficient disks operating at high accretion rates,
and the "radio mode feedback" (also called jet mode feedback or kinetic feedback), which arises
from AGN with radiatively inefficient disks operating at low accretion rates (Hlavacek-Larrondo
et al., 2022).

Quasar mode feedback is inspired by observations of high-redshift AGN that convert most
of the accretion energy into radiation and wind (e.g., Russell et al., 2010; Siemiginowska et al.,
2010; O’Sullivan et al., 2012), and the radio mode feedback is inspired by radio observations
exhibiting feedback signatures around powerful jets, such as X-ray shocks and cavities (e.g.,
McNamara et al., 2005; Kirkpatrick et al., 2009; Randall et al., 2015). The quasar mode feedback
in numerical simulations is often modeled as isotropic energy release to the surroundings of
the supermassive black hole, whereas the implementation of the radio mode varies from one
simulation suite to another. In the modern cosmological hydrodynamical simulations, the radio
mode feedback is either modeled as isotropic thermal feedback with an increased efficiency (e.g.,
see Hirschmann et al., 2014) or as kinetic feedback where the central supermassive black hole
releases kinetic energy rather than thermal energy to its surroundings (e.g., see Pillepich et al.,
2018; Weinberger et al., 2017).

The most direct observational evidence of AGN feedback arises from its interaction with
its surroundings. During this interaction, AGN can manifest itself in various forms, such as
bubbles/cavities, shocks, sound waves, and winds Hlavacek-Larrondo et al. (2022). A well-
known example of these phenomena is the sound waves (ripples) observed in the X-ray images of
the Perseus cluster (Fabian et al., 2003; Sanders and Fabian, 2007). These ripples were generated
by the central AGN, operating in the radio mode, which inflated small bubbles and produced
weak shocks. After the bubbles were created, they moved outwards due to buoyant forces and
produced distinct X-ray features of Perseus. Similar ripples have also been observed in the
Abell 2052 (Blanton et al., 2011) and Centaurus (Sanders et al., 2016) clusters. Additionally, the
literature contains numerous examples of larger bubbles and stronger shocks that often exhibit
cavities inflated by radio jets (e.g., McNamara et al., 2005; Kirkpatrick et al., 2009; Randall et al.,
2015). To form these cavities, AGN should overcome the local pressure. Therefore, if cavities
are present (or detectable), they can be used to put lower limits on the mechanical power of the
AGN (Eckert et al., 2021). Like cavities, shocks are characteristic AGN feedback features with
energy levels comparable to the cavities (Liu et al., 2019). A collage of images of galaxy clusters
and groups that exhibit prominent radio mode AGN feedback signatures, including shocks and
cavities, is shown in Fig. 1.5.
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Figure 1.5: A collage of images of galaxy clusters and groups that exhibit prominent radio mode
AGN feedback signatures (McNamara et al., 2005; Nulsen et al., 2005; Finoguenov et al., 2008;
Kirkpatrick et al., 2009; Werner et al., 2010; Blanton et al., 2011; Hlavacek-Larrondo et al., 2013;
Randall et al., 2015; McDonald et al., 2015; Sanders et al., 2016; Tremblay et al., 2018). Plot
taken from Hlavacek-Larrondo et al. (2022).
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1.4 Galaxy Groups

There is no universal definition of galaxy groups in the literature; however, there is a broad
agreement that their masses range between 5 X 10°My < Msp. < 10'*M, and/or they have
less than 50 member galaxies. The parameter space they live in connects relatively smaller
objects, such as giant ellipticals, with large ones, such as massive clusters. Given that they are
abundant and have substantial mass, they can be considered as the building blocks of the large-
scale structure. In fact, at low redshift, the halo mass density function (in log-space) peaks at
the group mass regime (Eckert et al., 2024). Given their role in forming large-scale structures, it
is crucial to have a good understanding of their properties in order to achieve a comprehensive
picture of the Universe.

They are particularly interesting objects for investigating non-gravitational mechanisms since
their potential wells are not as deep as clusters; therefore, the impact of these mechanisms is more
prominent. This puts them to a unique place in the mass parameter space such that their binding
energy is comparable to the energy supplied by the central AGN (Eckert et al., 2021). This
allows groups to retain a majority of their gas content while their gas gets heavily impacted by
the central engine (Eckert et al., 2024).

The hot plasma in galaxy clusters and groups is in a delicate balance of heating and cool-
ing. Cooling takes place through emission, and the heating is supplied by various objects or
events such as AGN, supernovae, or galactic winds. Earlier simulations tried to reproduce ob-
servations by including prescriptions of supernovae (SNe) feedback; nevertheless, the heating
supplied by SNe proved to be insufficient for stopping the gaseous haloes in the universe from
catastrophically cooling via cooling flows and producing overly massive central galaxies (e.g.,
Borgani et al., 2004; Nagai et al., 2007a). In light of these attempts to reproduce observations, the
prescription of an extra source for heating, AGN, is implemented in simulations. Nevertheless,
given the uncertainties about the energy output of AGNs and their interactions with the surround-
ing gas, different AGN feedback implementations in simulations result in significant mismatches
between their predictions at various scales (e.g., see Ni et al., 2023; Grandis et al., 2024a).

Given the vulnerability of IGrM to non-gravitational processes, the impact of these mecha-
nisms can be constrained well by measuring the thermodynamic properties of the gas in galaxy
groups. Furthermore, the physics of these mechanisms can then be constrained by comparing
these measurements with the predictions of simulations with different subgrid physics prescrip-
tions (see Oppenheimer et al., 2021, for a comparison between the predictions of simulations at
the galaxy group scale). The coupling between the central AGN and the surrounding hot gas
is often probed through the two main X-ray observables: temperature and density. In a broad
sense, the central AGN in galaxy clusters and groups releases energy through two mechanisms.
It heats the surrounding gas (thermal feedback) and gives gas kinetic energy (kinetic feedback)
(Weinberger et al., 2017). These processes result in the surrounding gas being heated and pushed
away. Therefore, as a consequence of the feedback, the temperature of the gas increases, and
its density decreases. The observable that traces the combination of these properties the best is
entropy (S = kT/ n2?). It keeps a record of the thermodynamic history and is responsible for de-
termining the structure of the hot gas (Voit, 2005). As the potential wells of groups are shallower
than clusters, the deviation of their entropy profiles from the self-similar entropy profile (Voit,
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Figure 1.6: Scaled entropy profiles of galaxy groups as a function of dimensionless radius.
Entropy is scaled with adiabatic entropy predicted from the mass of the halo (see Eq. 7 in Sun
et al., 2009), and the x-axis is scaled with rs(.. Predictions of various simulations are shown with
solid lines in various colors, and their scatter is shown as shaded regions. The baseline profile
obtained from non-radiative simulations is shown with grey dotted lines (Voit, 2005), and the
Chandra measurements of nearby galaxy groups are shown with dashed lines Sun et al. (2009).
Plot taken from Oppenheimer et al. (2021).
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Figure 1.7: Gas mass fraction as a function of halo mass. The universal baryon fraction is shown
as a shaded area in magenta. Predictions of various modern hydrodynamic simulations are shown
as solid lines and scatter points in different colors. The parameter space covering a compilation
of observations is shown as a shaded region in grey (see Fig. 7 in Eckert et al., 2021, for the list
of observations used to derive the shaded region). Plot adapted from Eckert et al. (2021).
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2005) extends to larger radii (e.g., see Fig. 5 in Le Brun et al., 2014). A comparison between
the group entropy profiles of Sun et al. (2009) with the predictions of modern hydrodynamic
simulations is shown in Fig. 1.6.

Another key physical property for quantifying the impact of AGN feedback is the gas mass
fraction (fgas = M,as/M) within an overdensity scale A. Gas mass fraction is highly relevant for
X-ray studies given that My, can be directly measured by integrating the electron density profile
(see Eq. 1.24), and M can also be measured using X-rays assuming hydrostatic equilibrium (see
Eq. 1.26). Observations have shown that the gas mass fraction within rsq. gradually decreases
from values close to the cosmic baryon fraction (€2,/€2,,) to fes ~ 0.06 (see grey shaded area
in Fig. 1.7). Simulations suggest that this may be due to a significant portion of the IGrM
gas being carried to outer regions by the central AGN, which is harder for clusters given the
deeper potential well (Gaspari et al., 2012; Le Brun et al., 2014). Similar to entropy, predictions
of simulations with different AGN feedback prescriptions are significantly different for the gas
mass fraction (see the lines and data points for simulations in Fig. 1.7). Robustly measuring
gas mass profiles of groups and comparing the measurements with simulations with different
AGN feedback implementations allow constraints on the burstiness and energetics of the AGN
feedback prescriptions (Le Brun et al., 2014).

It should be noted that when comparing observations with the predictions of simulations, the
selection effects should be accounted for. The gas properties, such as the electron density profile
or the temperature profile, can be highly correlated with the detection probability of groups in
X-rays (e.g., see Eckert et al., 2011; Rossetti et al., 2017). Ideally, to have a fair comparison,
it should be ensured that the compared samples were subject to similar selection; if this is not
possible, either the selection effects should be modeled, or observables that are not a strong
function of the selection probability should be chosen while comparing with simulations (Gelman
et al., 2014).

Another approach to constrain the impact of non-gravitational processes on IGrM is through
measuring scaling relations between integrated quantities and comparing the relations with the
predictions of the simulations and/or the predictions of the self-similar model. As discussed
extensively in Sect. 1.2, the form and the exact relation between the integrated properties of clus-
ters and groups are determined by the thermodynamic histories (heating/cooling) of the gaseous
haloes. The self-similar model predicts the Ly — 7" and Ly — M relations to flatten at the group
regime due to the change of the temperature dependence of the band averaged cooling function
at the IGrM temperatures (see Fig. 6 in Donahue and Voit, 2022). Nevertheless, recent obser-
vations suggest that galaxy groups scale not very different than galaxy clusters (Lovisari et al.,
2021). This can be explained well by the increased impact of AGN feedback on the integrated
properties of the group scale haloes (Puchwein et al., 2008). Similar to entropy and gas mass
fraction, AGN feedback prescription can be tested by robustly calibrating scaling relations (by
taking into account the selection effects and the mass function) and comparing them with the
predictions of the state-of-the-art cosmological hydrodynamical simulations.

The hot gas in galaxy groups also holds significance due to its metal content. A signifi-
cant portion of metals produced in galaxies residing in clusters and groups are expelled into
the surrounding hot atmospheres, ICM/IGrM (Gastaldello et al., 2021). The detection of Fe-K
line emission in the spectra of Perseus, Coma, and Virgo clusters by Ariel 5 and OSOS8 space



30 1. Introduction

Figure 1.8: Front view of eROSITA showing the seven mirror assemblies. Image taken from
Predehl et al. (2021).

telescopes marks the first indication that the hot atmospheres of gaseous haloes are enriched by
metals (Boehringer and Werner, 2009). The ratio between the iron present in ICM/IGrM to the
iron contained in the galaxies can get up to 10 (Renzini and Andreon, 2014; Ghizzardi et al.,
2021). The hot gas in galaxy groups has a temperature of k7T < 2 keV. As the temperature
of the gas decreases, heavy elements get recombined, and the fraction of fully ionized metals
decreases. This results in the strength of the emission from metals (line emission and free-bound
emission) becoming comparable to the emission from the thermal bremsstrahlung mechanism at
kT =1 —2keV and surpassing it at kT < 1 keV (see the right panel of Fig. 1 in Lovisari et al.,
2021). This makes the emission highly sensitive to the metal content and hence makes galaxy
groups uniquely suited objects for studying the metal content of hot atmospheres (Gastaldello
et al., 2021).

1.5 eROSITA

The extended ROentgen Survey with an Imaging Telescope Array (eROSITA; Merloni et al.,
2012; Predehl et al., 2021) is an X-ray telescope that was launched on the 13th of July 2019
on board the Spectrum-Roentgen-Gamma (SRG) mission to perform all-sky survey observa-
tions from the second Lagrange point (L2). eROSITA is the primary instrument attached to
the SRG observatory and is built under the responsibility of the Max Planck Institute for Ex-
traterrestrial Physics (MPE) in Germany. It shares SRG with another X-ray telescope, Mikhail
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Pavlinsky ART-XC (Pavlinsky et al., 2021), that has complementary instrumental characteris-
tics to eROSITA at higher energies and was built by the Russian Space Research Institute, IKI.
eROSITA was designed and built to perform the most sensitive and sharp complete survey of the
X-ray sky following the success of its predecessor ROSAT (1990 — 1999; Truemper, 1982).

eROSITA is an imaging telescope that is made up of seven co-aligned identical X-ray tele-
scope modules (TMs) that are arranged in a hexagonal configuration. It is sensitive to X-ray
photons over a large energy range (0.2 — 8 keV). Seven identical mirror assemblies (one for
each TM) are mounted to the instrument that consists of 54 Wolter-I1 (Wolter, 1952) type mirror
shells (Friedrich et al., 2008; Arcangeli et al., 2017). An image of the seven mirror assemblies
is shown in Fig. 1.8, and a schematic view of the instrumental configuration of the eROSITA
telescope is shown in Fig. 1.9. The average on-axis spatial resolution of the mirror assemblies is
18" Half-Energy Width (HEW), and the average spatial resolution over the field of view is about
30” HEW.

Each telescope module contains a charge-coupled-device (CCD) camera at the focal plane
that has 384 x 384 pixels without any chip gaps. The pixels in each CCD cover a physical area of
28.8 mm X 28.8 mm that corresponds to a field of view of 1203 x 1°03. The eROSITA CCDs are
significantly improved versions of the EPIC-pn CCDs of XMM-Newton. The former CCDs are
equipped with a framestore area that almost fully prevents the occurrence of out-of-time events.
The information in the image area is transferred to the framestore area in 0.115 ms, and the read-
out process takes place in 9.18 ms. Overall, the eEROSITA CCDs have a nominal integration time
of 50 ms.

In addition to its large field of view and good spatial resolution, eROSITA also stands out
with the energy resolution and sensitivity of its CCDs. The in-orbit calibration tests show that
for single-pixel events, the energy resolution is close to the theoretical limit (Dennerl et al.,
2020). In terms of sensitivity, the total on-axis effective area of eROSITA (including all 7 TMs)
is slightly higher than XMM-Newton (pn + MOS) in the soft X-ray band (0.5-2 keV). At the
harder energies (> 2 keV), eROSITA response exhibits a sharp drop due to an absorption edge
at 2.2 keV attributed to the gold M-shell, after which eROSITA’s hard band sensitivity is sub-
stantially lower. Despite that, eEROSITA’s on-axis effective area at the hard X-ray band (2 — 10
keV) is slightly larger than Chandra and significantly surpasses that of ROSAT. Nevertheless,
the greatest strength of eROSITA is its efficiency in performing large-area surveys. One of the
parameters that quantify this efficiency is called grasp, which is defined as the product of effec-
tive area and field of view. It is a metric for evaluating the surveying capabilities of instruments
and is often used to compare the effectiveness of X-ray telescopes in mapping large regions in
the sky. eROSITA’s unprecedented grasp significantly outperforms all the previously built X-ray
instruments between the 0.2—4 keV energy band. A comparison between the effective area and
the grasp of eROSITA, Chandra, XMM-Newton, and ROSAT is shown in Fig. 1.10.

eROSITA’s primary science goal, which has driven the design decisions, includes detecting
100,000 galaxy clusters and groups out to high redshifts (z > 1), providing high-quality X-ray
observations to investigate their physical properties, and constrain cosmology by testing cosmo-
logical models including Dark Energy (Predehl et al., 2021). To fully accomplish the primary
science objective within the SRG mission’s lifespan, eight all-sky X-ray surveys were planned to
be conducted with eROSITA that correspond to four years of survey observations (Merloni et al.,
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Figure 1.9: Schematic view of eROSITA’s telescope layout. From left to right, seven camera
assemblies, including camera, electronics box, and filter wheel; seven mirror assemblies, includ-
ing, mirrors and electron deflector; and front cover. Figure adapted from Predehl et al. (2021).

2012). During its operations time in addition to tens of thousands of galaxy groups, eROSITA
is predicted to detect millions of AGNs. Furthermore, eROSITA’s survey observations also in-
clude sources from other astrophysical species, such as X-ray binaries, active stars, supernova
remnants, and the warm-hot circumgalactic medium of the Milky Way.

The all-sky survey observations eROSITA performs are called eROSITA all-sky surveys
(eRASS) and are performed by the spacecraft rotating continuously around an axis pointing
towards the vicinity of the Sun. With this observing strategy, eROSITA draws large circles on
the sky and scans the full sky in six months. This observing strategy results in exposure inhomo-
geneities in the sky such that exposures around the ecliptic poles are larger than the exposures in
equatorial regions (see Fig. 16 in Predehl et al., 2021).

The scientific utilization rights of eROSITA data are shared equally between German and
Russian eROSITA consortia according to an inter-agency agreement signed in 2009 (Merloni
et al., 2024). Under this agreement, the German eROSITA consortium (eROSITA-DE) has rights
to the scientific exploitation of the Western Galactic hemisphere (359.9442° > [ > 179.9442°),
and the Russian consortium has the rights for the eastern Galactic hemisphere (-0.05576° < [ <
179.9442°) that are splitted by the line passing through the Galactic poles and Sgr A*.

Since its launch, eROSITA has completed Calibration and Performance Verification (CalPV)
observations and ~ 4.5 all-sky surveys. On the 26th of February 2022, the survey operations
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Figure 1.10: 7op: Comparison between the on-axis effective area of eROSITA with Chandra
ACIS-I (1999 and 2020), Chandra HRC-I, XMM-Newton, and ROSAT. Bottom: Comparison
between the field of view averaged grasp ( field of view averaged effective area X field of view) of
eROSITA with Chandra ACIS-I (1999 and 2020), Chandra HRC-1, XMM-Newton, and ROSAT.
Figure adapted from Predehl et al. (2021).
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Figure 1.11: RGB exposure corrected X-ray image of the Western Galactic hemisphere obtained
from eRASS1 observations. The red color represents the X-ray intensity in the 0.3-0.6 keV
energy band, the green color represents the X-ray intensity in the 0.6—1 keV energy band, and
the blue color represents the X-ray intensity in the 1-2.3 keV energy band. Credit: Jeremy
Sanders (MPE)
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were paused, and eROSITA was put in safe mode!®. The completion of the remaining planned

all-sky survey observations by eROSITA is uncertain.

On the 28th of June 2021, the eROSITA-DE consortium made their CalPV observations
publicly accessible and gave astronomers a glimpse of the eROSITA’s rich dataset. The data
release includes the observations of eROSITA’s first mini-survey, eROSITA Final Equatorial
Depth Survey (eFEDS). X-ray catalogs of various astrophysical pieces detected in the eFEDS
field are also published as part of the data release campaign (e.g., Liu et al., 2022a,b; Brunner
et al., 2022). Furthermore, on the 31st of January 2024, the eROSITA-DE consortium released
the Western Galactic hemisphere of the first all-sky survey (eRASS1) observations along with
a catalog of extended and point sources detected in these observations (Merloni et al., 2024).
Exposure-corrected X-ray image of the Western Galactic hemisphere using publicly available
eRASS1 observations is shown in Fig. 1.11. Galaxy clusters and groups in the main eRASS1
catalog (Merloni et al., 2024) are optically confirmed (Kluge et al., 2024), and the final eRASS1
galaxy clusters and groups sample with their physical properties are presented in Bulbul et al.
(2024).

1.6 Outline of the Thesis

The thesis starts with an introduction in Chapter 1 that provides an overview of the key concepts
and background information essential for understanding the research presented in the subsequent
Chapters. First, a general introduction to galaxy clusters and groups is presented in the Chapter,
highlighting the properties of the X-ray-emitting plasma and the physical properties of galaxy
clusters and groups as a function of radius. The introduction then advances to scaling relations by
providing an overview of the predictions of the self-similar model and then discussing the causes
and consequences of the deviations from self-similarity. Then, a more detailed overview of the
astrophysics of the galaxy groups is presented, which are the cosmological species investigated
deeply in the following Chapters, and finally, the introduction Chapter finishes with an overview
of eROSITA, the X-ray space telescope whose observations are employed in all the subsequent
Chapters of this thesis.

In Chapter 2, the first eEROSITA study on the X-ray scaling relations of galaxy clusters and
groups is presented. The Chapter begins with a brief overview of the eFEDS observations and the
scaling relation studies in the literature. Then, a summary of the analysis procedures conducted
on the eFEDS observations to extract the X-ray observables of the clusters and groups used in
the scaling relations calibration is presented. This is followed by a detailed description of the
Bayesian modeling and fitting framework utilized in the study. Then, the best-fit relations for
seven X-ray scaling relations, Lx — T, Lyo — T, Lx — Mgas, Loot — Mgas, Lx — Yx, Loot — Yx,
and M,,s — T, are presented and are compared with the previous results in the literature. Lastly,
the eROSITA measurements are compared with the predictions of the self-similar model, and
the impact of non-gravitational mechanisms on integrated physical properties of ICM/IGrM is
constrained.

Ohttps://www.mpe.mpg.de/7856215/news20220303
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The work presented in Chapters 3 and 4 employs this final eRASS1 galaxy clusters and
groups sample. For the X-ray analysis, however, a deeper, stacked version of the first four
eROSITA all-sky survey observations (eRASS:4!") are used.

In Chapter 3, constraints on the impact of AGN feedback in galaxy groups obtained from
the all-sky survey observations of eROSITA are presented. The Chapter begins with a brief
overview of the eRASS observations and the AGN feedback studies in the literature for groups.
Then, the galaxy group sample used in the study is introduced, and the key physical properties
of the sample are presented. This is followed by a detailed description of the initial X-ray data
reduction procedure and the Bayesian imaging and spectral analysis procedures applied to the
eRASS observations of the groups. Later, various systematics that may impact the measurements
reported in this study are discussed, and their impact is quantified to be included in the total error
budget. Then, the entropy measurements obtained from these procedures at three characteristic
radii are presented as a function of integrated temperature, and the results are compared with the
previous findings in the literature. The eROSITA measurements are compared with the baseline
predictions of the OWL Simulations, and the constraints on the impact of AGN on IGrM are
reported. Lastly, the measurements are compared with three modern cosmological hydrodynam-
ical simulations with different AGN feedback implementations: Magneticum, MillenniumTNG,
and the OWL Simulations, and the strengths and weaknesses of these simulations in reproducing
the observations of galaxy groups are discussed.

In Chapter 4, thermodynamic profiles of galaxy groups measured with eROSITA are pre-
sented. It begins with a brief overview of the studies in the literature investigating thermody-
namic profiles for galaxy clusters and groups. Then, the measurements of four key X-ray ob-
servables: (i) electron density, (ii) temperature, (ii) entropy, and (iv) pressure are presented, and
the mass dependence of these profiles is examined. Furthermore, the scaled thermodynamic pro-
files are obtained by normalizing them with the self-similar scales, and the mass trends after the
removal of these scales are discussed. The scaled profiles are then compared with the previous
measurements from the literature on galaxy clusters and groups, and the similarities/differences
between the profiles of clusters and groups are discussed. Later, the profiles are compared with
the baseline predictions of the non-radiative cosmological hydrodynamic simulations, through
which the impact of non-gravitational processes is constrained. The measurements are also com-
pared with the predictions of various runs of the cosmo-OWL simulations that include different
model parameters for their AGN feedback implementation. Lastly, the scaled profiles are com-
pared with the predictions of the Magneticum and MillenniumTNG simulations, and the agree-
ment/disagreement between these simulations and the eROSITA measurements are discussed.

Finally, in Chapter 5, a summary of the thesis as well as an outlook of future studies is
presented.

Throughout this thesis, we adopt a flat ACDM cosmology using the Planck Collaboration
etal. (2016) results, namely Q,, = 0.3089, Q, = 0.0486, o3 = 0.8147,and H, = 67.74km s~ Mpc™".
Quoted error bars correspond to a 1-0- confidence level unless noted otherwise.

“Throughout this thesis, colon, :, is used to indicate cumulative/stacked eROSITA all-sky surveys observations.
The number written after the colon indicates the number of stacked all-sky survey observations starting from the
first.



Chapter 2

The eROSITA Final Equatorial-Depth
Survey (eFEDS): X-ray Properties and
Scaling Relations of Galaxy Clusters and
Groups

The physical properties of the hot gas in galaxy clusters and groups are shaped by the underly-
ing mass distribution and non-gravitational processes acting on large scales. Scaling relations
link these properties and provide insights into how they vary across halos of different masses
and redshifts. In the absence of non-gravitational effects, the masses of gaseous halos are ex-
pected to obey so-called self-similar scaling relations between X-ray observables. The impact of
non-gravitational processes on the hot plasma can be constrained by quantifying any deviations
from these self-similar relations. Scaling relations can also be used to probe the evolution of
large-scale structure, estimate observables of clusters and groups, and constrain cosmological
parameters through cluster number counts. In this Chapter, we investigate the scaling relations
between X-ray observables of the clusters detected in the eFEDS field using SRG/eROSITA ob-
servations, taking into account the selection effects and the halo mass distribution. We extract
five X-ray observables (Lx, Lyoi, T', My, Yx) within r5o. for a sample of 542 clusters and groups.
We then use these observables to calibrate seven X-ray scaling relations, based on a secure sub-
sample consisting of 265 clusters with less than 10% contamination. We define this subsample
such that the selection procedure is reproducible in simulations; therefore, the sample has a well-
defined selection function. We fit the relations in a Bayesian framework which incorporates a
selection function (derived from simulations) and a canonical halo mass function to account for
selection effects and the mass distribution of dark matter halos. We present the best-fit scaling
relations obtained through this fitting procedure, along with comparisons with previous measure-
ments from the literature. Additionally, in this Chapter, we compare the best-fit scaling relations
with the self-similar scaling relations and discuss the observed deviations. From this compari-
son, we find that the best-fit slopes significantly deviate from the self-similar model at a > 40
confidence level. Our results are, however, in good agreement with cosmological simulations
that incorporate non-gravitational physics, as well as with the recent observational studies that
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account for selection effects. The study presented in this Chapter extends the scaling relations
to the low-mass, low-luminosity galaxy cluster and group regime. Our work demonstrates the
ability of eROSITA to measure emission from the intracluster medium out to rsgo. at depths
equivalent to the equatorial regions of the final eROSITA all-sky survey and constrain the scaling
relations over a wide mass-luminosity-redshift range.

The results presented in this Chapter have been published in Bahar et al. (2022), for which I
performed the majority of the work and analysis. Dr. Ang Liu and Dr. Vittorio Ghirardini pro-
vided the best-fit parameters of the electron density profiles and the X-ray observables within the
overdensity radius rsg., and Dr. Nicolas Clerc provided the selection function used to calibrate
the scaling relation.

2.1 Introduction

Galaxy clusters, which are formed by the gravitational collapse of the largest density peaks in
the primordial density field, represent the largest virialized objects in the Universe. Embedded in
the cosmic web, they evolve and grow through mergers and by accreting smaller subhaloes via
the surrounding large-scale structure (e.g., Kravtsov and Borgani, 2012). The number counts of
clusters of galaxies as a function of redshift and their mass is a powerful cosmological probe that
is orthogonal and complementary to other cosmological geometrical experiments (e.g., Pillepich
et al. 2012; Mantz et al. 2015; Schellenberger and Reiprich 2017; Pacaud et al. 2018, see also
Pratt et al. 2019 for a review). Additionally, based on the current Lambda cold dark matter
(ACDM) cosmological model, galaxy clusters are among the structures formed most recently
and, therefore, capture the formation history and the growth of the structure in the Universe.
Well-established scaling relations between cluster mass and observables provide a way for-
ward for cosmological investigations using clusters of galaxies. Accurate estimates of cluster
total masses are crucial ingredients for exploiting the cluster number counts as cosmological
probes. However, measurements of masses of individual clusters through multi-wavelength (X-
ray, optical, weak lensing, and radio) observations can be expensive for larger cluster samples.
Scaling relations aid this problem, and bridge cluster number counts with cosmology. On the
other hand, the scaling relations between observables and their evolution allow us to constrain
intracluster medium (ICM) physics and theoretical models based on gravitational collapse (e.g.,
Kaiser, 1986; Ascasibar et al., 2006; Short et al., 2010; Capelo et al., 2012). Kaiser (1986)
modeled the formation of clusters as scale-free collapses of initial density peaks and derived
relations between ICM properties that result in clusters at different redshifts and masses being
scaled versions of each other. This is known as the self-similar model and it is discussed ex-
tensively in Chapter. 1. Other non-gravitational physical processes, such as radiative cooling,
turbulence, galactic winds, and AGN feedback that affect the formation and evolution of these
objects throughout cosmic time, may have imprints on these relations. In observational studies,
these imprints are quantified by measuring deviations from the self-similar scaling relations (see
Subsect. 1.2.2). Clusters of galaxies, owing to their deep potential well, are less prone to these
non-gravitational processes, while the intra-group gas in galaxy groups can be significantly im-
pacted by non-gravitational physics (e.g., Tozzi and Norman, 2001; Borgani et al., 2002; Babul
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et al., 2002; Puchwein et al., 2008; Biffi et al., 2014; Barnes et al., 2017).

The majority of the baryonic content of the clusters is in the form of X-ray-emitting hot ion-
ized plasma, the ICM. Being in the fully ionized state and reaching up to 10® Kelvin in tempera-
ture, the ICM emits primarily in X-rays through thermal Bremsstrahlung, offering an opportunity
to measure physical properties of the ICM to establish scaling relations between these properties
and mass, and to constrain their evolution over cosmic time (see Sect. 1.1.1 for details on the
X-ray-emitting plasma its emission mechanisms). The scaling relations between X-ray observ-
ables and mass have been extensively explored for massive clusters in the literature, selected
in various ways by the large-area, multi-wavelength surveys (e.g., Mantz et al., 2010b; Bulbul
et al., 2019). However, samples including a sufficient number of uniformly selected groups cov-
ering the low-mass, low-redshift, and low-luminosity range with adequate count rates are limited.
Studies of the scaling relations of galaxy groups and clusters spanning a wide mass, luminosity,
and redshift range with large-area surveys with a well-understood selection will improve our
understanding of the interplay between galaxy evolution, AGN feedback, and gravitational pro-
cesses in these deep potential wells. XMM-Newton’s largest observational program XXL (Pierre
etal., 2011) served as a bridge between narrow and deep observations (e.g., CDF-S, Finoguenov
et al., 2015) and very wide, moderately deep observations (e.g., RASS, Ebeling et al., 1998) by
populating the intermediate parameter space with detected clusters. Most recently, the extended
ROentgen Survey with an Imaging Telescope Array (eROSITA, Merloni et al., 2012; Predehl
et al., 2021) carried out its eROSITA Final Equatorial-Depth Survey (eFEDS) observations and
provided numerous cluster detections that span a large mass—redshift space. eROSITA on board
the Spectrum-Roentgen-Gamma (SRG) mission continues to detect large numbers of clusters
spanning a wide range of redshift and mass since its launch in 2019. It will provide sufficient
statistical power to place the tightest constraints on these scaling relations for probing their mass
and redshift evolution.

eFEDS was performed during eROSITA’s calibration and performance verification phase
(Predehl et al., 2021; Brunner et al., 2022; Liu et al., 2022a). eFEDS, the first (mini)survey
of eROSITA, is designed to serve as a demonstration of the observational capabilities of the tele-
scope to the scientific community. The survey area is located at (approximately) 126° < R.A. <
146° and —3° < Dec. < +6° and covers a total of ~140 deg?. The exposure time of the survey area
is mostly uniform with average vignetted and unvignetted exposure times of ~ 1.3 and ~ 2.2 ks,
respectively (Brunner et al., 2022). The eFEDS area is also covered in survey programs of other
telescopes such as the Hyper Supreme-Cam Subaru Strategic Program (HSC-SSP; Aihara et al.,
2018), DECaLS (Dark Energy Camera Legacy Survey, Dey et al., 2019), SDSS (Sloan Digital
Sky Survey, Blanton et al., 2017), 2MRS (2MASS Redshift Survey, Huchra et al., 2012), and
GAMA (Galaxy And Mass Assembly, Driver et al., 2009). These observations are used to op-
tically confirm the detected clusters and measure their redshifts (Klein et al., 2022). In addition
to the optical confirmation and redshift determination, HSC-SSP observations are also used in
measuring the weak lensing mass estimates of the detected clusters. The observables presented
in this Chapter are measured using rs.' values inferred from the weak lensing measurements

rsooc is the overdensity radius within which the density of the cluster is 500 times the critical density of the
Universe at the cluster’s redshift.
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presented in Chiu et al. (2022).

In this Chapter, we provide X-ray properties of the 542 galaxy clusters and groups in the full
eFEDS-extent-selected sample (Liu et al., 2022a) in two apertures (r < rsoo. and 0.15r50p. < r <
rs00c)- Additionally, we investigate the scaling relations between core-included (r < rs5p.) X-ray
observables in a subsample of 265 galaxy clusters and groups with a lower level of contamina-
tion by non-cluster detections. The study presented in this Chapter expands the scaling relation
studies to the poorly explored mass (6.86 x 10> My < Msp. < 7.79 x 10'* M,), luminosity
(8.64 x 10" erg s™! < Ly < 3.96 x 10* erg s!), and redshift (0.017 < z < 0.94) ranges with
the largest number of galaxy groups and clusters, paving the way for similar studies using the
eROSITA All-Sky survey (eRASS) observations. We note that the scaling relations between X-
ray observables and weak lensing masses have already been published in our companion paper,
Chiu et al. (2022). The selection function employed in this Chapter is based on the realistic full-
sky simulations of eROSITA and is fully accounted for in our results (Comparat et al., 2020).
Throughout this Chapter, 7 stands for the temperature of the intra-cluster/group medium, Ly
stands for soft-band (0.5 — 2.0 keV) X-ray luminosity, Ly stands for the bolometric luminosity
calculated in the 0.01-100 keV energy band, and the errors correspond to 68% confidence levels.

2.2 Data Analysis

2.2.1 Data Reduction and Sample Selection

The eFEDS observations were performed by eROSITA between 4 and 7 November 2019. The
observation strategy allowed the eFEDS field to be surveyed nearly uniformly with a vignetted
exposure of ~ 1.3 ks, which is similar to the expected vignetted exposure of the final eROSITA
All-Sky Survey (eRASS:8) at the equatorial regions. Initial processing of the eFEDS observa-
tions was carried out using the eROSITA Standard Analysis Software System (eSASS, version
eSASSusers_201009, Brunner et al., 2022). In this Chapter, we present only an outline of the
source detection and preliminary data reduction procedures. We refer the reader to Brunner et al.
(2022) and Liu et al. (2022a) for a more detailed explanation of these steps. We first applied fil-
tering to X-ray data, removing dead time intervals and frames, corrupted events, and bad pixels.
Images created in the 0.2 — 2.3 keV band using all available telescope modules (TMs) are passed
to eSASS source-detection tools in order to perform the source detection procedure and provide
extension and detection likelihoods. After applying a detection likelihood (L) threshold of
5 and an extension likelihood (L) threshold of 6, we obtained 542 cluster candidates in the
eFEDS field (Brunner et al., 2022). The physical properties of these clusters, such as soft-band
and bolometric luminosities, and ICM temperature measurements within a physical radius of
300 kpc and 500 kpc are provided in Liu et al. (2022a).

We used realistic simulations of the eFEDS field (Liu et al., 2021) in order to measure the
contamination fractions of samples with different L4 and L cuts. According to these simu-
lations, the eFEDS cluster catalog, which consists of 542 clusters, has a contamination fraction
of ~20%. This is a relatively high contamination rate for statistical studies. In order to avoid
significant bias caused by the non-cluster sources present in the sample (e.g., AGNs and spu-
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Figure 2.1: Left: Redshift histogram of the L4, > 15, Lo > 15 sample used in this Chap-
ter. Right: Weak lensing calibrated total mass (M3 ) histogram of the Ly > 15, Loy > 15
sample used in this Chapter excluding upper limit measurements. Medians of the measurements
are marked with dashed lines. The overdensity radii rsy. within which we measure the X-ray
observables in this Chapter are calculated from the mass measurements presented in this figure.

The mass measurements of the full sample (Lge > 5, Lexe > 6) is presented in Chiu et al. (2022).

rious sources), we applied Ly, > 15 and L > 15 cuts that give us a sample of 265 clusters
with an expected contamination fraction of 9.8%. The final sample covers a total mass range
of (6.86 x 102 My < Msp. < 7.79 x 10" My, a luminosity range of 8.64 x 10% erg s7! <
Lx < 3.96 x 10* erg s™!, and a redshift range of (0.017 < z < 0.94). The redshift and mass
histograms of this final subsample are shown in Fig 2.1. Consisting of 68 low-mass (< 10'* M)
galaxy groups, our study extends the scaling relation studies to the low-mass range with one of
the largest group samples detected uniformly to date.

2.2.2 X-ray Observables within s,

In this Chapter, we provide X-ray properties of eFEDS clusters within the overdensity radius sy,
that are extracted following the X-ray imaging and spectral analysis procedures described in Ghi-
rardini et al. (2021) and Liu et al. (2022a). In this section, we also provide an overview of these
procedures; however, for a more detailed description, we refer the reader to the aforementioned
references.

The measurements of 750 employed in this Chapter are obtained from the weak lensing cali-
brated cluster masses presented in our companion paper, Chiu et al. (2022). The mass calibration
in Chiu et al. (2022) is obtained using the eFEDS observations of the same cluster sample used
in this Chapter, which enables the rsoo. measurements to be self-consistent. Mass estimates are
obtained by jointly modeling the eROSITA X-ray count-rate (1) and HSC shear profile (g,) as
a function of cluster mass (Msgo.) and obtaining a scaling relation between n — M5y — z. After

. . . 1/3
obtaining the mass estimates, sy measurements are calculated by rsp. = (ﬁ ggTop"c) where p,.
(a
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is the critical density at a given redshift and cosmology. We refer the reader to Chiu et al. (2022)
for a more detailed description of the HSC weak-lensing mass calibration analysis.

In this Chapter, X-ray spectra of clusters are extracted within rsy., both core-included (r <
rs00c) and core-excised (0.15r50o. < 7 < rs00.), using the eSASS code srctool. The background
spectra are extracted from an annular region that is 4 — 6 rsy. away from the clusters’ centroid.
We fit the X-ray spectra with an absorbed APEC thermal plasma emission model (Smith et al.,
2001; Foster et al., 2012) to represent the ICM emission. The fitting band of 0.5 — 8 keV was
used for TMs 1, 2, 3, 4, and 6, and a more restricted band of 0.8 — 8 keV was used for TMs
5 and 7 in the spectral fits due to the light leak noticed during the commissioning phase (see
Predehl et al., 2021). The Galactic hydrogen absorption is accounted using the TBABS model
(Wilms et al., 2000a), where the column density ny used is fixed to ny. (Willingale et al.,
2013a), estimated at the position of the cluster center. The metallicity of the clusters is fixed
to 0.3 Z, adopting the solar abundance table of Asplund et al. (2009). The background spectra
and spectra are simultaneously fit to account for the background in the total spectra as described
in detail by Ghirardini et al. (2021). The background spectra are modeled with a set of APEC
and power-law models representing instrumental background based on the filter-wheel closed
data (see Freyberg et al., 2020)?, cosmic background (local bubble, galactic halo, and emission
from unresolved AGNs). The best-fit values and standard deviations of the ICM temperatures
(T) are measured using the Markov chain Monte Carlo (MCMC) method within Xspec (version
12.11.0k).

We extract images and exposure maps in the 0.5 — 2.0 keV energy band to obtain cluster den-
sity profiles. We model the two-dimensional distribution of photons by projecting the Vikhlinin
et al. (2006) density model. Point sources are either modeled or masked depending on their
fluxes; see Ghirardini et al. (2021) for further details. The cosmic background contribution
is added to the total model as a constant. The resulting total image is finally convolved with
eROSITA’s vignetted exposure map, while the instrumental background model is folded with the
unvignetted exposure map. A Poisson log-likelihood in MCMC is used to estimate best-fit cluster
model parameters. Finally, the electron density (n,) profile of the gas is obtained by measuring
the emissivity using the temperature information recovered from the spectral analysis. Best-fit
parameters of clusters to the Vikhlinin et al. (2006) electron density profile model are presented
in Table A.1 in the Appendix. In order to obtain luminosity profiles, Lx(r) and Ly (r), we cal-
culated conversion factors from count rate to luminosity in soft (0.5 — 2.0 keV) and bolometric
(0.01 — 100 keV) energy bands.

The gas mass (or ICM mass) of the clusters enclosed within rsg. is computed by integrating
the gas electron density assuming spherical symmetry:

7'500¢
M, = ,uempf n.(ryanridr, 2.1
0

where n, is the number density of electrons, m,, is the proton mass, and p, = 1.1548 is the mean
molecular weight per electron calculated using the Asplund et al. (2009) abundance table (Bulbul
etal., 2010). Lastly, Yx is calculated by multiplying the gas mass (M,,,) with the gas temperature

thtps: //erosita.mpe.mpg.de/edr/eROSITAObservations/EDRFWC/



2.3 Modeling and Fitting of the Scaling Relations 43

(T) as
Yx = Mgas - T, (2.2)

which is introduced by Kravtsov et al. (2006) as a low scatter mass estimator.

We note that in our analysis, uncertainties in 75, measurements are fully propagated using
the MCMC chains, and the redshift errors are neglected. We use the single temperature in our
calculations as the survey data do not have sufficient depth to recover the temperature profiles
as a function of radius. For all eFEDS clusters, we provide the core-included (r < rsgo.) X-ray
observables within rsgq., including 7', Lx, Ly, Mg, and Yx as well as the core-excluded X-ray
observables extracted between 0.157500. —7500c (Tcexs Lix cex» Lbolcex) 1N Table A.2 in the Appendix.
eROSITA’s field-of-view-averaged point spread function (PSF) half-energy width is ~ 26" which
is comparable to the cores (0.15r50.) of the majority of clusters. This has a mild effect on
the Lx..x measurements because we deconvolve the surface brightness profiles with the PSF
and use the best-fit core-included temperatures for the emissivity. However, given the limited
photon statistics, only a first-order PSF correction is applied to the 7., measurements where the
flux changes at different energies are compensated by assuming the spectrum to be similar over
the whole of the source. Therefore, we advise the reader to approach T..x measurements with
caution.

In this Chapter, we focus on the scaling relations between X-ray observables, namely L —
T, L—-My,, L-Yx,and M,, —T. The scaling relations between observables and cluster mass
(M500.) obtained from weak-lensing observations are already provided in the companion paper
by Chiu et al. (2022). Although we provide measurements of the core-excluded observables
in Table A.2 in the Appendix, we only utilized the core-included observables in our scaling
relations analysis. The reasons for this are twofold, and are related to the selection function, and
the decrease in the statistics. Our selection function is built using the core-included observables
from the simulations of eROSITA sky (Comparat et al., 2020). Constructing selection functions
with the core-excised observables relies on modeling the PSF accurately in simulations. Our
imaging analysis and spectral fits account for the PSF spilling, but this analysis is not available
yet in simulations. As a workaround, one could model the relation between the core-excised
and core-included observables (e.g., P(Yxcx|Yx)), but a significant fraction of eFEDS clusters
populate a previously poorly explored parameter space and such an approach requires a good
understanding of the surface brightness profiles of these clusters. Secondly, when the core is
excised, the temperature measurements become either loose or lost due to the decrease in photon
statistics. This affects the reliability of the X-ray observable measurements used in our fits and
may lead to biased constraints on the scaling relations. A full analysis with the core-excised
observables will be carried out for the clusters detected in the eRASS observations, where we
have a larger sample of clusters with a higher depth around the ecliptic poles.

2.3 Modeling and Fitting of the Scaling Relations

We model the scaling relations and the likelihoods for different pairs of observables in a similar
manner with minor tweaks. Therefore, in this section, we present the general form of the scaling
relations and the structure of the likelihood for two hypothetical observables: X and Y.
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2.3.1 General Form of the Scaling Relations

Kaiser (1986) derived simple forms of scaling relations, namely self-similar relations, by as-
suming gravitational interactions to be the driving force of the evolution of groups and clusters.
These relations suggest that the observables of clusters follow these simple power-law relations.
Departures from these relations are often interpreted as a result of non-gravitational physical pro-
cesses, such as radiative cooling, galactic winds, and AGN feedback that can have a significant
impact on the distribution of baryons in the ICM and energy budget of the system (Bhattacharya
et al., 2008; McCarthy et al., 2010; Fabjan et al., 2010; Bulbul et al., 2016; Giodini et al., 2013;
Lovisari et al., 2020).

In this Chapter, we use a relation that takes into account the power-law dependence and the
redshift evolution of the form

_ X\ E@ \°
Y =AYy (X_) (E(Zpiv)) , 2.3)

where Yy, Xpiv, and zp;, are the pivot values of the sample, and A, B, and C are the normalization,
power-law slope, and redshift evolution exponent, respectively. The redshift evolution is modeled
using the evolution function, which is defined as E(z) = H(z)/H, where H(z) is the Hubble-
Lemaitre parameter and H is the Hubble constant.

2.3.2 Likelihood

In our fits to the scaling relations, we take into account various observational and physical effects
by adding the relevant components to the corresponding likelihood function similar to the method
presented in Giles et al. (2016) for the XXL clusters. The joint probability function in terms of
the measured values (X, ¥) of the true values of the observables X and Y is given by

P(Y,X,Y,X,116,2) = PU|Y,2)P(Y, X|Y, X)P(Y|X, 6, 2) P(X|2), (2.4)

where P(I|Y, z), also known as the selection function, is the probability of a cluster being included
(1) in our sample, P(Y, XY, X) is the two-dimensional measurement uncertainty, P(Y1X, 0, z) is
the modeled Y — X relation, and the P(X|z) term is the cosmological distribution of the observable
X. The variable 6 in the scaling relation term marks the free parameters of the scaling relation,
such as A, B, C, and the scatter oy)x. We note that in this Chapter, correlations between the
measurement uncertainties of observables X and Y are fully considered using the MCMC chains.
We also note that the cosmological parameters are frozen throughout our analysis. More than
65% of the clusters in our sample have spectroscopic redshifts, and the remaining clusters have
photometric redshift measurements using the high signal-to-noise-ratio HSC data, which pro-
vides uncertainties of the order of 0.3% (see Klein et al., 2022). Therefore, we assume that the
errors on the redshifts have negligible effects on our measurements, that is, z = Z. The variance
in exposure time due to the overlapping regions and the missed observations due to malfunctions
of telescope modules (TMs) (see Brunner et al., 2022, for details) are accounted for by using the
exposure time (Zp) at the X-ray center of each cluster when calculating P(1Y, z).
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We model the Y — X relation such that the observable Y is distributed around the power-law
scaling relation log-normally. The assumption of the log-normal distribution of X-ray observ-
ables is widely used in the literature (e.g., Pacaud et al., 2007; Giles et al., 2016; Bulbul et al.,
2019; Bocquet et al., 2019). The scaling relation term P(Y1X, 6, z) in Eq. 2.4 then becomes

X\ E@ \
P(Y'X, 0, Z) = LN (,Ll =A Ypr (Xpiv) (E(Zpiv)) ,O = O_YIX) . (25)
To obtain the cosmological distribution of the observable X (P(X|z)), that is, the expected
distribution of X as a function of redshift given a fixed cosmology and an assumed X — M scaling
relation, we convert the Tinker et al. (2008) mass function to a Tinker X function using weak-
lensing mass-calibrated scaling relations reported in Chiu et al. (2022) obtained from the same
cluster sample used in our study. This conversion is applied such that the intrinsic scatter of the
X — M relation is taken into account by the following equation:

P(XIv1.2) = [ PO, w1 DP(ME)aM 2.6)
M
where Oy is the best-fit result of the weak-lensing mass-calibrated scaling relation X —Msgo.. We
note that the form of the X — M relation presented in Chiu et al. (2022) is different than the form
we use in our Y — X relation. Hereafter, we do not include the Oy term in P(X|0wy,z) because
it is fixed throughout the analysis. After properly defining all the terms in the joint distribution
in Eq. 2.4, we marginalize over the nuisance variables (X, Y) in order to get the likelihood
of obtaining the measured observables (X, Y, I). The final likelihood of a single cluster then
becomes

Pﬁjjﬂ@=f11HM%W@XMXWWW&@HM&WMi (2.7)
Y X

To avoid significant bias in the results due to the assumed cosmological model and the exact
form of the X — M relation, we do not use the observed number of detected clusters as data, but
instead, we take it as a model parameter. In the Bayesian framework, this corresponds to using a
likelihood that quantifies the probability of measuring X; and ¥; observables given that the cluster
is detected. Such a likelihood can be obtained using the Bayes theorem, where the likelihood for
the ith cluster becomes

P(?iv)?ia I|07 Zl)

LI, Xi1,6,2) = D .
[ [, o P(Vi X, 116, 2)dYidX;

(2.8)

Lastly, the overall likelihood of the sample is obtained by multiplying the likelihoods of all
clusters

Ndet
LV, Xanll, 6,2) = l—[ LY, X)|1,6,z), (2.9)

1
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where ¥, and X, are the measurement observables of all clusters in the sample and Ny is the
number of detected clusters in our sample.

This form of the likelihood is similar to those used in the literature; see, for example, Mantz
et al. (2010a). The most fundamental difference is the goal of our study, which is to fit the
scaling relations at a fixed cosmology rather than simultaneously fitting scaling relations and
cosmological parameters. Using this likelihood allows us to avoid including terms that have a
strong dependence on cosmology, such as those in Mantz et al. (2010b), namely the probability
of not detecting the model- predicted undetected clusters, P(I|6), possible ways of selecting Ny
clusters from the total sample N, ( A ) and the prior distribution of the total number of clusters
in the field, P(N) (see Mantz, 2019, for the use of these parameters). Another benefit of using
this likelihood is it allows the results to be less sensitive to the accuracy of the normalization of
the X — M relation and therefore, makes our analysis more robust for the goal of our study.

2.3.3 Modeling the Selection Function

The selection function model adopted here, P(/|Y,z) in Eq. 2.7, is similar to that described in
Liu et al. (2022a). It relies on multiple mock realizations of the eFEDS field (Liu et al., 2021).
The simulations faithfully reproduce the instrumental characteristics of eROSITA and features
induced by the scanning strategy (exposure variations, point-spread function, effective area, and
the grasps of the seven telescopes.) Realistic foreground and background models are associ-
ated with a full-sky light-cone N-body simulation assuming the Planck-CMB cosmology. These
sources include stars, active galactic nuclei (AGN), and galaxy clusters. The method to associate
AGN spectral templates to sources is derived from abundance-matching techniques. For clusters
and groups, the association between a massive dark matter halo and an emissivity profile drawn
from a library of observed templates depends on the mass, redshift, and dynamical state of the
halo. In particular, relaxed halos are associated with gas distributions with higher central pro-
jected emission measures. The steps leading to the AGN and cluster simulations are extensively
described in Comparat et al. (2019, 2020). The SIXTE engine (Dauser et al., 2019) serves in
converting sources into event lists, while the eSASS software (Brunner et al., 2022) is used to
process those lists and to deliver source catalogs.

The next steps are identical to those in Liu et al. (2022a), except for the definition of an
extended detection which assumes Lge; > 15 and Ly > 15. In particular, pairs of the simulated
and detected sources are looked for in the plane of the sky, accounting for their relative positions,
their extents, and favoring association between bright sources in cases of ambiguity. Securely
identified matches are flagged as a successful detection.

The modeling of the detection probabilities involves interpolation across the multi-dimensional
parameter space describing galaxy cluster properties, which includes their intrinsic soft-band or
bolometric luminosity, their redshift, the local exposure time, and, optionally, the central emis-
sion measure. Other parameters are marginalized over, making the assumption that their distri-
butions are correctly reflected in the simulations. To this end, we make use of Gaussian Process
classifiers, a class of nonparametric models that capture the variations of the detection probabil-
ity under the assumption that the covariance function (kernel) is a squared exponential function.
One advantage of using such models rather than the multi-dimensional spline interpolation, for
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example, is a more appropriate mathematical treatment of uncertainties, particularly in poorly
populated areas of the parameter space. Two-thirds of the simulated clusters are used for train-
ing the classifiers, and the remaining third provides the material to test the performance of the
classifiers and to assess their behavior on a realistic population of halos. In particular, we check
that systems assigned a given detection probability by the classifier display a detection rate with
a value close to that probability; in such cases, the classifier is said to be well-calibrated.

These models are designed to emulate the whole chain of computationally expensive steps
needed in performing an eFEDS end-to-end simulation (Liu et al., 2021). It is worth noting that
such selection functions have a range of applicability that is set by the simulation.

In order to demonstrate the representativeness of the selection function, we model the lumi-
nosity distribution of the Lyee > 15, Lo > 15 clusters and compare it with the observed cluster
distribution. We model it as P(I, Lx,z) = P(I|Lx, 2)P(Lx|z)P(z) where we calculate P(Lx|z) us-
ing Eq. 2.6 and the best-fit Ly — M relation presented in Chiu et al. (2022). For the redshift
distribution, we assume the comoving cluster density to be constant within our redshift span

(0 < 2 <0.9) so that P(z) is proportional to the comoving volume shell dV.(z) = H%%Qﬂz
(Hogg, 1999) where c is the light speed, H,, is the Hubble constant, dA(z) is the angular diameter
distance, and €); is the solid angle of the eFEDS survey. A comparison between the distribution
of the luminosity measurements for the cluster sample with Lge, > 15, Ly > 15 selection and
our model predicted by our selection function is shown in Fig. 2.2. The figure visually demon-
strates the consistency of the luminosity distribution with redshift predicted from the selection
function (plotted as the background color) and measurements from the eFEDS data (white data

points and white contours).

2.3.4 Fitting

We fit scaling relations using the MCMC sampler package emcee (Foreman-Mackey et al., 2013)
with a likelihood described in Sect. 2.3.2. Before we fit the real data, we validate our fitting code
on simulated clusters. For the tests, we generate mock X-ray observables of a sample of 265
clusters corresponding to the same number of clusters in the sample selected with the criteria of
Ler > 15 and L > 15. Using the observed redshifts as priors, we sample the observables, X
and Y, from a bivariate distribution of the form

P(Y, X, 1|0sim, 2) = PU|Y, 2)P(Y|X, bsim, 2) P(X[2), (2.10)

where P(Y|X, 6sm, 2) is the scaling relation term including intrinsic scatter and 6y, is the input
scaling relation parameters for the simulated clusters. We then scatter the X and Y observables
to mimic observational uncertainty and assign conservative error bars to model our observable
measurements. We then run our fitting code on the simulated clusters with 100 walkers for 10000
steps and compare the best-fit 6 values with the input parameters (6,,). We find that the fitting
code successfully recovers all input parameters with a deviation within one sigma, validating the
performance and the accuracy of the code.

After the test run, we fit the X-ray scaling relations using the eFEDS measurements using
flat priors for all scaling relation parameters; U(—4, 4) for the normalization (A), U(-10, 10) for
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Figure 2.2: Soft band (0.5 — 2.0 keV) X-ray luminosity and redshift measurements of the clus-
ters in the eFEDS field that satisfies the Ly, > 15 and L > 15 condition. Luminosities are
measured within apertures of r5y,.. White solid curves are smoothed contours of the Ly — z data
points, and the color is proportional to the PDF of the hypothetical Ly — z distribution modeled
as P(I, Lx, z) = P(I|Lx, 2) P(Lx|z) P(z) (see Sect. 2.3.3 for the description of the model).
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Table 2.1: Median values of observables measured for the Ly > 15, Lex > 15 clusters.

Parameters Median/Pivots

Lx 3.20 x 10*¥ erg s7!

Liol 9.49 x 10" erg s7!
T 3.26 keV

Mg 1.04x 10 M,

Yx 3.75 x 1013 Mg keV
z 0.33

Notes. These values are used as pivot values of observables in Eq. 2.3

Table 2.2: Self-similar expected model parameter values of scaling relations of the form Y =

X b E@) ¢
. . Z,
A Ypr (Xpiv) (E(Zpiv))

Relation
Y X B self Cself
Lx T 3/2 1

Ly Mg 1 2
Lx Yx 3/5 85

Lol T 2 1
Lbol M gas 4/ 3 7/ 3
Lo Yx 4/5 9/5

My, T 32 -
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Table 2.3: Best-fit parameters of the scaling relations

Best fit parameters

Relation Free redshift evolution Self-similar redshift evolution

Y X A B C Oyix A B C = Cself Oy|x
Lx T 0.91f8;}§ 2.89’:8;%‘3‘ 1.59f8:§§ 0.78f8:8§ 0.89j8:}§ 2.93’:8:%% 1 0.80f8:8;
Lx Mg, 0897002 1107003 1441023 (30900 (88002 1079002 3 (3000
Ly Yx  1200% 083700 15003 0297003 120°0% (83702 g5 (029700
Lo T 1.02°013 3.017003 2.69*07¢ 0.70*007  0.967013 3.13*0 13 1 0.76+050
Lot Mgy 0.86f8:8§ 1.1 91’8;8? 1 .861’8:5(9) 0.321'8:8% 0.861'8:8% 1.1 6f8:8§ 7/3 0.31 fg:gg
Lo Yx 1. 12f8:8§ O.9OJ_'8:8§ 1 .831’8% 0.281'8:8% 1. 121'8:8% O.90f8:8§ 9/5 0.281'8:8%
Mgs T 083*013 241701 0217978 0.671%00 077013 247701, -1 0.72+5.90

B C
Notes. Fitted relation is of the form ¥ = A Y,y (%) ( E]fz(;)v)) with a log-normal intrinsic scatter oy|x (in
natural log). Pivot values of the observables are provided in Table 2.1. Each relation is fitted twice; first
leaving the redshift evolution exponent (C) free and second with a redshift evolution exponent fixed to the
corresponding self-similar value (see Table 2.2 for the self-similar exponents). Details of the modeling
and the fitting of the scaling relations can be found in Sect. 2.3. Errors are 1o uncertainties calculated

from the second half of the MCMC chains.

the slope (B), U(—10, 10) for the redshift evolution exponent (C), and U(0.1, 3.0) for the scatter
(oyix). The median values of the observables are used as the pivot values in our fits and are
provided in Table 2.1.

In total, we perform two fits for each scaling relation. The first fits are performed with free
redshift evolution exponents, C, and in the second fits, the parameter C is fixed to the self-similar
values. The self-similar expectations are given in Table 2.2 for all scaling relations investigated
in this Chapter. The best-fit parameters of these seven relations can be found in Table 2.3. We
provide our results and comparisons with the literature in Section 2.4.

2.4 Results

Scaling relations between X-ray observables are tools for understanding the ICM physics for
various mass scales and the evolution of the ICM with redshift, while the relations between
observables and cluster mass are used for facilitating cosmology with cluster number counts. In
this section we examine the L — T, L — M,,, L — Yx, and M,,, — T scaling relations, using
both Lx and L., and provide extensive comparisons with the literature. Owing to the high
soft-band sensitivity of the eROSITA, we were able to include a large number of low-mass, low-
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luminosity clusters in our study, down to the soft band luminosities of 8.64 x 10%*° ergs s™! and

masses (Msgo.) of 6.86 x 1012 M,. In the eFEDS field alone, we detect a total of 68 low-mass
groups with Mspo. < 10'* My, that are fully included in our analysis. eROSITA is revolutionary
in both ICM studies and cosmology in this regard as it extends cluster samples to much lower
luminosities and lower masses than ever reached before. We first describe our method and lay the
groundwork with the eFEDS sample with this study, and will push the mass and luminosity limits
down with our ongoing work on the eRASS1 sample. One other important aspect is the fact that
the eROSITA group and cluster samples are uniformly selected, and the selection function is well
understood with the help of our full-sky eROSITA simulations.

There are several complications in comparing scaling relation results in the literature with
our results. These are linked to the form of the fitted scaling relations, the energy band of the ex-
tracted observables, and the assumed cosmology, and the instrument calibration also varies from
one study to another. To overcome these difficulties, we apply corrections before we compare
them with our results. In these comparison plots, we use the self-similar redshift evolution as
the common reference point and convert the observables accordingly. The standard energy band
we use in this Chapter for the extraction of observables is the 0.5 — 2.0 keV band. To convert
normalizations of scaling relations involving luminosities obtained in the 0.1 — 2.4 keV energy
band (L -24), we faked an unabsorbed APEC spectrum within Xspec and calculated a conver-
sion factor of 1.64 for a cluster that has a temperature of 3.26 keV, an abundance of 0.3 Z, and
a redshift of 0.33. These redshift and temperature values are the median values of our sample
(see Table 2.1). Changing the temperatures and redshifts affects the conversion factor by a few
percent, which is consistent with the findings of Lovisari et al. (2020). We, therefore, applied
the same conversion factor to all other works using the 0.1 — 2.4 keV energy band. Lastly, we
convert the relations assuming a dimensionless Hubble constant of 0.6774, which is the value
we use in this Chapter. The corrections are only applied to the normalizations, and therefore, the
slopes and redshift evolution exponents of previously reported relations remain unchanged.

Another challenge in comparisons of scaling relations involving the ICM temperature is the
calibration differences between various X-ray telescopes. It has been shown that calibration dif-
ferences between Chandra and XMM-Newton are dependent on the energy band and can be as
large as a factor of two for hot clusters with temperatures > 10 keV in the soft band (0.7 -2 keV)
(Schellenberger et al., 2015). However, this difference is small, namely of 10%-15% in the
full 0.7 — 7 keV band for low-temperature clusters (< 4 keV), to which we are sensitive in the
eFEDS observations. Our preliminary calibration studies with eROSITA showed that, in gen-
eral, eEROSITA temperatures are in good agreement with Chandra and XMM-Newton tempera-
tures (Sanders et al., 2021; Veronica et al., 2021; Iljenkarevic et al., 2021; Whelan et al., 2021).
Turner et al. (2021) recently cross-matched the eFEDS cluster catalog (Liu et al., 2022a) with the
XMM-Newton Cluster Survey (XCS, Romer et al., 2001) sample and found luminosities of 29
cross-matched clusters to be in excellent agreement. They also compared the temperatures of 8
clusters that were measured with both telescopes and found XMM measurements to have slightly
higher temperatures on average. In order to better understand the instrumental differences, more
extensive studies should be performed with a cluster sample containing a larger range of temper-
atures using the survey data. Temperature offsets resulting from calibration differences will be
further investigated in future eROSITA projects.
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Figure 2.3: L — T scaling relations and the posterior distributions of the scaling relations pa-
rameters. Left: Soft band (0.5 — 2.0 keV) X-ray luminosity (Lx), bolometric (0.01 — 100 keV)
luminosity (Lyo), temperature (7'), and redshift (z) measurements of the Ly > 15, Lo > 15
sample and the best-fit scaling relation models. The light-red shaded areas indicate 10~ uncer-
tainty of the means of the log-normal models (see Eq. 2.5), and dashed red lines indicate the
best-fit standard deviations (or) around the mean. Orange diamonds indicate median tem-
perature measurements obtained from clusters between luminosity quantiles. Right: Parameter
constraints of the Ly — T and L, — T relations obtained from the second half of the MCMC
chains. Marginalized posterior distributions are shown on the diagonal plots, and the joint pos-
terior distributions are shown on off-diagonal plots. Red dashed vertical lines indicate the 32nd,
50th, and 68th percentiles, and contours indicate 68% and 95% credibility regions.
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24.1 Lx—T and L, — T Relations

The two main observables from X-rays, luminosity, and temperature, reflect different but com-
plexly related features of the ICM in clusters. On one hand, luminosity is proportional to the
square of the electron density, and therefore, it is highly sensitive to the distribution of the hot
gas. On the other hand, the temperature is related to the average kinetic energy of the baryons
in the ICM. Both luminosity and temperature are subject to gravitational and non-gravitational
effects in a different manner, and this makes their relation nontrivial (see Giodini et al., 2013, for
a more detailed discussion). Hence, a better understanding of the L — T relation will shed light
on the history of the heating and cooling mechanisms of clusters.

In the self-similar scenario (Kaiser, 1986), the relation between luminosity, temperature, and
redshift follows

Ly « T?E(2) (2.11)

and
Lo < T?E(2). (2.12)

However, a plethora of studies report steeper Lx — T (B ~ 2.5) and Ly, — T (B ~ 3.0) relations
compared to their self-similar predictions (e.g., Pratt et al., 2009; Eckmiller et al., 2011; Maughan
et al., 2012; Hilton et al., 2012; Kettula et al., 2015; Lovisari et al., 2015; Zou et al., 2016; Giles
et al., 2016; Molham et al., 2020).

Our best-fit results for the Lx—T relation are presented in Table 2.3 where we report a slope of
B = 2.89*%11, a redshift evolution dependence of C = 1.59*)5%, and a scatter of o v = 0.787005.
The best-fit model is shown in Fig. 2.3. In general, our results agree well with studies that
account for the selection biases. A comparison of our results with some others can be found
in Fig. 2.4. Our best-fit slope is significantly steeper at a ~ 110 confidence level than the self-
similar expectation (B = 3/2). Our relation is slightly steeper than the slopes reported for
the XXL sample, B = 2.63 + 0.15 (Giles et al., 2016), and the combined Northern ROSAT
All-Sky Survey (NORAS) plus ROSAT-ESO Flux Limited X-ray Survey (REFLEX) samples,
B =2.67 +0.11 (Lovisari et al., 2015), but all three agree well within 1.30~. We note that these
latter authors fully account for selection effects in their analysis, and both of these latter samples
are the most similar to the eFEDS sample because they also contain a significant fraction of
low-mass clusters. Our slope is also slightly steeper than the slopes found in Eckmiller et al.
(2011) (B = 2.52 £ 0.17) and Kettula et al. (2015) (B = 2.52 + 0.17) but is consistent with both
within 1.70. The slope of B = 2.24 + 0.25 reported in Pratt et al. (2009) is 2.30" shallower
than our results. Our best-fit redshift evolution for the Lx — T relation is in agreement with the
self-similar scenario (Cyj ¢ = 1) and with Giles et al. (2016) within 1o-. Furthermore, our redshift
evolution also agrees well with most of the other results because of the large error bars which
indicate the redshift evolution could not be constrained, as well as other parameters. When we
fix the evolution term to the self-similar value, we find a steeper slope of (B = 2.93 +0.12). This
slope is ~ 40~ away from the slope reported in Migkas et al. (2020) (B = 2.38 £ 0.08) if their
temperature correction is taken into account. Our best-fit intrinsic scatter for the Ly — T relation
agrees very well with Pratt et al. (2009) (oLr = 0.76 £ 0.14) whereas it is in 30 tension with
Giles et al. (2016) (oLr = 0.47 £ 0.07). Lovisari et al. (2015) (o, r = 0.56) and Eckmiller
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Figure 2.4: Comparison between our best-fit L — T and L — M,,relations, the self-similar model
and other studies in the literature (Pratt et al., 2009; Eckmiller et al., 2011; Zhang et al., 2011;
Kettula et al., 2015; Lovisari et al., 2015; Mantz et al., 2016; Giles et al., 2016; Zou et al., 2016;
Migkas et al., 2020). Grey circles are the eFEDS clusters. In order to achieve consistency, a
cosmology and energy band conversion is applied to the previously reported results (see Sect. 2.4

for the details).
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etal. (2011) (o, = 0.63) also reported slightly smaller intrinsic scatter results compared to our
findings, but a statistical comparison cannot be made because of the lack of error bars in their
scatter measurements.

For the Ly, — T relation, we find a slope of B = 3.01*%!13 a redshift evolution term of

~0.12>
C = 2.69707% and a scatter of o, ;v = 0.70*097. Both the slope and the redshift evolution are

steeper tha(;fihe self-similar expectation of BSQ}O(): 2 ata 8.50 level and Cyy = 1 at a 20 level.
Due to the temperature dependence of the X-ray emissivity, the L — 7" scaling relation involving
the bolometric luminosity is expected to be steeper than that of the soft-band luminosity for
the same cluster by a factor of o«c n2T%5. The slope in this case agrees very well with Giles
et al. (2016) (B = 3.08 + 0.15), Zou et al. (2016) (B = 3.29 + 0.33), and Pratt et al. (2009)
(B = 2.70 £ 0.24). When we fix the redshift evolution to the self-similar value, we obtain a
steeper slope of B = 3.13+0.12. Our best-fit slope with fixed redshift evolution is also consistent
with the slopes in Giles et al. (2016) and Zou et al. (2016) within uncertainties, whereas Migkas
et al. (2020) found a slope that is shallower by 4.50 (B = 2.46 + 0.09). Maughan et al. (2012)
(B = 3.63 + 0.27), however, found a steeper slope than both the self-similar model and our
results when they included the cluster cores. Maughan et al. (2012) reported that when they limit
their sample to relaxed cool core clusters, they find a much shallower slope of B = 2.44 + 0.43,
indicating that the discrepancy observed here could be due to their samples being heavily affected
by the selection effects, which we take into account by using realistic simulations in our analysis.
The intrinsic scatter of the Ly, — 7 relation is lower compared to the best-fit value of our Lx — T
relation, but they agree within the error bars. Pratt et al. (2009) reported o, v = 0.73 + 0.14,
which is consistent with our results for the L, — T relation within uncertainties. Our best-
fit intrinsic scatter is slightly higher than the findings reported in Zou et al. (2016) (oL, r =
0.47 £ 0.11) and Giles et al. (2016) (o,,r = 0.47 £ 0.07), but within 1.8 and 2.50 statistical
uncertainty, respectively.

24.2 Lx — Mg, and Ly, — M,,, Relations

Luminosity and gas mass are two tightly related observables because of their mutual dependence
on electron density, and therefore, a strong correlation is expected between them. Measurement
of their correlation whilst taking into account selection effects and the mass function with a
large sample allows us to test the theorized relation between these observables. According to the
self-similar model, they are connected as

Ly o Mg E(2) (2.13)

and
Lo < MY2E(2)"3. (2.14)

gas

Our best-fit results for the Lx — M,,s and Ly, — My, relations are provided in Table 2.3
and in Fig. 2.5. A comparison of these results with previous work is shown in Fig. 2.4. We
report a slope of B = 1.10%003, a redshift evolution term of C = 1.44*32° and a scatter of
OLxMg = 0.30 £ 0.02. The slope is in tension with the self-similar expectation at a 5o level,

but the redshift evolution is consistent with the self-similar model within 20- confidence for the
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Figure 2.5: L — M, scaling relations and the posterior distributions of the scaling relations pa-
rameters. Left: Soft band (0.5 — 2.0 keV) X-ray luminosity (Lx), bolometric (0.01 — 100 keV)
luminosity (Lyo), gas mass (Mg,s), and redshift (z) measurements of the Lo > 15, Loy > 15
sample and the best-fit scaling relation models. The light-red shaded areas indicate 10~ uncer-
tainty of the means of the log-normal models (see Eq. 2.5), and dashed red lines indicate the
best-fit standard deviations (ozy,,) around the mean. Orange diamonds indicate median gas
mass measurements obtained from clusters between luminosity quantiles. Right: Parameter con-
straints of the Lx — Mg, and Ly, — Mg, relations obtained from the second half of the MCMC
chains. Marginalized posterior distributions are shown on the diagonal plots, and the joint pos-
terior distributions are shown on off-diagonal plots. Red dashed vertical lines indicate the 32nd,
50th, and 68th percentiles, and contours indicate 68% and 95% credibility regions.
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Lx — My, relation. When we fix the redshift evolution to the self-similar value, the slope does not
change significantly (B = 1.07 £ 0.02). Zhang et al. (2011) obtained a slope of B = 1.11 + 0.03
from the 62 clusters in the HIFLUGCS sample, which is consistent with our measurements. Their
slope for the cool-core clusters (B = 1.09 £ 0.05) is similar to what they found for their whole
cluster sample, but the best-fit slope for their noncool-core clusters is steeper (B = 1.20 + 0.06).
Lovisari et al. (2015) studied the scaling properties of a complete X-ray-selected galaxy group
sample and found the slope of the Lx — M, relation for galaxy groups to be B = 1.02 + 0.24,
which is slightly shallower than but still consistent with the result they obtained for more massive
clusters, B = 1.18 £ 0.07. Both of these measurements are consistent with our slope. Conversely,
a flux-limited sample of 139 clusters compiled from the ROSAT All-Sky Survey catalog has a
steeper slope with B = 1.34 £ 0.05 for the Lx — Mg, relation (Mantz et al., 2016). The result
of these latter authors is more than 40 away from our measurement. This discrepancy might be
due to the fact that the Mantz et al. (2016) sample is dominated by massive, luminous clusters
(their lowest luminosity system is about as bright as our most luminous systems), while the
eFEDS sample is composed of low-mass clusters and groups. There are not many studies in the
literature reporting intrinsic scatter of the Lx — Mg, relation. Therefore, we were only able to
compare our results with those of Zhang et al. (2011), who found o m,,, = 0.14 £ 2, which is
significantly lower (5.507) than our results.

On the other hand, we find the best-fit parameters of the slope, the evolution term, and the
scatter of the Lyo — Mg, relation to be B = 1.19+0.03, C = 1.86*)3, and 07, ju,,, = 0.32+0.02,
respectively. Similarly, the slope is ~ 50 away from the self-similar model, while the redshift
evolution is fully consistent with the model. This relation has received much less attention in
the literature. Zhang et al. (2011) found a slope of B = 1.29 + 0.05 when they fitted their whole
sample. Their reported slope is less steep for cool-core clusters (B = 1.24 + 0.05) relative to
the noncool-core clusters (B = 1.42 + 0.06). The slope of the whole sample is fully consistent
with our measurements within 2o-. Similar to the Lx — M,,, relation, we could only compare our
best-fit intrinsic scatter for the Ly, — My, relation with the results of Zhang et al. (2011), who
report o, m,,, = 0.21 £ 2, which is in 40 tension with our results.

One additional point is that there is a noticeable deviation around the gas mass of ~ 10'> Mg,
in Fig. 2.5. The low-mass groups tend to show higher luminosity relative to the mass determined
from the scaling relations. The slope and normalization of this power-law relation are mostly
governed by the higher mass clusters. The low-mass groups would prefer a shallower Lx — M,y
power-law slope relative to the high-mass clusters. This observed trend is fully consistent with
the Lx — Mg, relation reported by Lovisari et al. (2015), who similarly observed the relation
getting shallower at the group scale but within error bars.

24.3 Lx - Yxand L, — Yx Relations

The accurate mass indicator, Y, first introduced by Kravtsov et al. (2006), shows a low intrinsic
scatter with mass and has a tight relation with the Sunyaev Zel’dovich (SZ) effect observable
Compton-y parameter, Ysz (e.g., Maughan, 2007; Benson et al., 2013; Mantz et al., 2016; Bulbul
et al., 2019; Andrade-Santos et al., 2021). Because of this strong correlation, scaling relations
involving Yx can be used as a connection in multi-wavelength studies of galaxy clusters. Numer-
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Figure 2.6: L — Yx scaling relations and the posterior distributions of the scaling relations pa-
rameters. Left: Soft band (0.5 — 2.0 keV) X-ray luminosity (Lx), bolometric (0.01 — 100 keV)
luminosity (L), Yx , and redshift (z) measurements of the Ly, > 15, Loy > 15 sample and the
best-fit scaling relation models. The light-red shaded areas indicate 10~ uncertainty of the means
of the log-normal models (see Eq. 2.5), and dashed red lines indicate the best-fit standard devi-
ations (op)y,) around the mean. Orange diamonds indicate median Yx measurements obtained
from clusters between luminosity quantiles. Right: Parameter constraints of the Lx — Yx and
Ly — Yx relations obtained from the second half of the MCMC chains. Marginalized posterior
distributions are shown on the diagonal plots, and the joint posterior distributions are shown on
off-diagonal plots. Red dashed vertical lines indicate the 32nd, 50th, and 68th percentiles, and
contours indicate 68% and 95% credibility regions.
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Figure 2.7: Comparison between our best-fit L — Yx, and My, — T relations, the self-similar
model and other studies in the literature (Maughan, 2007; Arnaud et al., 2007; Croston et al.,
2008; Zhang et al., 2008; Pratt et al., 2009; Eckmiller et al., 2011; Lovisari et al., 2015). Grey
circles are the eFEDS clusters. In order to achieve consistency, a cosmology and energy band
conversion is applied to the previously reported results (see Sect. 2.4 for the details).
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ical simulations suggest that non-gravitational effects have a small influence on this mass proxy
compared to other X-ray observables (Nagai et al., 2007a).
According to the self-similar model, luminosity is expected to depend on Yx and redshift as

Lx « Y} E(2)*° (2.15)

and
Lo < Y E(2)°". (2.16)

Our results for the best-fit Ly — Yx relations are listed in Table 2.3 and plotted in Fig. 2.6,
while a comparison with the literature is provided in Fig. 2.7. We find a slope of B = 0.83 +£0.02,
a redshift evolution exponent of C = 1.50*)32, and an intrinsic scatter of o7y, = 0.29 + 0.03
for the Lx — Yx scaling relation. Our slope for the Lx — Yx relation is 11.50 steeper than that
predicted by the self-similar model. The redshift evolution of the Lx — Yx relation is slightly
shallower than the self-similar expectation but is consistent within the uncertainties. Our slope
is consistent with the results presented in Maughan (2007) (B = 0.84 + 0.03) and with that
of Lovisari et al. (2015) (B = 0.79 + 0.03). Our results for the same relation are within 1.8c
statistical uncertainty of the HIFLUGCS+groups sample of Eckmiller et al. (2011) and within
2.20 of their groups-only sample. These latter authors find slopes of B = 0.78 + 0.02 and
B = 0.71 £ 0.05 for the HIFLUGCS+groups and groups only samples, respectively, where the
latter is within ~ 20" from the self-similar expectation. Our best-fit intrinsic scatter is in good
agreement ( 1.50) with the findings of Pratt et al. (2009) (o 1,y = 0.41 £ 0.07). Eckmiller et al.
(2011) (o gy = 0.46) and Lovisari et al. (2015) (o1, y, = 0.51) report higher values for the
intrinsic scatter of the Ly — Yx relation, but these measurements are presented without error bars
and therefore a statistical comparison with our findings cannot be made.

For the Ly, — Yx relation, we find a slope of B = 0.90 +0.02, a redshift evolution exponent of
C = 1.83707%, and an intrinsic scatter of o, )y, = 0.28 +0.02. The slope shows a 5o~ deviation
from self-similarity. Maughan (2007) find an even larger deviation from the self-similarity, mea-
suring a slope of B = 1.10+0.04. Also, in Zhang et al. (2008) and Pratt et al. (2009), the authors
reported steeper slopes of B = 0.95+0.08 and B = 1.04 +£0.06 where the former agrees well with
our results within statistical uncertainties whereas the latter is 2.20- higher. Numerical simula-
tions show a similar scenario. Biffi et al. (2014) reports this slope to be B = 0.94 + 0.02, which
is also slightly steeper than our results and significantly steeper than the self-similar value. Our
redshift evolution for the Ly, — Yx relation is consistent with the self-similar prediction within the
uncertainties. A similar redshift evolution was measured in Maughan (2007), with C = 2.2+0.1,
which is < 1.50" away from our finding. Our best-fit intrinsic scatter for the Ly, — Yx relation is
slightly smaller (1.50) compared to the value reported in Pratt et al. (2009) (o, v, = 0.38+0.06).
Maughan (2007) reported a similar value (o, )y, = 0.36 +0.03) for the intrinsic scatter that is in
2.20 tension with our best-fit value.

244 My, — T Relation

M,,—T and Lx —T relations are conjugates of each other because of the tight correlation between
Mg, and Lx. However, we still expect to see differences as M,,, has a linear dependence on
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Figure 2.8: M,,,—T scaling relation and the posterior distributions of the scaling relation param-
eters. Left: Gas mass (My,), temperature (7), and redshift (z) measurements of the Ly > 15,
Lex > 15 sample and the best-fit scaling relation models. The light-red shaded area indicates the
1o uncertainty of the mean of the log-normal model (see Eq. 2.5), and dashed red lines indicate
the best-fit standard deviations (o, r) around the mean. Orange diamonds indicate median
temperature measurements obtained from clusters between gas mass quantiles. Right: Param-
eter constraints of the My,, — T relation obtained from the second half of the MCMC chains.
Marginalized posterior distributions are shown on the diagonal plots, and the joint posterior dis-
tributions are shown on off-diagonal plots. Red dashed vertical lines indicate 32nd, 50th, and
68th percentiles, and contours indicate 68% and 95% credibility regions.
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electron density, whereas L has a quadratic dependence. We fit the M,,,—T relation following the
similar framework as in the sections above with minor changes. We use the Ly flavored selection
function by converting M,,s to Lx because we do not have a selection function involving M,
from simulations. This one-to-one conversion, in principle, should not introduce a large bias to
our results because Lx and M,, are tightly correlated, and the scatter between them is relatively
low.
Based on the self-similar model, gas mass and temperature should be related to each other
via
Mgy o TE(2)7™". (2.17)
Our results for the My,, — T relation are listed in Table 2.3 and shown in Fig. 2.8. We obtain
a slope of B = 2.41 + 0.11, a redshift evolution exponent of C = 0.217%7% and a scatter of

-0.79°
Tmr = 0.677007. Our slope is 8.30 steeper than the self-similar model. We find a positive

redshift evoluti(;)f(l),6 which is expected to be negative in the self-similar case, but our result agrees
with the self-similar prediction within 1.50 statistical uncertainty. A comparison of our results
with the literature is given in Fig. 2.7. In general, the slope of the M,,, —T relation reported in the
literature is close to ~ 1.9, which is steeper than the self-similar expectation. Reported slopes in
the literature show a dependency on the mass range of the parent sample. For instance, Arnaud
etal. (2007) reports a slope of 2.10+0.05 based on the XMM-Newton observations of ten relaxed
nearby clusters. Consistently, Croston et al. (2008) found 1.99 + 0.11 using the 31 clusters in
the REXCESS sample, and Zhang et al. (2008) obtained 1.86 + 0.19 with XMM-Newron data
for 37 LoCuSS clusters. These slopes are shallower than the results reported here, with a 2.50
difference. The discrepancy could be due to the different selection of the samples compared here.
We find a factor of approximately two difference when we compare our best-fit normalization
results with those of Arnaud et al. (2007) and Croston et al. (2008) at their pivot temperature
value (5 keV). To investigate this difference and test our results, we reconstructed the My, — T
relation using our best-fit Lx — T and Lx — M, relations, which are in agreement with the most
recent studies in the literature taking into account the selection effects. We obtain a relation of

T 2.63 E(Z) 0.14
Mgys = 1.02 Mgy piv (T_) (E(Z _ )) . (2.18)
piv piv

The normalization, slope, and evolution terms are < 20~ away from the best-fit M,,, — T relation,
which indicates that our results for the My,, — T relation would be in good agreement with the
previous results if the selection effects were taken into account. We argue that the observed
discrepancy arises due to the combined effect of two main differences between our analyses and
the other analyses reported in the literature for the same relation. The first difference is that we
include selection effects in our work, and therefore, measure a steeper slope for the My,s — T
relation compared to the previously reported results. Our steeper slope agrees well with previous
findings because M., is a very good Lx proxy, and many studies, including ours, show that the
best-fit slope of the Lx — T relation is found to be steeper when the selection effects are taken into
account. The second difference is that our sample includes a larger fraction of low-mass clusters
compared to the other samples. If the cluster populations were similar, we would not observe
such a difference in normalization even if the slopes did not match. Therefore, in our case,
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the populations and the slopes being different combine and result in the observed mismatch.
Additionally, using a converted flavored selection function might have also contributed to the
discrepancy, but its effect is expected to be much smaller because the relation between Ly and
M, 1s tight and the scatter is low.

2.5 Discussion

Slopes of the scaling relations between X-ray observables studied in this Chapter show deviations
from the self-similar model by 4 — 11.50" confidence levels. These deviations are often attributed
to the departures from the assumptions in the self-similar (Kaiser, 1986) model in the literature.
We discuss two potential reasons for the observed discrepancy in the eFEDS sample in this
section.

The most commonly proposed explanations in the literature for the departures from self-
similarity challenge two major assumptions in the model. First, clusters are assumed to have
a spherically symmetric gas distribution that is in hydrostatic equilibrium. Secondly, physical
processes are primarily driven by the gravitational force, and the other effects are negligible in
shaping the observed physical state of clusters. Observational data and numerical simulations
indicate that both of these assumptions may not hold, and this can lead to departures from the
self-similar expectation. non-gravitational processes such as AGN feedback, galactic winds, and
star formation introduce extra energy to the system, heat the gas, and increase the entropy in the
core (e.g., Voit, 2005; Walker et al., 2012; Bulbul et al., 2016). AGN feedback, in particular,
can play an important role in shaping gas physics, especially in low-mass clusters and groups
that dominate the eFEDS extended source sample. AGN activity can expel gas to the outskirts
for lower mass haloes because of their shallower potential wells. As the larger fraction of gas is
removed from the centers of low-mass haloes, their luminosity decreases (e.g., Puchwein et al.,
2008). The most massive clusters with deeper potential wells, higher total mass, and the ICM
temperature are less affected by the non-gravitational effects. When the clusters and groups are
fit together, the lower luminosity of the groups and low-mass clusters leads to a steeper slope of
the Lx — T scaling relations when the cores are included. This result is consistent with numerical
simulations (Puchwein et al., 2008; Schaye et al., 2010; Biffi et al., 2014; Truong et al., 2018;
Henden et al., 2018, 2019), and the observational data in the literature (Eckmiller et al., 2011;
Maughan et al., 2012; Pratt et al., 2009; Zou et al., 2016; Giles et al., 2016; Migkas et al., 2020;
Lovisari et al., 2021). Another proposed reason for the steeper slope is the use of the overden-
sity radii 5., which are based on X-ray masses calculated under the assumption of hydrostatic
equilibrium(see Lovisari et al., 2021, for discussion). If the radius rsg. is biased low because
of the unaccounted-for non-thermal pressure in the ICM, the luminosity extracted in this radius
would be lower. The temperatures are less impacted by this effect because of large uncertainties.
However, in this Chapter, we use the overdensity radii rsgo. reported in Chiu et al. (2022) that
are obtained from the HSC weak lensing measurements uniformly for groups and clusters in the
eFEDS sample. We argue that the (mass-dependent) hydrostatic equilibrium bias and radius of
extraction do not have a major effect on our results and cannot explain the steeper slope of the
Lx—T scaling relations. The My, —T relations should be affected by the AGN feedback similarly
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but less severely than the Lx — T relation because of the linear dependence of Mg,, on the num-
ber density of electrons, i.e., Mg, « n, while Ly o n? through X-ray emissivity. The expected
steepening in Mg,s — T should be less prominent as a result of this effect. This is fully consistent
with our results, assuming that the discrepancy is attributed to non-gravitational effects. Another
important issue in comparing various results in the literature is the calibration differences be-
tween X-ray telescopes. The number density and luminosity measurements are expected to be
consistent between X-ray telescopes, namely Chandra and XMM-Newton (Bulbul et al., 2019);
however, significant band-dependent disagreements have been reported for cluster ICM temper-
ature measurements (Schellenberger et al., 2015). Given that the reported discrepancies between
X-ray instruments are small in the soft X-ray band where the temperature measurements of most
of our clusters lie, we do not expect that the slope differences are due to these calibration effects.

For Lx — Yx and Lx — M,,s scaling relations, the effect of Malmquist bias, i.e., preferential
sampling of bright objects, can clearly be seen and is often prominent in X-ray-selected samples.
We note that these biases and selection effects are fully accounted for in our selection function
and, therefore, should not bias our best-fit scaling relations. We observe mild deviations from
the self-similar model on both scaling relations in low M, and Yx regimes. The mass proxy Yx
shows low intrinsic scatter with cluster mass in the literature (Kravtsov et al., 2006; Eckmiller
et al., 2011; Bulbul et al., 2019). As the ICM temperature scales with total mass, we expect to
see a similar trend with low-scatter in the Lx — Yx scaling relations. Indeed, the Lx — Yx scaling
relations show a tight correlation for massive clusters. Along the lines of what we observe, as
the group scales dominate the sample, the intrinsic scatter becomes larger. We find that the
departures from the self-similarity are significant for both of the relations, which is consistent
with the results reported in the literature and numerical simulations (Eckmiller et al., 2011; Biffi
et al., 2014; Lovisari et al., 2015).

The self-similar model predicts cosmology-dependent redshift evolution for the scaling re-
lations between observables and cluster mass. This dependence is introduced through the over-
density radius (and the critical density), which is inversely related to the evolution of the Hubble
parameter with redshift z, E(z) = H(z)/H,. We do not find significant departures from the self-
similar evolution with redshift in any of our relations. All show self-similar redshift evolution
< 2.50 confidence level. There are contradictory reports in the literature as to the evolution of
scaling relations. Some studies report self-similar redshift evolution with redshift (Giodini et al.,
2013), while some studies report no evolution (Maughan, 2007; Pacaud et al., 2007). Larger
samples covering a wide redshift range will be available with the eRASS catalogs, which can be
used to constrain the redshift evolution of scaling relations and test the self-similar model.

In this Chapter, we investigate the scaling relations between X-ray observables of the galaxy
clusters and groups by fully modeling the selection effects. Our method of obtaining the selec-
tion function relies on realistic simulations of the eROSITA observations. This is the most robust
way of modeling the selection effects as long as the simulated population of sources is repre-
sentative of the observed sample. The advantage of this method lies in the fact that the same
detection and reduction methods are applied to both simulated observations and the eROSITA
data self-consistently (Clerc et al., 2018; Comparat et al., 2020). In these simulations, cluster
surface brightness profiles are created by making use of the previously measured profiles of clus-
ter and group samples that span a wide range of mass and redshift; they use X-COP, SPT, XXL,
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and HIFLUGCS cluster samples. This method allows the profiles to be consistent with the ob-
servations, except in the low-L, low-z regime, where we probe a mass and redshift space that
is poorly explored by previous X-ray observations. This led to a slight excess in the number
of detected simulated clusters by the pipeline in this parameter space, the presence of which is
barely visible in Fig. 2.2. The mild difference does not have any effect on our best fitting relations
because our likelihood takes the redshift (z) and detection (/) information of clusters as given,
L(f/au,f(aull ,0,7), such that in our analysis, the shape of P(I|Lx, z) as a function of Ly is more
important than the relative normalizations at different redshifts, P(I|z) = f P(I|Lx, z)P(Lx|z)dLx.

Following our analysis of the eFEDS observations, this less populated mass—luminosity range
will be filled with eFEDS clusters, and therefore, surface brightness profiles of simulated clusters
at these regimes will be improved for modeling the selection function for the future eRASS
observations.

We also test our method by comparing the model-predicted number of detected clusters (Nge;)
and the number of clusters in our observed sample (Nye) as also presented in Giles et al. (2016).
However, we find that comparing the predicted and observed cluster numbers is not informative
because the predictions have large uncertainties driven mostly by the propagated errors from our
scaling relation analysis and the weak-lensing mass-calibrated scaling relation analysis of Chiu
et al. (2022). To give an example, we compare the observed number of detected clusters for the
Lget > 15, Leoxe > 15 sample (265) with the model-predicted number for the Lx — T relation
similar to the Giles et al. (2016). We calculated Ny as

dn dV,
Ner = f f f P(I|Lx, 2)P(Lx|T, Ory7, 2) - ——dLxdTdz, (2.19)
LT dT dz
where ‘Qf is the differential comoving volume shell spanning a solid angle of Q.rgps = 140/(180/ n)?,

j—; is the temperature function calculated as described in Sect. 2.3.2, and 6,7 is the best-fit pa-
rameters of the Lx — T relation. While calculating Ny, first we only propagate the errors of the
best-fit parameters (6y,7) using MCMC chains and a pivot value of M;, = 1.4 X 10" M, which
is the median of the eFEDS sample. We find the model-predicted number of detected clusters
to be Ngeryr = 301.2%323. When we further propagate both the uncertainties of 6,7 and the
best-fit weak-lensing mass-calibrated scaling relation parameters (Ax, Bx, yx), we find the new
measurement to be N1 = 309.37242. In this case, the observed number of clusters is consis-
tent with the predicted number of clusters within the uncertainties. The difference in the absolute
values might be due to the selection function or the cosmology-dependent normalization of the
mass function. In this Chapter and in the eROSITA simulations (Comparat et al., 2020), the
Planck cosmology (Planck Collaboration et al., 2016) and the Tinker et al. (2008) mass function
are used. Larger samples of clusters of galaxies became available through the eROSITA All-
Sky observations (Bulbul et al., 2024), and provide sufficient statistics to constrain cosmology
simultaneously with the scaling relations (Ghirardini et al., 2024).

Decreasing the scatter is of significant importance in reducing the systematic error on the
constraints of cosmological parameters through cluster counts. Cool-core and relaxed clusters are
reported to show less scatter on the scaling relations relative to the mergers (Vikhlinin et al., 2009;

Mantz et al., 2010b). The dynamical states of the eFEDS clusters and groups were presented in
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Ghirardini et al. (2022). The dynamically relaxed clusters make up 30 to 40% of this sample,
and therefore, using them reduces the statistical power of our measurements. Additionally, the
use of the relaxed cluster in the scaling-relation fits requires a selection function characterized in
terms of these morphological parameters and a dynamical-state-dependent mass function (e.g.,
Seppi et al., 2021). This form of selection function is not available yet. We, therefore, leave this
work to future studies of the eRASS data.

2.6 Conclusions

The eFEDS is of a similar depth to the final eEROSITA All-Sky Survey in Equatorial regions. In
this field, a total of 542 galaxy clusters and groups are detected as extended X-ray sources (Liu
et al., 2022a; Klein et al., 2022). In addition, 346 more clusters are found in the point source
catalog that were misclassified due to the sizable PSF of eROSITA (Bulbul et al., 2022). In this
Chapter, we present the X-ray properties (Lx, Lyol, T, My, Yx) of the galaxy clusters and groups
detected as extended objects in the eFEDS field in two apertures; core-included (r < rsg0.) and
core-excluded (0.15rs500. < r < rs500.). The overdensity radius rsy. is obtained from the HSC
weak-lensing mass estimates provided in Chiu et al. (2022), allowing our measurements to be
free of bias from the hydrostatic equilibrium assumption.

Additionally, we provide the L — T, L — M,,, L — Yx, and My, — T scaling relations be-
tween these (core-included) X-ray observables for a subsample of clusters. We only consider
the extent-selected sample, where we can characterize the selection effects using state-of-the-art
simulations. Contamination of the main eFEDS clusters and groups sample by AGNs and false
detections due to fluctuations is on the order of 20% (see Liu et al., 2022a, 2021, for details). To
reduce the contamination of the sample to under 10%, we applied further cuts on the extent and
detection likelihoods: L > 15 and L > 15. Apart from the L4 and L, cuts, we have not
applied any further cleaning to the sample, such as optical cross-matching. These cuts reduce
the sample size to 265 clusters and groups spanning a redshift range of 0.017 < z < 0.94, a
soft-band luminosity range of 8.64 x 10* erg s™! < Lx < 3.96 x 10* erg s™!, and a mass range
of 6.86 X 10'2 My, < Msgp. < 7.79 x 10'* M. In this sample, we find 68 low-mass galaxy groups
with < 10'*M,, which are uniformly selected with the rest of the massive clusters in the sample.
We investigated seven relations by taking into account both the selection effects and the cosmo-
logical distributions of observables. Fitting was performed twice for each of the seven relations,
first with a redshift evolution exponent left free and second with a redshift evolution exponent
fixed to the self-similar value. The main conclusions of our analysis are as follows:

— The eFEDS scaling-relation results between X-ray observables, in general, are in good
agreement with the recently reported results. However, we find significant tension with the
self-similar expectation for all scaling relations studied here. We suggest that these devia-
tions indicate that the non-gravitational effects, such as the feedback mechanisms, play a
key, nonnegligible role in shaping the observed physical properties of the clusters, espe-
cially in the low-mass group regime. Specifically, the scaling-relation results we present
in this Chapter for the L — T relation agree well with the results from the samples that are
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similar to the eFEDS sample when the selection function is taken into account (Giles et al.,
2016; Lovisari et al., 2015; Eckmiller et al., 2011). Our results for the L — T relation also
agree well with the FaBLE and macsis simulations where they include baryonic feedback
(Puchwein et al., 2008; Henden et al., 2019; Biffi et al., 2014; Barnes et al., 2017).

— The largest scatter we measure is for the Lx — T and Ly, — T relations. We find o7 =
0.80 + 0.07, o, = 0.76*00! when we fix the redshift evolution to the self-similar value

and o7 = 0.78*90%% o7y, yr = 0.70*007 when the evolution is let free. This intrinsic scatter
is mostly driven by the groups. The lowest scatter is measured for the Ly — Yx and Ly, — Yx
relations with oz, vy = 0.29(0.28) + 0.03(0.02). This result shows that in addition to Yx

being a good mass indicator, it is also a good proxy for the X-ray properties of the ICM.

— The redshift evolutions of the seven scaling relations we examined are broadly consistent
with the self-similar model. Fixing the redshift evolution exponent to the corresponding
self-similar value only changes the best-fit slopes by < 1o from its previous value obtained
with a free exponent. Larger samples of clusters and groups are required to constrain the
evolution of these relations with redshift.

— We find that the My, — T relation differs from the previous results in the literature by a
factor of approximately two in normalization. This could be driven by the lack of proper
consideration of the selection effects in the previously reported results or by the fact that
the eFEDS sample contains a much greater number of low-mass clusters and groups than
the compared samples. This difference might also partially be due to the lack of a selection
function with the M, flavor. The inclusion of other X-ray observables in the simulations
is an ongoing project and will help to understand the effects of such phenomena.

The work presented in this Chapter extends the study of X-ray scaling relations to a sample
that is dominated by low-mass clusters and groups. It creates a further avenue by which to study
ICM physics for a new population of low-mass clusters and groups, as well as massive clusters
at a wide redshift range. These initial results demonstrate the capability of eROSITA to detect
the ICM emission out to rsg. for a large number of clusters detected at the final depth of the All
Sky Survey. We note that this depth is exceeded by the first All Sky Survey for a limited area,
allowing the observables to be measured out to 5o or beyond for a subsample of clusters. These
measurements will provide access to increasingly stringiest constraints on the mass and redshift
evolution of the scaling relations. eFEDS observations not only allow us to put tight constraints
on the scaling relation parameters but also allow us to test our selection function, which will be
used in future statistical studies with eROSITA.
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Chapter 3

The SRG/eROSITA All-Sky Survey:
Constraints on AGN Feedback in Galaxy
Groups

The intra-group medium retains a historical record of any heating and cooling processes. AGN
feedback is the dominant heating mechanism for gas in dark matter haloes at the mass scale
of galaxy groups. The energetics of feedback, particularly from AGN, can be constrained by
quantifying its impact on the properties of the intra-group medium. eROSITA’s instrumental
characteristics and observing strategy allow the detection of large samples of galaxy groups and
the examination of their X-ray properties. In Chapter 2, we explored the deviations from self-
similarity in the scaling relations of integrated X-ray observables for galaxy clusters and groups
in the eFEDS field. In this Chapter, we shift our focus to galaxy groups in the eROSITA all-
sky survey and constrain the impact of AGN feedback, a major contributor to deviations from
self-similarity, on the properties of the intra-group medium. To achieve this, we use a sample
of 1178 galaxy groups selected from the eRASS1 survey. We divide the sample into 271 sub-
samples based on their physical and statistical properties. Using deeper eROSITA observations
(eRASS:4), we then measure the average thermodynamic properties of the subsamples, including
characteristic temperature within rsyy. and entropy at three characteristic radii (0.157500¢, 72500¢
and rspo.). The sample used in this Chapter is the largest galaxy group sample studied in X-rays
thus far. Using this sample, we put tight constraints on the impact of AGN on the intra-group
medium. We also compared our results with the predictions of three modern cosmological hydro-
dynamic simulations (MillenniumTNG, Magneticum, OWL) and tested different AGN feedback
implementations in these simulations. Our measurements will allow future numerical simula-
tions to achieve more realistic AGN feedback implementations. The deeper eROSITA all-sky
survey observations will allow constraining AGN feedback in groups at even lower temperatures
and will allow the feedback models to be tested in this parameter space.

The results presented in this Chapter have been published in Bahar et al. (2024). I performed
the majority of the work and analysis presented in that paper and this Chapter. Dr. Xiaoyuan
Zhang calculated the optimum energy band for imaging analysis (see Sect. 3.3.2), Dr. Nicolas
Clerc provided the selection function for the group sample, Dr. Boryana Hadzhiyska and Dr.
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Riidiger Pakmor provided the density and temperature profiles of MillenniumTNG haloes (see
Sect. 3.6.1), and Dr. Veronica Biffi provided the density and temperature profiles of Magneticum
haloes (see Sect. 3.6.2).

3.1 Introduction

In the current understanding of the "bottom—up" structure formation of the Universe in the stan-
dard ACDM cosmology, small overdensities collapse first, overcoming the cosmological expan-
sion, merging to form larger haloes (Springel, 2005). In this scenario, the gas encapsulated in
dark matter haloes forms the first stars and galaxies as it cools and condenses. The effects of
tidal forces, mergers, and interactions in their surroundings regulate the galaxy formation and
evolution process. The majority of galaxies in the Universe are found in dense environments as
galaxy groups and include a large fraction of the universal baryon budget (Mulchaey, 2000). The
interaction between galaxies and the intra-group medium (IGrM; the gas encapsulated within
the galaxy groups) plays a crucial role in shaping the properties and evolution of galaxies. For
instance, the feedback from supernovae, star formation, and central supermassive black holes
impacts the evolution of galaxies within the galaxy groups.

As discussed in Sect. 1.4, there is no clear definition of galaxy groups. Dark matter haloes
with less than 50 galaxies and/or masses between 5 x 10'2 — 10'* M, are often classified as
galaxy groups (Crain et al., 2009). In addition to their member galaxies, galaxy groups contain
diffuse baryonic matter in the form of hot plasma with temperatures (7'!) ranging from 0.1-2 keV,
all encapsulated by the potential well provided by dark matter. Groups are further categorized
as poor/loose groups, compact groups, and fossil groups depending on their optical properties
(Hickson, 1997; Mulchaey and Zabludoft, 1998; Mulchaey, 2000; Voevodkin et al., 2010).

Despite the abundance of galaxy groups and the essential role they play in the assembly
process of dark matter haloes in the Universe (Crain et al., 2009), their detection has been chal-
lenging due to their low richness, faint X-ray signal, and shallow potential wells. A variety of
methods have been employed to search for galaxy groups. In the optical domain, clustering and
friends-of-friends (FoF) algorithms are used to catalog groups in spectroscopic or photometric
galaxy redshift surveys (e.g., Hickson, 1982; Robotham et al., 2011; Tempel et al., 2017; Goza-
liasl et al., 2022). However, due to their relatively low richnesses, group catalogs compiled using
optical observations may suffer from large contamination fractions due to random superposition
of galaxies along the line-of-sight, otherwise known as projection effects (see Costanzi et al.,
2019; Grandis et al., 2021; Myles et al., 2021). On the other hand, in the X-ray domain, the
emission from IGrM makes them appear as extended sources in the X-ray sky, where they typ-
ically exhibit rapidly increasing X-ray emission profiles from the outskirts of the system to the
center. Because of their characteristic surface brightness profiles, if their emission is above the
background level, they can be easily identified and do not suffer significantly from projection
effects. Aside from being a reliable tool for detecting groups, X-ray observations also enable the

'Throughout this Chapter, we use the notation T to represent kzT and express temperature measurements in the
units of keV.



3.1 Introduction 71

measurement of the physical properties of the hot ionized IGrM through imaging and spectral
analysis.

As discussed in detail in Sect. 1.4, the effects of the non-thermal astrophysical phenomena
governing galaxy formation are easier to study using galaxy groups compared to clusters, as the
input energy associated with these phenomena is comparable to the binding energies of groups
(Balogh et al., 2001). For investigating the non-thermal phenomena, entropy (S = T/nZ’*) mea-
surements of IGrM are often used, which retains a historical record of the thermodynamic state
of the gas and reflects the changes in the cooling and heating processes in galaxy groups (Voit,
2005; Pratt et al., 2010). For example, OverWhelmingly Large Simulations (OWLS, Schaye
et al., 2010; McCarthy et al., 2010) showed that the outflows from central active galactic nuclei
(AGN) elevate the entropy of the IGrM by mechanically expelling low-entropy gas instead of
directly heating it. This process mitigates rapid cooling and prevents excessive star formation
(Bryan, 2000; Balogh et al., 2001). On the other hand, the feedback generated by supernova-
driven winds associated with galaxies can also increase the entropy of the IGrM through direct
heating (see Eckert et al., 2021, for a review).

Another important observational constraint on the non-thermal astrophysical phenomenon is
the shape of the stellar mass function (see Sect. 1.3). Observational studies have demonstrated
that the stellar mass exhibits a cut-off at M, ~ 10''M, (Davidzon et al., 2017). Early studies
trying to reproduce the cut-oftf with stellar feedback (e.g., through the energy and momentum
released by supernovae explosions and stellar winds) were unsuccessful. This is because the
injected energy is proven to be not enough to prevent cooling and regulate the star formation
efficiency (Benson et al., 2003). Therefore, it is commonly agreed that feedback from another
source, such as AGN, is needed to reproduce the observed cut-off in the stellar mass function
(Harrison, 2017). Moreover, there are further observational constraints on the energy released
by the non-gravitational feedback, such as the Si and Fe abundance profiles of the intraclus-
ter/intragroup medium. These measurements cannot be reproduced even with the assumption of
100 percent efficient stellar feedback heating (Kravtsov and Yepes, 2000), a scenario that is re-
jected by the measurements of the galactic outflows (Martin, 1999). Therefore, the total amount
of energy that can be injected through stellar feedback on the IGrM is constrained relatively well
by the abundant observational data. Consequently, by measuring the thermodynamic properties
of galaxy groups, one effectively constrains the energetics of the remaining source of energy,
AGN. For the higher mass groups (Msp. > 1032 M), the impact of stellar feedback is at a
negligible level, such that entropy measurements put direct constraints on the impact of AGN
(Le Brun et al., 2014). For the low mass groups (Msp. < 103 M), constraints from multi-
ple observables should be combined to isolate the impact of AGN on its surroundings (e.g., see
Altamura et al., 2023).

As shown in Sect. 1.3, AGN heating in galaxy clusters and groups is observationally con-
firmed by shocks, ripples, and cavities in X-ray (e.g., Fabian et al., 2006; Randall et al., 2011) as
well as the detection of radio-loud AGN in a significant proportion of the brightest cluster/group
galaxies of the cool core galaxy clusters and groups (e.g., Burns, 1990; Best et al., 2007; Smolcié
etal., 2011). Furthermore, deeper radio observations revealed that nearly every central galaxy in
X-ray bright groups hosts radio emission (Kolokythas et al., 2019). In fact, radio observations
of galaxy groups are highly complementary to the X-ray view of groups for investigating the



72 3. eRASS: Constraints on AGN Feedback in Galaxy Groups

impact of AGN on IGrM (Eckert et al., 2021). Simultaneously studying their X-ray and radio
properties allows for putting constraints on the radio mode feedback from the central engine
(e.g., Pasini et al., 2022; Bockmann et al., 2023). Nevertheless, combining multi-wavelength
datasets comes with challenges. For instance, crossmatching X-ray and radio catalogs makes it
challenging to have a good handle on the selection effects that is crucial for achieving unbiased
conclusions about galaxy groups at the population level. Given the challenges and caveats, in this
Chapter, we only focus on putting constraints on the impact of non-gravitational feedback mech-
anisms through X-ray observations and leave the investigation of the multi-wavelength picture
of eRASS1 galaxy groups sample to future work.

Entropy of IGrM can be measured using X-ray observations, where the electron density and
temperature measurements can be made using the imaging and spectroscopic capabilities of X-
ray telescopes, such as SRG/eROSITA, XMM-Newton, and Chandra. Ponman et al. (1999) mea-
sured the entropy of 25 bright galaxy clusters and groups at a radius of 0.17,;.,,> using ROSAT
and GINGA observations and reported that the entropy measurements at the core lay above the
expected power-law relation with temperature for the first time. Subsequently, Lloyd-Davies
et al. (2000), Finoguenov et al. (2002) and Ponman et al. (2003) measured the entropy profiles
of galaxy clusters and groups using ROSAT and ASCA observations that provided the first hint
that in galaxy groups, the excess entropy is not limited only to the core but can also be prominent
at larger radii. Voit (2005) formulated a baseline entropy profile that can be used for evaluating
the impact of non-gravitational processes for galaxy clusters and groups using four sets of sim-
ulations that only include gravitational processes. Using X-ray instruments with a higher spatial
and spectral resolution, such as XMM-Newton and Chandra, significantly improved our under-
standing of the excess entropy in galaxy groups by accurately measuring their entropy profiles.
Johnson et al. (2009) investigated entropy profiles of galaxy groups by analyzing XMM-Newton
observations of 28 nearby galaxy groups from the Two-Dimensional XMM-Newton Group Sur-
vey. They divided their sample into two subsamples, cool core, and non-cool core, based on the
temperature gradient at the core of their groups and found that the entropy profiles of the groups
in their non-cool core sample exhibit less scatter compared to entropy profiles of their cool core
sample. Around the same time, Sun et al. (2009, S09 hereafter) conducted a comprehensive study
on the thermodynamic gas properties of 43 nearby galaxy groups using the archival Chandra ob-
servations where they constrained the temperature, electron density, and metallicity profiles of 23
groups out to 75~ accurately, thanks to the outstanding imaging capabilities of Chandra and the
relatively deep archival observations of some systems in their sample. Furthermore, they com-
pared their entropy profiles with the baseline entropy profile of Voit (2005) and found that even
though the entropy excess reduces as a function of the radius, it remains significant out to rsg.
Subsequently, the detailed analysis of the outskirts of RX J1159+5531, UGC 03957, and Virgo
using Suzaku observations revealed that the entropy excess can go beyond r5y,. (Humphrey et al.,
2012; Tholken et al., 2016; Simionescu et al., 2017). More recently, Panagoulia et al. (2014) an-
alyzed 66 galaxy groups from the NORAS and REFLEX samples to investigate the properties of

2riria 1s defined as the radius within which a system obeys the virial theorem.
3 Fs00c is defined as the radius within which the density of a system is 500 times the critical density of the Universe
at the redshift of the system.
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IGrM at the core and found that entropy profiles of galaxy groups at the core follow a power-law
relation and do not exhibit any entropy floor.

Previous studies in the literature on the thermodynamic properties of galaxy groups have been
conducted using relatively small (less than a hundred) and highly incomplete samples that lack
well-defined selection functions. eROSITA opens a new window for galaxy group studies by
providing the largest pure X-ray-selected sample with a well-defined selection function crucial
for achieving robust conclusions that reflect the physical properties of the galaxy group well at the
population level. Furthermore, the superb soft X-ray band sensitivity and the scanning observing
strategy of eROSITA make it an excellent instrument for investigating the physical properties of
the hot gas in galaxy groups, given that the emission of IGrM peaks at the soft X-ray band and
the brightest galaxy groups above the detection capabilities of the current instruments are at low
redshift and well extended.

In this Chapter, we examine the effect of the feedback on the thermodynamics of galaxy
groups detected by eROSITA in its first All-Sky Survey. We accomplish this by performing joint
imaging and spectral analysis on the eRASS:4 (the four eROSITA consecutive All-Sky Surveys
stacked together) observations of the galaxy groups in our sample. The extended ROentgen
Survey with an Imaging Telescope Array (eROSITA), the soft X-ray telescope on board the
Spectrum-Roentgen-Gamma (SRG) mission (Sunyaev et al., 2021), was launched on July 13,
2019 (Predehl et al., 2021). The first All-Sky Survey with eROSITA was successfully executed
on June 11, 2020, after 184 days of operations. In this first All-Sky Survey (eRASS1), eROSITA
detected a total of 12247 optically confirmed galaxy groups and clusters spanning the redshift
range 0.003 < z < 1.32 with a sample purity level of 86% in the Western Galactic half of the
survey (359.9442 deg > [ > 179.9442 deg), where the data rights belong to the German eROSITA
consortium (Merloni et al., 2024; Bulbul et al., 2024; Kluge et al., 2024).

We combine the imaging and spectroscopic information of 1178 eROSITA-detected galaxy
groups and obtain average entropy measurements at 0.15r50., 72500 and rsp. to investigate the
effects of AGN feedback and compare our findings with the state-of-the-art numerical simula-
tions from MillenniumTNG (Herndndez-Aguayo et al., 2023; Pakmor et al., 2023), Magneticum
(Hirschmann et al., 2014), and OverWhelmingly Large simulations (Schaye et al., 2010; Mc-
Carthy et al., 2010). The findings represent the first study of a comprehensive group sample with
a well-defined selection function. This Chapter is organized as follows: In Sect. 3.2, we describe
the construction of the galaxy groups sample from the primary eRASS1 sample, and in Sect. 3.3,
we describe the X-ray data reduction and the analysis of the groups. In Sect. 3.4, we provide a
discussion of major systematics and the details of the quantification and incorporation of them
in our results, and in Sect. 3.5, we provide our final results on the entropy measurements of the
sample and comparisons with the previous measurements. In Sect. 3.6, we provide a comparison
between our measurements and the predictions of the state-of-the-art simulations. Lastly, we
provide a summary of our findings and list our conclusions in Sect. 3.7.
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Figure 3.1: Left: The mass and redshift distributions of the galaxy group sample used in the
work presented in this Chapter consist of 1178 objects where colors of the data points represent
the eROSITA counts of the groups in soft X-ray band (0.3 — 1.8 keV) Right: Mass and redshift
histograms of the group sample where the median redshift (z) is 0.11 and median mass (Mso.)
is 6.5 x 1013 M,

3.2 Sample of Galaxy Groups

The work presented in this Chapter utilizes a subsample of the X-ray-selected, optically identified
primary eRASS1 galaxy cluster and group sample detected in the Western Galactic hemisphere
of the first eEROSITA All-Sky Survey (Bulbul et al., 2024; Kluge et al., 2024). Below, we briefly
describe the detection of galaxy clusters and groups in eRASS1 observations and a brief summary
of the optical and X-ray cleaning performed in Bulbul et al. (2024). Subsequently, we provide
the details of the additional selection and cleaning applied to the eRASS1 galaxy clusters and
groups catalog.

The X-ray emitting celestial objects in the eRASS1 master X-ray catalog (Merloni et al.,
2024) are detected using the eROSITA source detection pipeline, which is part of the eROSITA
Science Analysis Software System (eSASS, Brunner et al., 2022). The pipeline locates detection
candidates and calculates detection and extent likelihood (L4 and L) parameters by compar-
ing the spatial distribution and the abundance of the photons around the candidate with the local
background. To construct the primary galaxy groups and clusters sample (Bulbul et al., 2024),
a L > 3 cut is applied to increase the completeness of the galaxy groups and clusters sample
(see Bulbul et al., 2022, for the motivation). The DESI Legacy Survey DR9 and DR10 datasets
are used in the optical identification processes by the eROMaPPer pipeline, which is based on the
matched-filter red-sequence algorithm from redMaPPer (Rykoff et al., 2014, 2016) tailored and
optimized for the identification of eROSITA extended sources (Ider Chitham et al., 2020; Kluge
et al., 2024). If available, spectroscopic redshifts (zs..) are prioritized over photometric redshift
(z1) by the eROMaPPer pipeline (see Kluge et al., 2024, for further details). In this primary sam-
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ple, 12705 extended sources in the redshift range of 0.01 to 1.35 are identified as galaxy clusters
or groups with a contamination fraction of 14% (Bulbul et al., 2024; Kluge et al., 2024).

To construct a final clean and secure galaxy group sample, we apply further cuts based on the
X-ray and optical properties of the primary sample. While the literature lacks a precise definition
for galaxy groups, we classify an object as a group if its mass ranges between 5 x 10'2 < Mg, <
10'*M,. The upper end of our group definition (10'*M,) corresponds to a plasma temperature
of T ~ 2 keV and is commonly used in previous X-ray studies for distinguishing galaxy clusters
from galaxy groups (Lovisari et al., 2021). For incorporating this mass criterion, we use the
M. estimates obtained in Sect. 3.3.4 using a Bayesian X-ray observable estimation framework
that jointly estimates the soft-band (0.5-2 keV) X-ray luminosity (Ly), temperature (7) and the
mass (Msgo.) of galaxy clusters and groups from their count-rate profiles (see Sect. 3.3.4 for the
details of our Ly — T — M. estimation). After applying a mass cut of M5y, < 10'*M,, we select
2526 galaxy group candidates with a median redshift of 0.11.

To further reduce the contamination, we apply other cleaning methods using the deeper
eRASS:4 data. Contaminants in the L, > 3 sample of the eRASSI1 clusters and groups catalog
can be classified into two categories: misclassified sources (mostly AGN) and spurious sources.
Given that our preliminary sample has a median redshift of 0.11, the "real" galaxy groups in
our sample are expected to be relatively well extended in the sky, whereas misclassified point
sources, by definition, should have a low extent. We make use of this fact and conservatively
remove 841 objects that have EXT < 20 arcsec and L < 5.5. These cuts remove most point
sources, leaving 1685 group candidates in the sample.

Once the misclassified point sources are removed, spurious sources are left to be cleaned from
our group sample. We use the count measurements in the 0.3 — 1.8 keV band (see Sect. 3.3.2 for
the details on the choice of the energy band) obtained from eRASS:4 observations as described
in Sect. 3.3.3 to clean the spurious sources. We first apply an X-ray count cut of 10. This
cut removes 423 objects from our group candidates. Furthermore, we remove 10 more sources
from the remaining sample with count measurements 1o~ consistent with the background level.
This procedure removes most of the spurious sources since one would expect the galaxy groups
to be more prominent and bright as the survey gets deeper. On the other hand, the spurious
sources are expected to have low counts and be consistent with the background level since they
are mostly due to background fluctuations or superpositions of undetected AGN in the eRASS1
observations. Applying these cuts, we remove a large fraction of contaminants in our sample and
obtain a highly pure sample with 1252 galaxy groups.

One of the major benefits of the strict cleaning procedure described above is its applicability
to simulations. Our cleaning procedure relies upon the detection pipeline outputs (e.g., Lex and
EXT) and therefore the selection process is fully reproducible in the simulations of the eRASS1
digital twin (Comparat et al., 2020; Seppi et al., 2022). This allows us to construct a robust
selection function for our sample using the eROSITA’s digital twin simulations. We further
note that the cleaning applied in this Chapter to remove spurious sources has no impact on the
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Figure 3.2: The projected locations of the 1178 galaxy groups in the primary catalog in the
eROSITA and Legacy Survey DRON and DR10 13,116 deg?> common footprints are shown.
The redshift confirmed by the follow-up algorithm eROMaPPer is color-coded (Kluge et al.,
2024), while the sizes of the detections are scaled with the angular sizes (rs5oo.) of the groups
(see Sect. 3.3.4 for the rsy. estimation procedure). The inhomogeneity of the source density in
this figure is due to the exposure variation across the eROSITA-DE X-ray sky (see Fig. 2 in
Bulbul et al., 2024).

selection function®.

Following the cleaning procedure, we visually inspect the groups that are centrally peaked
(r. < 32 arcsec)’ and have low extent likelihoods (£.., < 10) using the eRASS:4 and the Legacy
Survey data. As a result of the visual inspection, we further flagged and removed 74 falsely
classified point sources from our sample. These objects make a small fraction of our clean sam-
ple (6%); therefore, their removal has a negligible impact on the selection function, especially
compared to the systematic uncertainties of X-ray simulations at group scales used to construct
the selection function. The final sample, consisting of 1178 galaxy groups, has a median redshift
of 0.11 and a median mass (Msg.) of 6.3 X 10'3 M,,. The redshift and mass distributions of the
final sample can be seen in the right panel of Fig. 3.1. Moreover, the 2D projected distribution
of these groups in the eROSITA sky is shown in Fig. 3.2. We note that some of the "cleaning"
procedures described above (e.g., the EXT and L., cuts) not only clean spurious sources but also
unavoidably remove some of the faint real groups from the sample according to the expected

4The selection function, P(I|0), can be seen as the ratio of the number of the detected "real" objects to the
number of all the "real" objects within the infinitesimal observable parameter space of (0,0 + dO). Removal of
confirmed spurious sources does not change this ratio and, therefore, has no impact on P(I|0).

3See Eq. 3.1 for the definition of 7. and Sect. 3.3.3 for the details of the imaging analysis.
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purity of the eRASS1 cluster sample in the cost of achieving a more secure groups sample. Nev-
ertheless, the resulting extra selection is taken into account in our analysis by incorporating a
selection function built for our final sample. After the cleaning procedure described above, our
sample ended up having three objects with mass estimates slightly below the lower bound of our
group mass definition (5 X 10'2 My < M 500, < 10'* M,). We eventually decided to keep them
in our group sample since the removal of three objects has little to no impact on our final results,
and their "true" masses may well be within our group mass definition due to the intrinsic scatter
of the Ly — M5, relation.

The final galaxy group sample described above is obtained to construct a well-defined se-
lection function using eROSITA’s twin simulations. A good handle on selection effects is key
for achieving universal conclusions about the properties and the governing physics of studies of
groups. The deeper eRASS:4 observations of an unprecedented number of galaxy groups we use
in this Chapter are particularly well-suited for studying the baryonic physics in galaxy groups be-
cause of the higher statistics allowed by the deeper survey data and large field-of-view necessary
to measure the X-ray properties out to large radii. In the next section, we present our eRASS:4
analysis of the galaxy groups in the sample.

3.3 Data Analysis

3.3.1 X-ray Data Reduction and Analysis

Taking advantage of the higher signal-to-noise deeper survey observation, we use the eRASS:4
observations of the eRASS]1 selected galaxy groups with the processing version 020 (briefly de-
scribed in Appendix C of Merloni et al., 2024), that is an updated version of 010 processing used
for the first data release (DR1). The main updates on the 020 version (internal catalog version
221031) are the improved boresight correction, low-energy detector noise suppression, improved
subpixel resolution, and updated pattern and energy tasks. We further reduce the calibrate event
files using the using the eROSITA Science Analysis Software System (eSASS, Brunner et al.,
2022)° with the version id eSASSusers_211214 that is the same version used for Bulbul et al.
(2024) and Merloni et al. (2024) for DR1. Time variable (solar incident angle dependent) optical
light contamination (light leak) is observed in the data from the telescope modules (TMs) 5 and
7, which has a large impact on the calibration of the low-energy band of the spectrum (see Pre-
dehl et al., 2021; Coutinho et al., 2022; Merloni et al., 2024, for further details). In this Chapter,
we analyze the hot gas properties of galaxy groups whose emission peaks at the soft X-ray band
that suffers from the contamination; therefore, we follow a conservative approach and only use
the data from TMs 1, 2, 3, 4, and 6, removing the TMS and 7, suffering from contamination from
the optical light leak. Furthermore, we obtain a clean event list by applying the standard flag
OxEQOOFO00 to select all the possible patterns (singles, doubles, triples, and quads) and run the
flaregti eSASS task to have flare filtered good-time-intervals.

Shttps://erosita.mpe.mpg.de/drl/eSASS4DR1/
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3.3.2 Energy band selection for the imaging analysis

We choose the energy band for the imaging analysis by optimizing the signal-to-noise ratio given
multiple X-ray foreground and background components. The models we used during this opti-
mization scheme include: 1) a 0.1 keV unabsorbed APEC component for the Local Hot Bubble,
whose flux is scaled to 2.3 x 1073 erg s™' cm™ deg? in the 0.3-0.7 keV band (Yeung et al.,
2023); 2) a 0.18 keV absorbed APEC component for the Galactic Halo, whose absorbed flux is
scaled to 1.1 x 1072 erg s™! cm™2 deg~2 in the 0.5-2.0 keV band (Henley and Shelton, 2013); 3)
al = 1.4 power law component for the Cosmic X-ray Background component, whose absorbed
flux is scaled to 6 x 10~"* erg s™' cm™2 deg~2 in the 0.5-2.0 ke V band, that corresponds to a 10~
erg s”' cm~2 point source flux cut; and 4) the instrumental background from eROSITA filter-
wheel-closed observations. The foreground HI column density is fixed to 2.7 x 10?° cm~2, which
is the averaged value of the sample. With these foreground and background configuration, we
find that the signal-to-noise ratio of a 7 = 1 keV APEC source component at the redshift of 0.18
reaches the maximum in the 0.3—1.8 keV band at a source-to-background ratio of 1. We note that
the upper boundary of the optimal band could increase if we adopt a higher source-to-background
ratio since the log N —log S curve of the selected sample is a power low. Nevertheless, we select
a source-to-background ratio of 1 and we adopt the 0.3—1.8 keV band for our imaging analysis
to maintain high signal-to-noise for the faint sources.

3.3.3 Imaging analysis

For the imaging analysis, we use an energy band of 0.3-1.8 keV to maximize the signal-to-
noise ratio (SNR) for a soft X-ray emitting source such as groups (see Sect. 3.3.2 for the details
of this optimization scheme). We extract images, vignetted and non-vignetted exposure maps
in this band centered around each group in the catalog using the evtool and expmap tasks
in eSASS with a standard eROSITA pixel size of 4 arcsec and the FLAREGTI option. For the
extraction region, we use an image size of ~ 87spoc.esass X 87500c.esass that covers well the region
from the source center beyond the Virial radius for the local background measurements. The
radius, rspocesass, 1S estimated using the flux reported in column ML_FLUX_1 of the eRASSI1
X-ray catalog (Merloni et al., 2024) and an Lx — M5 relation of the eROSITA Depth Final
Equatorial Survey (eFEDS) clusters and groups (Chiu et al., 2022). These estimates are only
used to determine the image size and have a negligible impact on the results. After generating X-
ray images and exposure maps, we use the eRASS:4 point source catalog in the 0.2-2.3 keV band
to mask or co-fit the point sources in the field of view (FOV) in the rest of the imaging analysis.
Following the same procedure in our eFEDS analysis (Chapter 2), we mask the faint point sources
with ML_RATE_1 < 0.1 cnts/s) out to the radii where their emission becomes consistent with the
background. On the other hand, we co-fit bright point sources (ML_RATE_1 > 0.1 cnts/s) in the
surface brightness analysis. In addition to the bright point sources, we also model and co-fit the
closest extended sources to the central galaxy group to clean the image from contaminating X-
ray emission. The remaining ones in the field are conservatively masked out to their 27500. esass-
Example eROSITA images of a bright nearby group (1eRASS J024933.9-311126) and a group
at the median redshift of our group sample (1eRASS J045547.0-572404) are shown in Fig. 3.3.
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Figure 3.3: Left: eRASS:4 soft band 0.3-1.8 keV images of two bright groups
(1eRASS J024933.9-311126 and 1eRASS J045547.0-572404) at redshifts 0.023 and 0.105.
Right: The Legacy Survey DR10 images of the same groups with the eRASS:4 X-ray contours
overlayed.

Following a forward modeling approach, we fit the X-ray images using a Bayesian fitting
pipeline to deproject the surface brightness emission. We assume a Poisson likelihood for
the X-ray counts and sample the likelihood using the emcee package (Foreman-Mackey et al.,
2013) that employs the Goodman and Weare (2010) Affine Invariant Markov chain Monte Carlo
(MCMC) technique. The fit is performed to account for the cross-talk between the emission from
the nearby co-fitted extended and point sources. For extended sources, we model emissivity us-
ing a modified Vikhlinin et al. (2006) profile:



80 3. eRASS: Constraints on AGN Feedback in Galaxy Groups
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Aep(T, Z) n(r) = Ny 2 (7) (1 +(7)) (1 +(r—)] , (3.1)

where Ap(T, Z) is the band-averaged cooling function, Z is the metallicity, and N, A2 Tes Tss @, B,
€ are the free parameters of the emissivity profile, normalization, core radius, scale radius, and
the power law exponents, respectively. These parameters are allowed to vary in the fits. At each
MCMC step, the profile is projected along the line of sight following the equation:

1
~ An(l + )t

where the number density of protons (n,) are related to the number density of electrons (n.) via
n, = ne/1.2 (Bulbul et al., 2010). Then, the projected count rate is convolved with the eROSITA
point spread function (PSF), multiplied with the exposure map, and compared with the masked
X-ray image. In addition to the electron density profile parameters, two additional parameters
are left free for the central position of the groups, which adds up to eight free parameters for
every extended source modeled in the image. For the bright point sources, we only allow the
normalization of their profile to vary while keeping the centroids fixed due to the high positional
accuracy of eROSITA (Brunner et al., 2022; Merloni et al., 2024). Lastly, for each image, the
background count rates are assumed to be constant across the image, and two more parameters
are allowed to be free for the vignetted and unvignetted backgrounds.

As an output of this fitting procedure, we obtain the best-fit de-projected emissivity pro-
files (A¢p(T, Z) n2(r)), count-rate profiles, and the associated uncertainties that include the cross-
talk between the co-fitted nearby extended and point sources. We show the performance of our
pipeline in Fig. 3.4 for a bright group (1eRASS J045547.0-572404, the second group in Fig. 3.3)
with the images before and after subtracting the emission from the modeled extended and point
sources on the left. It is clear from the bottom left figure that after the removal of the modeled
profiles, the image is free from any X-ray source, and only noise remains. The surface brightness
profile of the observed field (in blue) and the best-fit model (in red) are shown on the right panel
of the same figure. The PSF convolved best-fit surface brightness model represents the eEROSITA
data well. The peaked emission at large radii (at 500 and 1000 arcsec) shows the contribution of
the modeled point sources to the overall emission, which are successfully modeled and removed
from the total source model.

Given the PSF of eROSITA being relatively large, we also ran tests on the robustness of
our fitting procedure around the core region (0.1575y.) of groups by simulating and fitting syn-
thetic galaxy group observations. The synthetic observations are obtained by first generating
galaxy group profiles in a non-parametric way employing a covariance matrix obtained from
XXL observations following Comparat et al. (2020)’. These profiles are then convolved with
the eROSITA PSF, and the X-ray observations are obtained by creating the poison realizations
of the PSF convolved surface brightness distributions. Through this procedure, we have fitted 30
simulated groups at a redshift of z = 0.11 (the median redshift of our sample) and 30 groups at

Sx

f nenyAep(T, Z)dl, (3.2)

"The covariance matrix used to synthesize galaxy group profiles is publically available in https://github.
com/domeckert/cluster-brightness-profiles
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Figure 3.4: An example of the eROSITA imaging analysis for the group 1eRASS J045547.0-
572404. Left: The residual image of the group before and after subtracting the co-fit extended
sources and point sources in the field. Nearby co-fit clusters and groups are shown with red
circles, co-fit nearby bright AGN are shown with green circles, and the fitted galaxy group is
shown with a blue rectangle. The smooth noise level indicates that the contaminant emission
is modeled properly in the analysis. Right: Surface brightness profile of the same group. The
observed surface brightness profile of the image is plotted in blue, the best-fit model of the image
is plotted in red, the PSF profile over the measured background is plotted in green, the PSF
deconvolved surface brightness profile of the galaxy group is plotted in orange, the measured
background level is shown with a horizontal dashed red line, and three characteristic radii of the
group (0.157500c, 2500 and rsoo. from the core to the outskirt respectively) are shown with dashed
grey lines.
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a redshift of z = 0.2 (85% of the groups in our sample are at z < 0.2). As a result of these tests,
we found that our fitting procedure is capable of robustly deconvolving the profiles with PSF and
recovering the input surface brightness profiles around 0.15r50,.. We also found that because of
the PSF smoothing, the recovered profiles of the objects with intrinsically larger surface bright-
ness fluctuations may deviate more from the input simulated profiles; however, at the sample
level, these fluctuations cancel out such that our measurements, on average, are unbiased. Fur-
thermore, we have also investigated the possible impact of an undetected central compact source
on the surface brightness measurements of the groups in our sample at 0.15r5p). by comparing
the fitted surface brightness profiles of groups with the PSF profile. From this investigation, we
find that an undetected point source at the center of a group can only change 7n.(0.157500.) a few
percent, which is within the total error budget of our n. measurements that includes statistical
and systematic uncertainties (see Sect. 3.4 for details on the systematic uncertainties taken into
account in this study). Therefore, we conclude that the galaxy groups we use in this Chapter are
well extended in the sky such that an undetected point source at the center of the group has little
to no impact on the electron density measurements at 0.1575¢..

3.3.4 Estimation of X-ray Observables

The shallow nature of the eROSITA survey only allows the measurement of the physical prop-
erties of a few nearby bright galaxy groups. The eRASS1 group sample should be binned into
smaller samples to achieve sufficient signal-to-noise for reliably constraining the physical prop-
erties of the faint galaxy groups through joint spectral analysis (see Sect. 3.3.5). For an optimal
binning scheme, a low-scatter temperature estimator should be used such that groups with similar
temperatures can be binned together. Moreover, mass estimates of the galaxy groups are needed
to extract spectra within a physically motivated scale radii (rs500.). For these purposes, we use
Lx — M5y and Ly — T scaling relations and calculate the soft-band (0.5 — 2 keV) X-ray lumi-
nosity (Lx), temperature (7)), and mass (Msg.) estimates of the galaxy clusters and groups from
the count-rate profiles measured in Sect. 3.3.3. For a self-consistent treatment of the eROSITA
groups, we employ the Ly — M5y and Lx — T relations calibrated using the eFEDS observations
(Chiu et al., 2022; Bahar et al., 2022).

The selection effects and the mass function need to be accounted for to obtain unbiased
estimations of the physical properties of an underlying population from intrinsically scattered
scaling relations. For this purpose, we built a Bayesian framework that simultaneously estimates
the Lx and 7', M5y observables from the observed count-rate profiles, Cr(r) (see Sect. 3.3.3 for
the details of the count-rate profile measurement procedure). The formulation of the Bayesian
estimation framework is as follows. To simultaneously estimate Ly, T and M5, observables, the
joint probability density function, P(Lx, T, Msy.|D, 6.1), given the data, D, and a set of model
parameters, 6, is needed to be computed. This can be expanded as:

P(Lx, T, Msyc|D, 0.1) = P(Lx, T, M5005|éR,50007 1,z,H, 61, 6\m) (3.3)

where the count-rate within rsgo. (C r.500¢), detection information of the galaxy group (/), redshift
(z), and sky position (H), represent the data (D); and the scaling relations parameters (61 and
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O.m) represent the model parameters (6,;). We note that by definition, the CA'R,500C term has an
intrinsic dependence on M5 such that CR,SOOC is different for every Msq. in the Lx — T — M50,
parameter space. Taking this into account, our framework allows the information of the measured
count-rate profiles to be included in our analysis rather than count-rate measurements within fixed
radii.
Using the Bayes rule, Eq. 3.3 can be rewritten as
P(Lx, T, Msoo|Crs00c> 1, 2 H, 611, 6im) =
P(Lx, T, Msooc, Cr 500e 11z, H., 61, Oim) (3.4)
[ [ [ PLx. T, Msooc, Crsooc, 11z, H., Our, Om)d LxdT d Mso.

Furthermore, one can expand the common term in the numerator and the denominator as

P(Lx, T, Msooc, Crs00e> 112, H, O1,000m) =
P(CrsooclLx> T Misooe, 2)P(I|Lx, 2, H) (3.5)
XP(Lx,T|Msooc, 2, 61, Orm) P(Msooclz)

where the first term, P(C ®500cILx, Ty Msooc, 2), represents for the measurement uncertainty of the
count-rate. The conditional probability distribution for this term is obtained by first calculating
the true count rate (Cgsoo.) for every point in the Lx — 7 parameter space by assuming the
source emitting an unabsorbed APEC (Smith et al., 2001) spectrum in Xspec (Arnaud, 1996) at
a redshift z with an abundance of 0.3Z,, a temperature of 7 and a luminosity of Lx. Then the
true count-rates (Cg s00.) are compared with the observed count-rates calculated (¢ R500c) at every
rso0. value in the mass parameter space (Msg.) and the value of the conditional probability is
obtained. The P(I|Lx,z, H) term in Eq. 3.5 is the selection function term that is a function of
soft-band X-ray luminosity, redshift, and sky position where the sky position includes the local
background surface brightness, exposure, and the neutral hydrogen column density information.

The selection function is obtained by simulating the eROSITA X-ray All-Sky observations
using the baryon painting method (Comparat et al., 2019, 2020) and applying the same rou-
tines of the eSASS source detection pipeline to construct one-to-one correspondence of the cat-
alogs and selection (Seppi et al., 2022; Clerc et al., 2024). The P(Msg.|z) term is the mass
function term for which the analytical formulation of Tinker et al. (2008) is used. Lastly, the
P(Lx, T|Msooc, 2, 0L, 6m) term is the intrinsically scattered scaling relation term that gives the
Lx and T distributions at a given mass and redshift.

Ideally, one would use a jointly fit, intrinsically scattered Lx—T — M5, scaling relation for the
P(Lx, T|Msoo., 2, L1, M), however, there is no such relation in the literature yet that is calibrated
by taking into account the selection effects and covers a similar mass range as eROSITA. For this
reason, we expand this term as

P(Lx, T\Ms0oc, 2, 01, 6m) = P(T|Lx, 2, Op1) P(Lx|Ms0oc, 2, Om) (3.6)

and use the best-fit Ly — T relation presented in Chapter 2 and the Ly — M5 relation presented
in Chiu et al. (2022) that are calibrated for eROSITA by taking into account the selection effects.
The P(T|Lx, z, 6.r) term is obtained from P(Lx|T, z, 6 ) using Bayes theorem
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Figure 3.5: Left: The soft-band (0.5-2 keV) X-ray luminosity (L soo.) and redshift (z) distribu-
tions of the final galaxy group sample used in this Chapter consisting of 1178 objects. Luminosity
of the groups cover a range of 3.9 x 10*" — 1.4 x 10*® ergs s™! and the redshift span of the sample
is 0.003 — 0.48. Right: Count (Csp.) and mass (Ms.) distributions of the 1178 galaxy groups
used in this Chapter. Measured counts of galaxy groups range between 10 — 14380 and their
masses span a range of 2.1 x 10'2 — 10'* M,. Median values of the Ly sooc, 2, Cs00c and Mg
observables are 6.3 x 10 ergs s™!, 0.11, 95, 6.5 x 10'* M, respectively.

P(LX|T, z, 6ur)P(T|2)
[ PULXIT, z, 6ur) P(T|2)d Lx

where self-consistently, the same temperature function is used for the P(T'|z) term as in Eq. 2.6
of Chapter 2.

As a final step, we substitute the terms in Eq. 3.5 to Eq. 3.4 and calculate the joint probability
density function, P(Lx, T, MSOOcléR,SOOC, I,z,H, 0.1, 0.\), for each galaxy group. Subsequently,
we marginalize over the nuisance parameters and obtain Lyx, 7', and M5 estimates given the
data and the scaling relations parameters®. We provide the distributions of mass, temperature,
soft-band (0.5 — 2 keV) X-ray luminosity estimates obtained through this Bayesian framework
along with the distributions of redshift and count (0.3 — 1.8 keV) of the final galaxy group sample
in Figs. 3.1, 3.5 and 3.6.

The estimated M5 are then converted to r5g. and 72500 by assuming an average dark matter
concentration of cspo. = 7spoc/Fsnew = 4.2° and scaling the sy, estimates accordingly (S09).
These characteristic radii are employed to determine the spectral extraction region (r < rso.)
and serve as characteristic radii (0.157500c, 72500¢»> Fs00c) for the entropy measurements.

P(T|Lx, z,601) = (3.7)

8For example, the marginal probability distribution of temperature is calculated as P(T|...) =
f f P(Lx, T, Msooc| - .. )JdLxdMsg. and the temperature corresponding to the 50th percentile of the marginal prob-
ability distribution is used as the point estimate.

9rS,NFW is the characteristic radius of the Navarro—Frenk—White (NFW) profile and a concentration (csgq.) of 4.2
corresponds to a 1500/ 's00c Tatio of 0.465.
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The net effect of accounting for selection effects and the mass function when estimating Ly,
T, and M5y from scaling relations depends on two factors: the scatter in the scaling relations
and the interplay between the selection and mass functions. With zero scatter, there’s a one-
to-one relationship between observables, allowing straightforward conversions. As the scatter
of the relation increases, the scaling relation estimates that ignore the selection effects will be
more vulnerable to being biased. Furthermore, the net effect also depends on the shapes of the
selection and mass functions. The interplay between the selection function and the mass function
across the Ly — T — M5y parameter space is often not trivial, however, to the first order, if we
consider X-ray selection as a redshift dependent Lx cut, T and M5 to be overestimated would
be overestimated if the selection and mass functions are not accounted for.

3.3.5 Grouping and the Spectral Analysis

Measuring temperature through X-ray spectroscopy requires considerably more photons than
measuring surface brightness properties with imaging analysis. Given the shallow nature of the
eROSITA All-Sky Survey, the photon counts of most of the galaxy groups in our sample are
insufficient for temperature measurements, even though the flux or luminosity of these objects
can be reliably measured from X-ray images. For instance, more than half of the groups in the
sample, shown on the right panel of Fig. 3.5, have less than 100 counts within the 0.3 — 1.8 keV
band, which is not sufficient for measuring their temperature reliably.

The two canonical ways to overcome the problem of insufficient photon counts for spectral
analysis are co-fitting or stacking. A plethora of examples of both techniques exist in the litera-
ture. For example, McDonald et al. (2014) co-fit radially extracted spectra of 80 South Pole Tele-
scope (SPT) selected massive clusters, while Bulbul et al. (2014) and Zhang et al. (2024) stacked
megaseconds of XMM-Newton and eROSITA spectra respectively to achieve a high signal-to-
noise level and reveal faint spectral features. In the work presented in this Chapter, we employ
the co-fitting technique to maintain the spectral information of individual groups that would be
averaged out when stacked. This method is the most suitable for the primary goal of our work.
Compared to stacking, this approach is computationally expensive; however, with the recently
developed high-performance Central Processing Units (CPUs) and the improvements in parallel
computing, we are able to employ the co-fitting technique in our work.

We group the sample such that the IGrM temperatures of the galaxy groups are similar in
each bin. Moreover, we require the statistical constraining power (photon counts) of the groups
in the same bin to be similar to each other to avoid the source with the highest count biasing the
measurements. In other words, we aim to minimize the temperature and photon count variation
(ATs00. ~ std(Tsp0.)'° and ACsp. ~ std(Cs.)) in each bin while trying to achieve a sufficient
signal-to-noise ratio. To achieve this, we group the sample using the Voronoi binning technique
(Cappellari and Copin, 2003). To apply the tessellation technique, we pixelate our temperature
proxy T'soosc (surface brightness inferred temperature estimate; see Sect. 3.3.4 for the details)
and count measurements Csg. such that each pixel occupied by only one galaxy group. The
axes are then re-scaled, and the resulting image is given to the Vorbin package, the Python

10The notation std(X) represents standard deviation of X.
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Figure 3.6: Left: The Voronoi binning scheme used for grouping the sample obtained from the
distribution of count (within rsg,.) measurements (Csgo.) and scaling relation based temperature
estimates (Tspocsc). T0p right: The histogram of total counts in 271 Voronoi bins with a median
of 905 counts. Bottom right: The histogram of galaxy groups in Voronoi bins.

implementation of the Voronoi binning technique. The free parameters, namely, the axes scaling
factors and the target SNR, are fine-tuned until the temperature variation (A7) and the photon
count variation (ACsg.) in the Voronoi bins are sufficiently small. The final binning scheme,
shown in Fig. 3.6, is achieved using an SNR target, S/N = 22.36 (equivalent to 500 counts).
We further present the distributions of the total counts and the number of galaxy groups in the
Voronoi bins in Fig. 3.6. Using this binning scheme, we obtained 271 bins with a median count
of 905, sufficient for obtaining reliable spectroscopic temperature measurements at 7 < 2 keV
for each bin. We note that the binning scheme can be slightly different if a different target SNR or
axis scaling factors are chosen; however, the impact of the chosen binning scheme is negligible
on the final results as long as the resulting AT’soo. and ACs. are similar.

After the grouping, the source and local background spectra of the galaxy groups in our
sample are extracted using the eSASS task srctool. The source spectra are extracted from the
circular regions centered around the galaxy group and have a radius of rsg. (see Sect. 3.3.4
for the details of the Msgo./rsoo. €stimation procedure). Similarly, the local background spectra
are extracted from annuli that are centered around the galaxy group and have a radial range of
4rspo. < 1 < 6rs00.. The best-fit count-rate profiles are used to determine the masking radius of
the bright point sources and nearby extended objects co-fitted during the imaging analysis. The
remaining point sources and nearby extended sources within the extraction region are masked as
described in Sect. 3.3.3.

We extract ancillary response files (ARFs) and redistribution matrix files (RMFs) using the
srctool task for the background and the source region in different settings to be assigned to
various components of the source and background models. The ARF assigned to the source
component is extracted with the exttype=BETA and psftype=2D_PSF settings to consider the
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energy-dependent PSF and vignetting corrections. Over the extraction regions, the flux distri-
bution of the vignetted X-ray background is assumed to be flat, and the exttype=TOPHAT and
psftype=NONE settings are used for extracting the ARFs assigned to the vignetted X-ray back-
ground components of the source and background regions.

Similar to our eFEDS analysis (Chapter 2), the local background model consists of two ma-
jor components: particle-induced instrumental background (see Bulbul et al., 2020; Freyberg
et al., 2020, for further details) and X-ray background including the Galactic foreground, and
unresolved point sources in the sky. The total model includes a spectral model component with
an absorbed thermal component. The spectral analysis is performed using PyXspec, the Python
interface of the standard X-ray spectral analysis package Xspec (version 12.12.1, Arnaud, 1996),
that employs the AtomDB atomic database (version 3.0.9, Foster et al., 2012). The Xspec model
of the X-ray foreground consists of an unabsorbed APEC (Smith et al., 2001) for the local hot
bubble (Yeung et al., 2023, T ~ 0.084 keV), two absorbed APECs for the hot and cold com-
ponents of the galactic halo (Ponti et al., 2023; Bulbul et al., 2012, T ~ 0.49 and 0.157 keV
respectively). To model the cosmic X-ray background, we use an absorbed power-law for the un-
resolved AGN (Cappelluti et al., 2017, I' = 1.45). For the shape of the instrumental background,
we use the best-fitting model of Yeung et al. (2023) obtained by calibrating the filter wheel closed
(FWC) data (see Appendix A.1. and A.2. of Yeung et al., 2023, for the details of the modeling of
FWC data). This instrumental background component is folded with unvignetted ARF (Freyberg
et al., 2020), while the cosmic X-ray background and Galactic foreground are folded with the
respective vignetted ARF in the fits.

To account for the X-ray absorption, we use the TBABS (Wilms et al., 2000b) interstellar
medium (ISM) absorption model in Xspec (Arnaud, 1996). We use the HI4PI survey (HI4PI
Collaboration et al., 2016) for calculations of the hydrogen column density (ny). The ny values
at the positions of eRASS1 galaxy groups are relatively low because of their locations at higher
Galactic latitudes; therefore, using the total hydrogen column density (ny) rather than the
neutral hydrogen column density (7;) has a negligible impact on our results at the sample level'!
as also noted in Bulbul et al. (2024). We use the solar abundances of Asplund et al. (2009)
when measuring the metallicity of the groups. We use C-statistic (Cash, 1979) for the statistical
interpretation of our spectra, which provides unbiased estimates of the model parameters at the
low and high count regimes (Kaastra, 2017). We employ the co-fitting technique for the spectral
analysis. This requires us to explore likelihoods with relatively high dimensional parameter
space. For this purpose, we have chosen to employ the MCMC fitting technique. Xspec has a
built-in MCMC sampler; however, the control it allows the user over the priors is limited. For
this reason, we employ the widely used MCMC sampler emcee (Foreman-Mackey et al., 2013)
rather than the built-in Xspec sampler to explore high dimensional likelihoods. We achieved this
by developing an interface that allows the cross-talk between PyXspec and emcee and updates
the model parameters at every MCMC step accordingly.

Galaxy groups are low-mass objects with relatively low plasma temperatures (T < 2 keV) due

"To confirm this statement, we ran tests to quantify the impact of using ny o (Willingale et al., 2013b) instead of
np 1 (HI4PI Collaboration et al., 2016) on the sample averaged quantities presented in Sect. 2.4, S (r) and T'(r < rsooc)-
The tests showed that the choice has overall a negligible impact (< 3%) compared to the systematic error budget of
the average quantities (see Sect. 3.4).
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to their shallower potential wells. They share this low-temperature parameter space with other
background/foreground components, such as the cold (7 ~ 0.157 keV) and hot (T" ~ 0.49 keV)
components of the galactic halo (Ponti et al., 2023). This results in degeneracies between the
source and background/foreground components at the low count regime. At a given energy band,
it is relatively easy to separate the source and background components using the 2D distribution
of photons through imaging analysis since we expect the local background rate to be relatively
flat, whereas the source emission roughly follows a projected Vikhlinin profile (Vikhlinin et al.,
2006). In our work, we make use of this fact and combine the spatial and spectral information of
photons following a novel approach with the aim of lifting the aforementioned degeneracies as
best we can. We achieve this by using the observed count-rates (0.3 — 1.8 keV) measured through
imaging analysis as priors in the spectral analysis in our pipeline that combines PyXspec and
emcee.

To obtain the average temperatures of the binned galaxy groups (see the first paragraph of this
section for the details of the grouping), we only link the temperature parameter of the (APEC)
model and co-fit all the source and background spectra of the galaxy groups in each Voronoi bin.
In total, 2 X N; ¢, spectra are co-fit (one spectrum for the source region and one for the background
region) where N, 4 is the number of galaxy groups in the i’th Voronoi bin. During the fitting, the
temperatures, the normalizations of the X-ray background components, and the normalizations
of the unvignetted particle background components are allowed to be free with flat priors in the
logarithmic parameter space.

Many studies in the literature show strong degeneracy between the temperature and metallic-
ity measurements for galaxy clusters and groups hosting multi-phase gas. This manifests as the
so-called ‘Fe bias’ (Buote and Fabian, 1998; Buote, 2000; Gastaldello et al., 2021; Mernier et al.,
2022) where temperature and abundance measurements change depending on the number of gas
components fitted. In our work, we take this effect into account by allowing the metallicities of
each galaxy group to be free with a Gaussian prior centered around 0.3 Z; with a standard devi-
ation of 0.025 while measuring average temperatures. The normalization of the source emission
of each galaxy group and the co-fit temperature are left free with log-uniform priors. Conse-
quently, following the spectral co-fitting analysis procedure described above, we obtained 271
average temperature measurements within rsgo. for each Voronoi bin shown in Fig. 3.6.

3.3.6 Electron Density, Temperature, and Entropy Profiles

From the imaging analysis described in Sec.3.3.3, we obtain deprojected emissivity profiles of
all the 1178 galaxy groups. The spectral analysis, described in Sec.3.3.5, yields average tempera-
ture measurements of the 271 galaxy group bin within r5q.. The electron number density profile
measurements of the IGrM have a non-negligible dependence on the assumptions on the temper-
ature and metallicity profiles. Furthermore, temperature profiles of the galaxy groups are needed
for obtaining entropy profiles. For most binned groups, only a single average temperature and
metallicity measurement can be achieved within rs5yy. due to low SNR eROSITA data. We over-
come this limitation and incorporate the impact of temperature variation on the thermodynamic
properties as a function of radius, as described below.

To account for the radial temperature variation, we first determine the average shape of the
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Figure 3.7: Left: Normalized temperature profiles, T(r)/T(r < rso.), of 23 groups (gray) pre-
sented in SO9 and their average (blue). The blue dashed line provides an average conversion
ratio between the temperature profile, 7(r), and the characteristic temperature measurements,
T(r < rsooc). Right: Average metalicity profiles of galaxy groups reported by Mernier et al.
(2017), Lovisari et al. (2015) and the stacked metallicity profiles of Sun (2012) for galaxy groups
in two temperature bins (7 = 0.75 — 1.3 keV and 0.75 — 1.3 keV).

3D temperature profile of groups (7'(r)/T (r < rsp.)) using the temperature profile measurements
of the tier 1 and 2 groups presented in S09 (see Sect. 3.4.1 for the details). The average and in-
dividual shapes of the T'(r)/T (r < rsp.) profiles are shown in the left panel of Fig. 3.7. We then
rescale the average shape with the integrated temperature measurements and obtain the average
temperature profiles for each binned group. The temperature profile measurements presented in
S09 for a sample of 43 groups are obtained by analyzing deep Chandra observations; therefore,
the overall shape of the profiles is relatively well-constrained. Following this procedure, we ob-
tain the average temperature profiles of the 271 galaxy group bins. We note that our approach of
obtaining temperature profiles of groups is equivalent to fixing the shape of an assumed tempera-
ture profile and fitting spectra by allowing the normalization of the profile to be free. We further
note that the observed temperature measurement discrepancy between telescopes (e.g., Liu et al.,
2023) does not affect our work given that the temperature measurements of eROSITA for galaxy
groups agree very well with the Chandra and XMM-Newton temperatures (Migkas et al., 2024).

For the metallicity profile, we consider the following studies in the literature that have reason-
ably large galaxy group samples: Sun (2012), Mernier et al. (2017), and Lovisari and Reiprich
(2019). We find that their measurements agree relatively well within the scatter of the metallicity
profile reported in Mernier et al. (2017) (see right panel in Fig. 3.7). For this reason, we adopt the
median Mernier et al. (2017) metallicity profile (Z;;7) for our measurements and consider the
scatter of their profile as our systematic uncertainty. We quantify the impact of this uncertainty
on the thermodynamic profile measurements (n.(r) and S (r)) and consider the resulting differ-
ence as part of the overall error budget (see Sect. 3.4.1 for the details of the assumed metallicity
profile and quantification of the impact of this choice).

We then calculate the electron density profiles from our deprojected emissivity measurements
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by constructing APEC models in Xspec (similarly done in Liu et al., 2022a) having the temper-
atures equal to the temperature profiles of the binned groups and the metallicities equal to the
assumed metallicity profile at all radii out to 2rsyy.. During the n. profile calculation, in addition
to the errors of the imaging analysis, the uncertainties of the average metallicity and temperature
measurements are propagated as well using the MCMC chains of the spectral analysis, taking into
account the covariances. Then, the electron density profiles of the objects within each Voronoi
bin are averaged to get the average electron density profiles of the binned groups.

Lastly, the entropy profiles of the binned groups are obtained by combining the average
electron density and the temperature profiles using the equation below.

S(r) = T(r)/n(r)*>. (3.3)

The entropy profiles are then sampled at three characteristic radii, and the final entropy mea-
surements of 271 galaxy group bins are obtained. The full shape of the entropy profiles of
binned groups, along with the other thermodynamic profiles such as electron density and pres-
sure (P = n.T), are presented in Chapter 4.

Besides the systematics resulting from the metallicity profile, we also consider other major
systematics that have a non-negligible impact on the thermodynamic properties measured in
this Chapter. We discuss and quantify the impact of these systematics on our measurements in
Sect. 3.4 and take them into account as part of the total error budget when we draw conclusions
in the next section.

3.4 Assumptions, Corrections, and Systematics

Having fair comparisons between the thermodynamic properties of groups observed with dif-
ferent X-ray observatories and simulations is a challenging task. Various systematics should be
taken into account in the measurements, such as the systematic uncertainties on the metallic-
ity and temperature profiles, systematic uncertainties on the group masses, the flux calibration
mismatches between instruments and the systematics resulting from the use of different atomic
database versions. In this section, we provide a list of assumptions, corrections, and systematics
taken into account in this Chapter, along with our approach to account for them. We also list a
summary of the description and implementation of the assumptions, corrections, and systematics
in Table 3.2.

3.4.1 Assumptions on Temperature and Metallicity Profiles

Accounting for the temperature and metallicity radial variation is key to having reliable thermo-
dynamic profiles. Shallow survey observations and low signal-to-noise data of most groups in
our sample are insufficient to measure temperature profiles reliably. There are various studies in
the literature on the average temperature profile of the hot gas in clusters (e.g., McDonald et al.,
2014; Ghirardini et al., 2019), while the studies focusing on the shape of the average temperature
profile of groups with a large enough sample are limited. An in-depth study of 43 nearby galaxy
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Figure 3.8: Left: Ratio of the electron densities obtained by assuming low/up-scattered Mernier
et al. (2017) metallicity profiles to the electron densities obtained by the median Mernier et al.
(2017) metallicity profile at three radii, 0.15750o., 72500 and rsoo. as a function of characteristic
temperature, 7(r < rsp.). Green, blue, and purple data points represent the ratio between the
electron densities obtained by assuming the lower envelope (7. 1) of the red shared area and the
dark red median line (7.) in the right panel of Fig. 3.7. Orange, yellow, and red data points repre-
sent the ratio between the electron densities obtained by assuming the upper envelope of the red
shared area (n. ) and the dark red median line (n.) in the right panel in Fig. 3.7. Right: Com-
parison between the scaling relation based rsgo. estimates of the cross-matched galaxy groups
obtained in our work (y-axis: rsp.) with the estimates of S09 (x-axis: rspocs09) Obtained by
assuming hydrostatic equilibrium.
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Figure 3.9: Average entropy measurements of binned groups (diamonds) at three radii (0.1575go,,
2500¢> T'500c) as a function of characteristic temperature, 7(r < rso.). The colors of the diamond
data points represent the average concentration (csg ,,, = S B(r < 0.1rs00.)/S B(r < rspoc)) of
the groups within the corresponding Voronoi bin. Error-weighted averages of the diamond data
points are shown in magenta.

groups with deep Chandra observations by S09 (among which 23 of them have good tempera-
ture constraints out to rsg.) is one of the few studies we compared within this Chapter. In our
work, we use the temperature profile measurements of the 23 groups presented in S09 to get the
average shape of the temperature profile of groups. To get the average shape, we first calculate
the characteristic temperatures of the groups, T(r < rsp.), by projecting and integrating all the
temperature profiles within a cylindrical volume of radius rso.. We achieve this following the
Mazzotta et al. (2004) weighting and projection formulas

w = nenp T 3.9
and
[wTdv
Tg=——— (3.10)
[ wdv

where for a we use 0.76 that is calibrated for eROSITA (ZuHone et al., 2023). Furthermore, we
use our average group electron density profile for n. (see Chapter 4). We then divide the tempera-
ture profiles with the characteristic temperatures and obtain the normalized temperature profiles,
T(r)/T(r < rsp.). Lastly, we take the average of these profiles and renormalize them to get
the average shape of the temperature profiles of groups. The average and individual normalized
profiles of 23 groups are shown in the left panel of Fig. 3.7.

Unlike clusters, the band-averaged cooling function of groups has a strong metallicity depen-
dence because of the significant contribution from the line emission at temperatures, 7' < 2 ke V.
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Table 3.1: Positions, redshifts and 5. estimates of the crossmatched groups with S09

eROSITA ID Literature name  RA* DEC* z" rs00¢
(1eRASS) (deg) (deg) (kpc)
J120427.3+015346 MKW4 181.114 1.896 0.0203 723

J093325.7+340302 UGC 5088 143.357 34.051 0.0269 415
J120638.9+281024 NGC 4104 181.662 28.173 0.0283 623

J110943.5+214545 Al1177 167.432 21763 0.0322 615
J054006.9-405004 ESO 306-017 85.029 -40.835 0.0368 864
J000313.1-355607 A2717 0.805 -35.935 0.0500 878
J102212.8+383136 RXJ 1022+3830 155.553 38.527 0.0544 745
J231358.6-424338 AS1101 348.494 -42.727 0.0557 1172
J131214.0-005825 A1692 198.059 -0.974 0.0843 776

Notes.

*RA, DEC, and z of the listed groups are taken from Bulbul et al. (2024).

T Scaling relation based rsgo. estimates used in this Chapter are obtained by fully accounting for the
selection and the mass functions.

Therefore, the radial change in metallicity from the center to the outskirts should be accounted
for to calculate electron density profiles accurately.

During the last decade, the shape and the strength of emission lines have significantly changed
in most commonly used plasma emission codes (see Sect. 3.4.4) that had a strong influence on
the metallicity measurements of groups (e.g., Mernier et al., 2018). For this reason, it is impor-
tant to use the most recent publications and account for uncertainties in metallicity profiles in
the systematics error budget. Among the metallicity profile measurements in the literature, the
results presented in Sun (2012), Mernier et al. (2017) and Lovisari and Reiprich (2019) stand out
as the most recent studies with moderately large galaxy group samples with sufficiently deep ob-
servations. The right panel of Fig. 3.7 presents the stacked metallicity profiles of Sun (2012) and
the average metallicity profiles of Mernier et al. (2017) and Lovisari and Reiprich (2019) that are
renormalized based on the iron abundance ratio of Asplund et al. (2009). In Sun (2012), the au-
thor reports stacked abundance profiles of 39 galaxy groups in three temperature bins (0.75—-1.3,
1.3-1.9and 1.9 - 2.7 keV). In this Chapter, we consider only the results of the first two temper-
ature bins (0.75 - 1.3 keV and 1.3 — 1.9 keV), which are relevant to our sample that has a median
temperature of T'(r < rsp.) = 1.45 keV.

Overall, the Sun (2012) measurements in the 1.3 — 1.9 keV temperature bin lie above the
Mernier et al. (2017) profile, and the average measurements of Lovisari and Reiprich (2019) lie
below the Mernier et al. (2017) profile. When calculating the thermodynamic properties, the dif-
ferences in metallicity measurements must be accounted for as systematics because of the strong
dependence of emissivity on metallicity at group scales. Given the large spread of metallicity
measurements, we take the average profile of Mernier et al. (2017) as our default profile and
conservatively consider the shaded area as the systematics of the average profile measurements.
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To account for the impact of the choice of average metallicity profile, we construct APEC spectra
in Xspec and obtain deprojected electron density profiles of the 1178 galaxy groups in our sam-
ple (similarly done in Liu et al., 2022a) using the scaled temperature profiles and three metallicity
profiles (low-scattered, median, and up-scattered Z,,;7 profiles) shown with red in the right panel
of Fig. 3.7. We present the ratios of the electron densities in the left panel of Fig. 3.8 that are
obtained by using the aforementioned three metallicity profiles (low-scattered Zy;7: n. ., median
Zy7: ne, and up-scattered Zyy7: ne ) for 1178 groups at the three characteristic radii (0.15r500,,
2500 and rsgo.). The ratios (ne y/n. and ne ; /n.) ranging between 0.84 — 1.24 in the left panel of
Fig. 3.8 indicating a non-negligible difference between the electron density measurements. The
ratios deviate more from unity as the characteristic temperature decreases, and the measurement
radius increases. This is due to line emission, coupled with metalicity, which plays a more im-
portant role as the temperature decreases. The procedure described above is followed for the
final results, and the radius/temperature dependent systematics due to the choice of metallicity
profile are quantified and propagated to our final entropy measurements presented in Sect. 3.5.

3.4.2 Correction for the Flux Discrepancy

A discrepancy of 15% is reported in the luminosity measurements in the soft-band (0.5-2 keV) of
a subsample of massive galaxy clusters observed with both eROSITA and Chandra (Bulbul et al.,
2024). The observed flux difference is constant with no flux or luminosity dependence. Some
of this difference can be explained by the photon loss in the latest processing due to the higher
CCD thresholds (Merloni et al., 2024); however, further investigation is required to understand
the observed flux discrepancy, which could be due to various calibration effects. We account
for the flux discrepancy while comparing our entropy measurements with those reported in the
literature. Among our two main X-ray observables n. and 7', only electron density is impacted by
the flux discrepancy since the spectroscopic 7 measurements are not sensitive to the overall flux
normalization. To roughly estimate the impact, we assumed the shape of the measured electron
density profile to be the same for different instruments, used the fact that L o n2, and obtained a
ratio of 71, .ro/Me.cna = 0.85%° ~ 0.92 between the electron density measurements of Chandra and
eROSITA. The 8% underestimation of n. corresponds to a 5% overestimation of entropy. This
fraction is factored in the Chandra measurements in SO9 when comparing with the eROSITA
results in Fig. 3.12.

3.4.3 Systematics Related to Mass Measurements

We note that entropy measurements at overdensity radii, 0.157500., 2500¢, and rs5po. are sensitive
to the assumed masses of the galaxy groups. This dependence is due to the entropy profile of
galaxy groups being a strong function of the radial distance and the overdensity radius, which
is a mass-dependent quantity (e.g. Bulbul et al., 2010; Ghirardini et al., 2019). Therefore, any
disagreement in radius and mass may lead to a bias in the measured thermodynamic profiles
and their comparisons between different methods. Masses of galaxy groups can be estimated
in different ways, such as by assuming hydrostatic equilibrium, using the shear information of
the lensed galaxies, or using scaling relations; however, these methods have advantages and
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Table 3.2: Summary of assumptions, corrections, and systematics

Assumptions,

corrections Description and our approach”

and systematics

Temperature
licity profiles

Instrumental calibration

Mass measurements

Atomic databases

and metal- Radial variation of temperature and metallicity need to be ac-
counted for to have reliable thermodynamic profiles of galaxy
groups. Given the limited signal-to-noise we have for most of
the groups in our sample, we adopt the average shape of the tem-
perature profiles of the galaxy groups presented in SO9 and al-
low its normalization to vary for deriving the average thermody-
namic properties of our sample. Furthermore, we adopt the aver-
age Mernier et al. (2017) metallicity profile for the main results
and conservatively consider the reported scatter as the systematic
uncertainty of the profile. We then propagate the systematic un-
certainty to our final results and consider its impact as part of the

total error budget.

A flux mismatch of 15% is reported in Bulbul et al. (2024) be-

tween eROSITA and Chandra for galaxy clusters and groups. As-
suming the flux mismatch is not a function of radii, this discrep-
ancy corresponds to an 8% difference in n, and a 5% difference in
S. In this Chapter, we take the mismatch into account while com-
paring our results with the measurements in the literature with

other telescopes.

Obtaining the underlying mass distributions of galaxy groups are

challenging and may lead to inconsistencies while comparing
measurements. In this Chapter, we account for the mass measure-
ment mismatches while comparing our results with the literature
and provide derivatives of our entropy measurements for future
work to account for the mass measurement systematic while com-

paring with our results.

Spectral models evolve over time as our knowledge of atomic

transitions increases. This may result in discrepancies when mea-
surements obtained with different atomic database versions are
compared. In this Chapter, we account for this by applying cor-

rections to the measurements in the literature.

Notes.

* See Sect. 3.4 for a more detailed description of the assumptions, corrections, and systematics, along with
a more detailed prescription on how they are addressed in this study.
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disadvantages along with introduced biases. Comparison of the mass estimation techniques for
galaxy groups is beyond the scope of our study; therefore, in this Chapter, we’ll only account
for the bias while comparing our results with the literature. We find that our scaling relations
based rsgo. estimates are ~ 11% higher than the hydrostatic equilibrium based rsgo. estimates in
S09 for 9 cross-matched groups. Comparison between our characteristic radii estimates (rs0.)
and those in the literature (rs50.509) 1s provided in the right panel of Fig. 3.8. A discrepancy of
~ 11% approximately corresponds to a bias of ~ 37% (1.11° = 1.37) on Msg,. This result is
close but slightly below the 45% hydrostatic mass bias observed in galaxy groups (Nagai et al.,
2007a), see also Sect. 6.2 of S09. We note that the masses of S09 are obtained with an outdated
version of AromDB. Lovisari et al. (2015) and Sun (2012) independently confirmed that using a
more recent AToMDB version (v2.0.1) increases the temperatures by ~ 15%. Such an increase
would reduce the mass mismatch to a ~ 22% level and the radius mismatch to ~ 7% level.

One should note that constraining hydrostatic mass bias, especially in galaxy groups, is chal-
lenging due to our limited knowledge of the magnitude of non-thermal pressure support, mag-
nified in galaxy groups due to powerful AGN feedback compared to galaxy clusters. Moreover,
the fraction of discrepancy may be due to other systematics in the measurements, such as the
representation of the Ly — M relation with a single power-law spanning a large mass range. We
provide the rsg. estimates of the 9 cross-matched groups in Table 3.1 along with the slopes of
the average entropy profiles of the binned groups at the three characteristic radii in Table 3.3.

The mass estimate dependence is also responsible for the observed scatter in the entropy of
the sample. Fig. 3.9 shows a strong correlation between the scatter of the average entropy mea-
surements at a given temperature and the average concentration (csp 5, = S B(r < 0.17500.)/S B(r <
rs00c)) of the sample (see Sanders et al., in prep. for the concentration measurements). This is
expected since the Msg. (or rs500.) estimates used in this Chapter are obtained using an Ly — M
scaling relation. At a given mass, the cool-core galaxy groups with higher luminosity would
have higher entropy measurements while the others scatter around the sample’s median. The
average entropy and temperature measurements of the sample are presented in Fig. 3.9, where
the colors of the data points indicating average concentration obtained by averaging the mea-
surements provided in Sanders et al. (in prep.). A few extreme cases with larger concentration,
electron number density, and entropy are easily noticeable in Fig. 3.9. By construction, the rsg.
(or Ms.) estimates are, on average, unbiased at the sample scale. Therefore, a small scatter does
not significantly impact the conclusions of our work. On average, these effects cancel out such
that at all three radii, the error-weighted average entropy plotted in magenta coincides with the
intermediate concentration values log,,(csp r,.) ~ —0.7.

3.4.4 Systematics Related to the Atomic Databases

Over time, our knowledge of the strength of atomic transitions has changed significantly for 7' <
2 keV plasma. The change in our knowledge of the strength and the width of the Fe-L complex
is the most relevant to the work presented in this Chapter, given its key role in determining
the temperature and metallicity of the IGrM. The change in our knowledge resulted in significant
updates on the predictions of the spectral models, APEC (Smith et al., 2001) and CIE (an updated
version of the MEKAL model, Mewe et al., 1985, 1986; Liedahl et al., 1995), that retrieves data
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Figure 3.10: Redshift evolution scaled average entropy measurements of binned groups (grey
diamonds) at three radii (0.157500¢, 72500¢s Ts00c) @s a function of characteristic temperature,
T(r < rsooc). The colors of the grey data points represent the average masses (Msgo.) of the
groups within the corresponding Voronoi bin. Error-weighted averages of the data points are
plotted as white circles, statistical uncertainties of the averages are shown with blue error bars,
and the overall error budget of the average measurements resulting from the statistical and sys-
tematic uncertainties are shown with red error bars (see Sect. 3.4 for the details of the accounted
systematics).
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from atomic databases, AtomDB (Foster et al., 2012) and SPEXACT (Kaastra et al., 1996, 2020),
around the Fe-L complex (e.g., see Fig. 1 in Gastaldello et al., 2021).

These updates may cause measurement mismatches between the studies that employed dif-
ferent versions of the atomic databases. For this reason, the possible impact of using different
versions of the atomic databases should be taken into account while comparing results with the
literature. In fact, Sun (2012) reports that for the 7 < 2 keV plasma, the temperature measure-
ments presented in SO9 increase by 10 — 20% when a more recent AtomDB version, v2.0.1, is
used instead of the one employed in S09, v1.3.1. The increase in the temperature is also inde-
pendently confirmed by Lovisari et al. (2015), who found their temperature measurements to be
13% higher than the temperatures of S09 for the seven crossmatched objects. In our study, we
take this change into account and apply a 15% correction to the entropy and temperature mea-
surements of S09 to their T < 2 keV groups while comparing their results with the eROSITA
measurements (e.g., in Fig. 3.12). With this correction, we aim to have the fairest comparison of
our results.

Lovisari et al. (2015) further report that in the case of such an update in the atomic database,
the normalization of the APEC spectrum reduces ~ 10% for a group (NGC3402) residing at
the low-T parameter space (T ~ 1 keV), where the impact of the change is expected to be the
most prominent. The density of the plasma scales as the square root of the APEC normaliza-
tion, which results in a ~ 3% increase in entropy. Given that the 3% increase in entropy is an
upper limit (as explained in section A.3 of Lovisari et al., 2015) and is well within the entropy
error bars presented in S09, we did not propagate the impact of this change to the S09 entropy
measurements.

Lastly, Sun (2012) reported that abundance measurements drop ~ 20% after updating the
AtomDB version (from 1.3.1 to 2.0.1). This reduces the stacked metallicity data points of Sun
(2012) by ~ 20% however, given that we are employing Mernier et al. (2017) profile in our
work, our results are not affected by this. We further note that even if we apply such a correction
to Sun (2012) measurements, they will be well within our conservative systematic errorbars for
the metallicity profile (shaded area in the right panel of Fig. 3.7); therefore, it does not pose any
challenge to our measurements.

It can be seen from Fig. 1 of Gastaldello et al. (2021) that the width and the normalization
of the Fe-L complex seemed to be converging. However, it is hard to know how far we are from
the absolute calibration. Therefore, future work should keep systematics related to the atomic
databases in mind while comparing results from the literature.

3.5 Entropy and Characteristic Temperature Measurements

In this Chapter, we constrain the entropy of the IGrM, utilizing the deep eRASS:4 observations
of the galaxy groups detected in the eRASS1 survey. In this section, we present our measure-
ments of the characteristic temperature, 7(r < rso.), and entropy at three overdensity radii,
0.157500¢ 72500, and rsg0., from the combined analysis of 1178 galaxy groups. We then compare
our findings with the previously reported results in the literature.

Following the procedures described in Sects. 3.2 and 3.3, we obtain average entropy and
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Table 3.3: Average entropy, and entropy slope measurements of the grouped sample as a function
of temperature at the three characteristic radii: 0.157500¢, 72500¢, @and 7s500-

T(r < rspoc) (keV)

073-094  0.94-1.08 1.08 - 1.26 126144 144-159 159-179  1.79-2.19 2.19-2.68
SO B ST R0 e 600 170 2030 e 22020 2es 8o It
SamB@ 35000 3503t ae0st T 30t anno B et sl gstll)
8 (rsoe) E(2)*1* 454.9%0 496377 55397 S66.070) 644.07 g TI0.6055 ) 763 90570
$7(0.1575000)" 0.76 0.82 0.67 071 0.63 0.60 0.61 0.61
S (rasooe)’ 0.61 0.64 0.68 0.63 0.65 0.65 0.59 0.59
S (rsooe)t 0.30 023 0.37 0.34 0.46 0.59 0.44 0.41

Notes.

* Error-weighted average of the redshift evolution scaled entropy measurements of the grouped sample
in units of keV cm? within the corresponding temperature bin. The first set of errors above and below
the measurements represent the statistical uncertainty, and the errors presented within the parenthesis
represent the systematic uncertainty (see Sect. 3.4 for the details of the accounted systematics).

TS'(r) = %, the slope of the error-weighted average entropy measurements as a function of
dimensionless radius in logarithmic space, in units of log(keV cm?).

temperature measurements of a sample of 1178 eROSITA selected galaxy groups in 271 bins.
Our measurements for the average temperature and average entropy at three characteristic radii
scaled by the self-similar redshift evolution (E(z)*?) can be seen in Fig. 3.10, where the error-
weighted average entropy measurements are shown in white circles, the statistical uncertainties
are shown with blue errorbars and the overall error budget resulting from the statistical and
systematic (see Sect. 3.4) uncertainties are shown with red error bars. Error-weighted average of
the redshift evolution scaled entropy measurements, their statistical uncertainties, and the impact
of systematics are also provided in Table 3.3 as a function of IGrM temperature. Besides the
average entropy measurements, we provide slopes of the average entropy profiles in Table 3.3
at the three characteristic radii for future work to account for the mass measurement systematic
while comparing with our results (see Sect. 3.4.3 for the details of accounting the systematics
in mass measurements). We note that the few outlying entropy measurements in Fig. 3.10 are
due to the extreme cool-core objects and have negligible impact on our error-weighted entropy
measurements (see Sect. 3.4.3 for a more detailed discussion on the outliers and their impact on
our final results).

We find that the characteristic temperature measurements of our binned group sample span
arange of ~ 0.73 — 2.68 keV. Furthermore, we find that the characteristic temperature measure-
ments of the binned groups correlate well with the entropy measurements at the three charac-
teristic radii such that an increase in the characteristic temperature from 0.73 keV to 2.68 keV
corresponds to an increase from the redshift scaled entropy levels of 121, 271, 341 keV cm? to
404,722, 1135 keV cm? respectively. This trend can also be clearly seen from the error-weighted
average measurements (white circles) in Fig. 3.10 such that the error-weighted averages at these
three radii increase from the levels of 145, 335, 455 keV cm? to 316, 635, 905 keV cm? re-
spectively. It can further be noticed that as the characteristic temperature of the binned groups
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Figure 3.11: S(r) — T relations at 0.15r5¢., 72500 and rsoo.. The white circles represent redshift
evolution scaled average entropy measurements, blue error bars represent statistical uncertainties
of the averages, and the red error bars represent the overall error budget of the average measure-
ments resulting from the statistical and systematic uncertainties (see Sect. 3.4 for the details of
the accounted systematics). The best-fit power-law models to the data points are plotted as light
green lines, and the uncertainties of the best-fit lines are shown with dark green shaded regions.

decreases, the statistical uncertainty of the error-weighted average profiles (blue error bars) de-
creases. Conversely, the decrease in the temperature corresponds to an increase in the overall
error budget (red error bars). This is due to the fact that the line emission from the Fe-L complex
at the low-temperature parameter space becomes significant, which provides an additional spec-
tral feature for measuring the temperature and reduces the statistical uncertainty. Meanwhile, at
the same parameter space, the systematic uncertainty of the metallicity profile has a very large
impact on the electron density measurements, which results in the entropy measurements hav-
ing large systematic uncertainties. At higher temperatures, the systematic uncertainties of the
electron density measurements become smaller due to the reduced line emission, and the less
significant Fe-L complex increases the statistical uncertainties.

Furthermore, we find that the redshift scaled average entropy and the average temperature
measurements of our sample at the three radii follow power-law relations within the uncertain-
ties. To quantify the normalizations and the slopes of the relations, we fit a power-law model to
the measurements of the form S (r)E(z)*® = A(T/Ty,)® where the S (r) term represents entropy
measured at three characteristic radii (0.1575oc, 2500c, and rspo.), the T term represents the char-
acteristic temperature (T'(r < rspoc)), Tpiy term represents the pivot temperature, and the A and B
terms stand for the normalization and the slope of the relation respectively. For our galaxy group
sample, we took a pivot value of T};, = 1.44 keV and obtained the best-fit power-law models
to the average measurements at the three radii as shown in Fig. 3.11. Furthermore, we noticed
that the slope of the S (r) — T relations seem to be changing around 7 = 1.44 keV such that the
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Table 3.4: Best-fit parameters of the S (r) — T relation.

Relation A B
(keV cm?)

All groups (T = 0.73 - 2.68 keV, Ty, = 1.44 keV)
S(0.15rs00c) = T(r < 7s00c) 19513 0'86J—r8282
S (r2500¢) — T'(r < rs00c) 418*8 0.70"07
S (rsooc) = T (r < rsooc) 618*1S 0.69700
Warm groups (7 = 1.44 - 2.68 keV, Ty, = 1.79 keV)
S(0.15rs000) = T(r < rsooc) 2357 0.98%010
S (r2500¢) — T'(r < rsooc) 485%), 0.8711
S (rso0c) — T(r < rs00c) 71775 0.72*517

Cool groups (T = 0.73 — 1.44 keV, Ty, = 1.08 keV)
S(0.15r500c) = T(r < rs00c) 1553 059t8}2
S (ras500c) — T'(r < rspoc) 352413 0.32*02
S (rso0c) = T (r < 1s00c) 50442 0.56+028

Notes. The fitted relation is of the form S (r)E(z)*3 = A(T/ Tin)B where the S (r) term stands for entropy
measured at three characteristic radii (0.15r50¢., 2500¢, and rsgoc), the T term stands for the characteristic
temperature, T(r < rs00c), and Tpy is the pivot temperature value. The relation is fitted to the measure-
ments presented in Table 3.3 by taking into account the statistical and systematic uncertainties. The fitting
procedure is executed three times at each radius: first, for all the groups in the sample spanning a tem-
perature range of 0.73 — 2.68 keV; second, for only the warm groups spanning a temperature range of
1.44 — 2.68 keV; and third, for only the cool groups spanning a temperature range of 0.73 — 1.44 keV.

warm/higher-mass groups in our sample (7' = 1.44 — 2.68 keV) are steeper than the S(r) — T
relations of the cool/lower-mass groups (T = 0.73 — 1.44 keV). To quantify the difference, we
separately fit the average measurements of the warm and cool groups using the same relation, as-
suming pivot values of Ty, = 1.79 and 1.08 keV, respectively. Best-fit parameters of the S (r)—T
relation at three radii for all galaxy groups in our sample, along with the best-fit parameters for
the warm, and cool groups, are listed in Table 3.4.

As aresult of the fitting procedure, we find that for all galaxy groups (7" = 0.73 — 2.68 keV),
the slopes of the S (r2500.) — T(r < rs00c) and S (rspo.) — T(r < rspo.) relations (B = O.70i8:8;
and 0.691’8:83 respectively) are in very good agreement with each other. Whereas we find that
the slope of the S(0.15rs00.) — T(r < rso.) relation (B = 0.86700¢) is slightly steeper. We also
compare our relations with the self-similar predictions presented in Voit (2005). We find that our
best-fit normalizations of the S (r)—T relations are > 50 larger than the self-similar predictions at
all radii. This agrees well with the previous findings on the entropy excess in galaxy groups and
indicates that non-gravitational processes such as AGN feedback and radiative cooling are non-

negligible and play an important role in shaping the entropy profiles of galaxy groups. Moreover,
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we compare the best-fit slopes of the S(0.157,500c) — T(r < rsooc), S(ras00c) — T(r < Tspoc)s
S (rs00c)— T (r < rsp0c) relations for all galaxy groups in our sample with the self-similar prediction
(Bseir = 1 at all radii) and find that our slopes are 2.3, 4.3, 3.40 shallower than the self-similar
slope respectively.

Furthermore, we compare the best-fit S (r) — T relations of the warm and cool groups and find
that the slopes of the warm/higher-mass groups, B = 0.98%%19 0,879 and 0.72*%17 " are much

-0.10° -0.11 -0.17°
steeper than the slopes of the cool/lower-mass groups, B = 0.59%01%, 0.32*077 and 0.56*)3%

at 0.157500c, 2500 and rsoo. respectively. We then compare our best-fit normalizations of the
warm and cool groups with the self-similar predictions presented in Voit (2005) and find that
the normalizations for warm and cool groups are > So larger than the self-similar predictions
at all radii. Moreover, we also compare the slopes of the warm and cool groups with the self-
similar prediction and find that the best-fit slopes of the warm/higher-mass groups, B = 0.98*%-10

0.10°
0.87*011 and 0.72%0-17, agree much better with the self-similar prediction (Bsr = 1) compared to
the slopes of the cool/lower-mass groups, B = 0.59*0:1%, 0.32*02 and 0.56*03%, at 0.15r500c, 2500¢»

and rsq. respectively. This comparison suggests that even though the non-gravitational processes
significantly increase the overall entropy levels of galaxy groups at all temperature/mass scales,
they result in the slope of the S (r) — T relation for cool/lower-mass groups deviating more from
the self-similar prediction compared to the slope of the warm/higher-mass groups that live at a
temperature/mass parameter space closer to clusters.

We note that the observed flattening for the cool groups can also be due to other reasons,
such as the selection effects or relatively large systematic uncertainties. The X-ray selection
probability of galaxy clusters and groups has a dependency on the emission profile of the clus-
ter and group (Clerc et al., 2024). Therefore, for the most robust calibration of the S(r) — T
scaling relation, a selection function that takes entropy at given radii as input should be used,
which is currently not implemented in our framework for galaxy groups. In the future, a better
understanding of the temperature and metallicity profiles of galaxy groups, along with the use
of a profile-dependent selection function for fitting the S(r) — T relation, would make the pic-
ture clearer and help us understand the origin of the observed flattening for the cool/lower-mass
groups.

Comparing the entropy measurements at the three radii, with the previous measurements in
the literature as a function of temperature, T(r < rso.), 1S challenging given the limited number
of studies reporting these quantities and the information provided in these studies to account for
the discrepancies in the measurement radii being limited across the literature. In this section, we
present our findings from the comparison performed between our measurements and the results
reported by S09 and Johnson et al. (2009).

To have a fair comparison, we quantify and account for the systematic differences between
our results and those presented in S09. The average temperature of galaxy groups in S09 are
measured using core-excised apertures (0.15r500. < 7 < rs00.), Whereas in our study, we measure
temperatures including the core out to sy, to maximize the signal-to-noise in our measurements.
We convert the core-excised characteristic temperature measurements, 7(0.15r500, < ¥ < 500c),
reported in SO9 to the core-included temperatures by applying a conversion factor of 7'(r <
rs500¢)/ T(0.157r500. < r < rs00.) = 1.07. This conversion factor is obtained by projecting the av-
erage group temperature profile (see Sect. 3.4.1) using the temperature weighting and projection
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Figure 3.12: Comparison between the redshift evolution scaled average eROSITA entropy mea-
surements (white diamonds) with the Chandra measurements of 43 galaxy groups (black error
bars) presented in S09 at three radii (0.157500c, 72500¢> s00c) as a function of characteristic temper-
ature, T'(r < rsoo.). Blue error bars represent the statistical uncertainties of the average measure-
ments, and the red error bars represent the overall error budget resulting from the statistical and
systematic uncertainties (see Sect. 3.4 for the details of the accounted systematics). For consis-
tency, core-excised temperatures presented in S09 are converted to core-included temperatures,
and the entropy measurements presented in S09 are normalized such that the new data points are
measured at the same angular radii with eROSITA flux calibration (see Sect. 3.5 for the details
of these corrections).

formulation of ZuHone et al. (2023) calibrated for eROSITA and the average group electron den-
sity profile presented in Chapter 4. Additionally, we apply a correction factor to account for the
difference in the characteristic radii estimation to the S09 entropies as described in Sect. 3.4.3.
The correction factors are obtained by comparing our scaling relations based on rsg. estimates
with the masses obtained assuming hydrostatic equilibrium (see Sect. 3.4.1) and quantifying the
impact of the mismatch on the average entropy measurements at three characteristic radii. Fur-
thermore, we apply a 5% correction to the entropy measurements of S09 to account for the 15%
flux discrepancy between Chandra and eROSITA (see Sect. 3.4.2) that is reported in Bulbul et al.
(2024). Lastly, we applied a 15% correction to the entropy and temperature measurements of the
T < 2 keV groups in the SO9 sample due to the use of an old version of the atomic database
AtomDB (see Sect. 3.4.4 for the details on the correction).

The comparison between our temperature and entropy measurements with the findings of
S09 are shown in Fig. 3.12. After the systematic differences are accounted for, we find our mea-
surements to agree well with the S09 results within ~ 1o~ confidence at all three radii. Fig. 3.12
shows that our results only deviate from the measurements of S09 at the cooler temperatures
with T'(r < rspo.) < 1.15 keV. We argue that this may be due to the completeness of our sample
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being much higher than the completeness of the S09 sample at these temperatures. The S09
sample is based on the archival Chandra follow-up observations of 43 ROSAT-detected bright
groups. For this reason, by construction, the limited number of measurements reported in S09
at the low-temperature parameter space is for bright groups that have relatively high n. and low
S. This effect is visible in Fig. 3.12 such that SO9 has only three measurements for S (r5.) and
11 for S (r2500.) and S (0.157500.) at the cool temperatures end, whereas our sample includes tem-
perature measurements of a sample of 323 galaxy groups binned into 61 groups. Furthermore,
we note that the sample studies analyzing individually followed-up systems, such as S09, ex-
clude morphologically disturbed systems. Nevertheless, in our work, with the aim of achieving
comprehensive conclusions about galaxy groups, we did not make such a distinction and have
analyzed all the galaxy groups in our sample by allowing the centroid of the surface brightness
profile to be free. Parallel to having a preferential selection toward bright objects, excluding
morphologically disturbed systems can also potentially decrease the average entropy of a sample
at a given mass/temperature. That is in agreement with the direction of the slight discrepancy
we see in Fig. 3.12 and can possibly explain the mismatch. A more quantitative statement on the
relationship between the morphology and gas properties of galaxy clusters and groups, as well
as the relationship between the eROSITA selection and the morphology of the extended objects,
will be explored in Sanders et al. (in prep.).

Furthermore, Johnson et al. (2009) analyzed XMM-Newton observations of 28 nearby galaxy
groups and found that the entropy measurements of their sample at the core, S (0.1r50.), fol-
low a power-law relation with their core-excluded temperature measurements, 7(0.175p0. < ¥ <
0.37500c). They further report that the best-fit slope of their S (0.17500.) —T(0.17500, < ¥ < 0.37500.)
relation (0.79 + 0.06) agrees with the slope of a similar relation, S (0.157500.) — T(0.15r500, <
r < rseoc), presented in S09, 0.78 + 0.12. In our work, we measure entropy at the core at
a slightly different radius (0.157500.) than the one used in Johnson et al. (2009), and we use
core-included temperature measurements rather than the core-excised temperatures. Neverthe-
less, we compare our most similar relation, S (0.15rs00.) — T(r < rs0.), to the relations fitted in
S09 and Johnson et al. (2009) and find that our slope 0.86 + 0.08 is in good statistical agree-
ment with the slopes of S09 and Johnson et al. (2009). Moreover, we further compare our
best-fit slope for the S (r2500.) — T(r < rsp0c) relation with the best-fit slope of another sim-
ilar relation, S (r2500.) — T(0.15r500. < r < rsp0.), presented in S09 and find that our slope
(0.7 £ 0.07) agrees well with the slope reported in S09 (0.76 + 0.06). Lastly, we compare
the best-fit slope of our S (rs00.) — T(r < rs500.) relation with the best-fit slope of S09 for the
S (rs00c) — T(0.15r500 < r < rs500.) relation and find that our slope (0.69 + 0.09) is in good
statistical agreement with the slope reported in S09 (0.8 + 0.2).

3.6 Comparison with the Numerical Simulations

In this section, we compare our results with the state-of-the-art simulations to place constraints on
the physics of the AGN feedback. We quantify the agreement or disagreement between our mea-
surements and the predictions of the various AGN feedback models implemented in these cos-
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mological hydrodynamical simulations, including MillenniumTNG'? (Hernandez-Aguayo et al.,
2023; Pakmor et al., 2023), Magneticum'® (Hirschmann et al., 2014) and the OverWhelmingly
Large Simulations (OWL simulations, Schaye et al., 2010).

We compare our results with the Magneticum, MillenniumTNG, and OWL simulations that
include different implementations for AGN feedback. The entropy measurements of the OWL
simulations are plotted in Fig. 2 of McCarthy et al. (2010); therefore, we extracted their mea-
surements from their paper and directly used them in our work. In contrast, the entropy and
the characteristic temperature profile measurements for MillenniumTNG and Magneticum sim-
ulations are not publicly available. For this reason, we extract thermodynamic profiles of the
gaseous halos from the MillenniumTNG and Magneticum simulations. A brief description of
the MillenniumTNG and Magneticum simulations and the extraction process is as follows.

3.6.1 MillenniumTNG Simulations

The MTNG740 flagship full physics run of the MillenniumTNG project (Pakmor et al., 2023)
is used in this Chapter which simulates a 500 Mpc/h cosmological box with the Planck Collab-
oration et al. (2016) cosmology. Its galaxy formation model is close to the IllustrisSTNG model
(Weinberger et al., 2017; Pillepich et al., 2018) and includes primordial and metal line cooling,
a subgrid model for star formation and the interstellar medium, mass return from stars via AGB
stars and supernovae, an effective model for galactic winds, as well as a model for the formation,
growth, and feedback from supermassive black holes. At a baryonic mass resolution of 3x10’M,
MTNG740 reproduces well many properties of observed galaxies and galaxy clusters for halos
with Msg. > 2.3 x 10> M.

The hydrodynamical profiles of groups shown in this Chapter are computed the same way as
the galaxy cluster profiles in Pakmor et al. (2023). MTNG outputs a number of useful quanti-
ties: gas cell mass (m), electron abundance (x), and internal energy (€). Assuming a primordial
hydrogen mass fraction of Xy = 0.76, and an adiabatic index of y = 5/3, we compute the
volume-weighted electron number density, n., and temperature 7', for each gas particle i as

Xu

Vine; = ximi— (3.11)
mp
T, = (y - Dye k0 (3.12)
= € 1+3XH+4XHX," )

where m,, the proton mass and & is the Boltzmann constant. We then compute the averages of the
two quantities in radial bins b;:

nej= V') ) Vines (3.13)
iE};j

T;=m"'(by) ) mT,, (3.14)
i€i7j

2https://www.mtng-project.org
Bhttp://www.magneticum.org
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The radial bins are chosen as 23 logarithmically spaced intervals between 0.001 and 10 r,.,
where ry. is the radius from the halo center encompassing 200 times the critical density of the
Universe, p.. As a derived quantity, we also compute the entropy as:

~ . T
S = ne(by??’ G1>)

3.6.2 Magneticum Simulations

The Magneticum simulations used in this study were performed with the TreePM/SPH code
P-Gadget3, an extended version of P-Gadget2 (Springel, 2005). In addition to hydrodynamics
and gravity, the simulations also account for a variety of physical baryonic processes, includ-
ing radiative cooling and heating from a time-dependent UV background (Haardt and Madau,
2001), star formation and feedback (Springel and Hernquist, 2003), metal enrichment from stel-
lar evolution (Tornatore et al., 2004, 2007), and black hole growth and gas accretion power-
ing energy feedback from AGN (Springel et al., 2005; Di Matteo et al., 2005; Fabjan et al.,
2010). In this study, we consider a sample of 22,254 galaxy groups and clusters with mass
Msoo. > 5 % 10'?M,, identified using the SubFind algorithm (Springel et al., 2001; Dolag et al.,
2009) in the “Box2_hr” simulation box. This covers a comoving volume of (3524~ 'cMpc)? and is
resolved with 2x 15843 particles (which correspond to mass resolutions of mpy = 6.9x 10847 M,
and mg,s = 1.4 X 1084~ M, for DM and gas respectively). A ACDM cosmology with i = 0.704,
Q, =0.0451, Q,, = 0.272, Q = 0.728 and og = 0.809 is employed (from the 7-year results of
the Wilkinson Microwave Anisotropy Probe Komatsu et al., 2011). See also Biffi et al. (2022)
for further details.

We compute gas thermodynamical profiles by selecting the hot, diffuse gas component in
each halo of the sample, characterized by temperature higher than 5x 10°K and non-star-forming,
representing the X-ray emitting intra cluster and group mediums. The gas mass-weighted tem-
perature and electron density radial profiles are then generated by considering three-dimensional
radial bins. The profiles of massive haloes are resolved with 50 linear radial bins up to 1.5 rsgo,.
For smaller systems resolved with fewer gas particles, we instead adopt an equal-particle binning
of the radial profiles, to ensure statistically reliable estimates. In all cases, we ensure a minimum
of 150 selected gas particles in each radial shell.

3.6.3 OverWhelmingly Large Simulations

The OverWhelmingly Large Simulations (Schaye et al., 2010) used in this Chapter is a cos-
mological hydrodynamical simulation that was performed using an extended version of the
ThreePM/SPH code Gadget3 (Springel, 2005). The simulations include radiative cooling (Wiersma
etal., 2009a), star formation (Schaye and Dalla Vecchia, 2008), stellar evolution and chemical en-
richment (Wiersma et al., 2009b), kinetic supernovae feedback (Dalla Vecchia and Schaye, 2008)
and feedback from supermassive black holes (Springel et al., 2005; Booth and Schaye, 2009).
The simulations employ a flat ACDM cosmology with parameters 7 = 0.73, Q, = 0.0418,
Qn = 0.238, Q) = 0.762 and og = 0.74 that are taken from the analysis of 3-year results of
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WMAP (Spergel et al., 2007). The entropy and temperature measurements of galaxy groups in
OWL simulations are taken from McCarthy et al. (2010) where ~ 200 galaxy groups are selected
by applying a mass criterion of M»y,. > 10'* My. The temperature and electron density pro-
files are obtained by emission-weighting the gas properties, and the entropy measurements are
obtained by combining the temperature and electron density measurements.

They ran their simulations two times. In their first run (AGN run), they included all the sub-
grid physics listed above, and in their second run (REF run), they turned off the AGN feedback.
Both runs are indistinguishable in all aspects, with the only difference being that the former
includes feedback from supermassive black holes as prescribed in (Booth and Schaye, 2009).
We refer the reader to Schaye et al. (2010) and McCarthy et al. (2010) for further details on the
OWL simulations and the measurements of the thermodynamic properties of the galaxy groups
in OWLS.

3.6.4 Comparisons of Observations with OWL, MillenniumTNG and Mag-
neticum Simulations

A fair comparison between simulations and observations is only possible when the compared
samples are subject to a similar selection and the simulated temperatures are weighted with a
well-calibrated temperature weighting scheme that would reproduce the observed spectroscopic-
like temperatures. We achieve this by using the eROSITA selection function that is obtained
by applying the same cleaning procedure described in Sect. 3.2 to the mock catalogs from the
eROSITA’s digital twin (Seppi et al., 2022). The eRASS1 selection function, encapsulating the
selection and cleaning information, provides detection probabilities of the group- and cluster-
scale dark matter haloes as a function of M5y, and z (see Clerc et al., 2024, for details). The
selection function obtained through this procedure is applied to the MillenniumTNG and Mag-
neticum clusters and groups, and the entropy profiles of the simulated samples are measured
at the three characteristic radii. Furthermore, the spectroscopic-like characteristic temperatures,
T (r < rspoc), are obtained by weighting and projecting the simulated 3D temperature profiles of
MillenniumTNG and Magneticum haloes, using the temperature weighting scheme calibrated for
eROSITA (ZuHone et al., 2023). Lastly, we compare the entropy and characteristic temperature
measurements of simulated groups with the observations.

Before comparing our results with the simulations employing different AGN feedback im-
plementations, we first test the reference (REF) run of the OWL simulations of McCarthy et al.
(2010) with the observations. The predictions of the REF run serve as a baseline simulation
and can be used to test the overall impact of the AGN feedback on the entropy profiles and
characteristic temperatures of groups (Schaye et al., 2010). Their REF run is performed with
their full model, identical to their final run, but does not include AGN feedback. To have a fair
comparison, we convert the core-excised characteristic temperature measurements in simulations
(T(0.15r500, < 1 < Fs00.)) to the core-included temperatures, 7(r < rsp.), following the same
approach presented in Sect. 3.5. After the correction, we compare our measurements and the
predictions of the REF run of the OWL simulations at the three characteristic radii, as shown in
Fig. 3.13. We find that the main visible effect of AGN feedback is to lift the entropy values of
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Figure 3.13: Comparison between the redshift evolution scaled average eROSITA entropy mea-
surements (white circles) with the predictions of the REF (AGN feedback off) and AGN (AGN
feedback on) runs of OWL simulations (yellow triangles and green squares) presented in Mc-
Carthy et al. (2010) at three radii (0.157500¢, 72500¢> ¥500¢) @S @ function of characteristic temper-
ature, T(r < rsoo-). Blue error bars represent the statistical uncertainties of the average mea-
surements, and the red error bars represent the overall error budget resulting from the statis-
tical and systematic uncertainties (see Sect. 3.4 for the details of the accounted systematics).
For consistency, core-excised temperatures presented in McCarthy et al. (2010) are converted to
core-included temperatures (see Sect. 3.6 for the details of the correction).
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the groups outside the core (e.g., at 500 OF 500.) for all groups, with a more marked effect at the
lowest temperatures. The excess entropy induced by the AGN feedback in observations leads to
significant disagreement between our measurements and the predictions of their REF run outside
the core. On the other hand, the consistency with the AGN run (the twin simulations of the REF
run, but the AGN feedback is turned on) suggests that the observations significantly favor the
presence of strong AGN feedback in galaxy groups. It can further be seen from Fig. 3.13 that
at the core 0.15r5¢., the data points of McCarthy et al. (2010) for the AGN feedback run are
indistinguishable from data points of the reference run, and their results agree well with ours at
this radius. Contrarily, outside the core (at 50, Or Fs500.), the reference and the feedback runs are
significantly different at the low-temperature parameter space, indicating the strong AGN feed-
back imprint. This suggests that the entropy measurements at the core probe the AGN feedback
much less efficiently than those outside the core at the group scale haloes, which is also shown
in McCarthy et al. (2010) for core-excised quantities. We note that the agreement at the core of
groups between the reference and AGN feedback runs are obtained from the OWL simulations,
where a thermal AGN feedback model is implemented. It is unclear whether such a conclusion
would hold true for simulations implementing a feedback model that includes both kinetic and
thermal feedback that leads to significant turbulent stirring in the core, such as MillenniumTNG.
Therefore, to verify the universality of the conclusion, further tests are required to be conducted
in the future on simulations implementing kinetic and thermal feedback.

After comparing our measurements with the (REF) run of the OWL simulations, we compare
our results with the three simulations employing different AGN feedback implementations: Mag-
neticum, MillenniumTNG, and OWL (AGN run). The comparison between our measurements
and the predictions of the simulations at the three characteristic radii is shown in Fig. 3.14.

At the cores of groups (0.1575.), we find the eROSITA observations agree relatively well
with the OWL simulations between the IGrM temperatures 7 = 0.73 — 1.79 keV whereas at the
warmer IGrM temperatures 7 = 1.79 — 2.68 keV the observations fall above their predictions.
We further find that the Magneticum and MillenniumTNG simulations overpredict the average
entropy for the cool/lower-mass groups (T = 0.73 — 1.44 keV), whereas the agreement becomes
better in the MillenniumTNG at the warmer IGrM temperatures, close to the cluster ICM tem-
perature range. Even though our measurements disagree with the average entropy predictions
of Magneticum and MillenniumTNG, our measurements still lie within the 1o scatter of the
simulated profiles.

At the mid-region of groups (r2s00.), the entropy measured by eROSITA agrees well with
the Magneticum and OWL simulation for cool/lower-mass groups, whereas the MillenniumTNG
simulations underpredict the entropy for the groups in this region at a ~ 2.50 level. We find
that our measurements also agree well with the Magneticum simulations for warm/higher-mass
groups. Furthermore, we find that as the temperatures/masses of the groups increase (T >
1.44 keV) and approach the cluster temperatures/masses, the offset between observations and
the predictions of MillenniumTNG and OWL simulations becomes more significant, starting
from a statistical disagreement level of 3.50 at T = 1.44 keV and going up to a level of 8.50 at
T =2.68 keV.

At the group outskirts (r500.), we observe an overall agreement between the eROSITA obser-
vations and the Magneticum simulations at all temperatures. While the entropy measurements of
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Figure 3.14: Comparison of the redshift evolution scaled average eROSITA entropy measure-
ments (yellow circles) with the predictions of three simulations (Magneticum, MillenniumTNG,
and OWL simulations) at 0.15r50. (top left), rasoo. (top right) and rs5p. (bottom) as a function
of characteristic temperature, T(r < rso.). Gray crosses represent the average entropy mea-
surements of the binned groups, and the blue error bars represent the overall error budget of the
average measurements resulting from the statistical and systematic uncertainties (see Sect. 3.4
for the details of the accounted systematics). The solid lines represent the predictions of simula-
tions at the group regime (5% 10'2 < M5y, < 10'* M,,), the dashed lines represent the predictions
at the low-mass cluster regime (10'* < Msgy. < 3 x 10'* M) and the shaded regions represent
the scatter of the measurements.
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galaxy groups in MillenniumTNG simulations are slightly below observations, we find that they
are consistent at a 20~ confidence level at all temperatures. Although our measurements are in 1o
agreement with the OWL simulations for cooler/lower-mass groups 7' < 1.44 keV, the departure
from observations becomes more significant (> 2¢°) at warmer temperatures, close to the ICM
regime.

The AGN feedback implementations in most large-scale simulations are variations of the
Springel et al. (2005); Di Matteo et al. (2005) models. Even though similar in spirit, different
adaptions and extensions to the original model have been made for the different simulations,
leading to a strongly varying impact on the hot gas among the three simulations covered in this
Chapter. While the main feature behind the model for the OWL simulation is to achieve an effec-
tive AGN feedback by accumulating the injected energy until a AT}, is reached, Magneticum
and MillenniumTNG introduce a transition from quasar-mode to a stronger radio mode feedback
(e.g. see Sijacki et al., 2007; Fabjan et al., 2010) instead. However, while in Magneticum the ra-
dio mode feedback is still modeled as a isotropic, thermal feedback with an increased efficiency
(e.g., see Hirschmann et al., 2014), in MillenniumTNG it is modeled as a kinetic feedback (e.g.,
see Pillepich et al., 2018; Weinberger et al., 2017). In addition to these differences, the detailed
setting within the individual models can not only significantly change the distribution and prop-
erties of gas within galaxies, but also impact the hot gas and especially the entropy within and
around clusters and groups (e.g. see figure 3 in Fabjan et al., 2010). Subsequently, in an updated
version of the OWL simulations (Le Brun et al., 2014), three different AT}, parameters (108,
1083 and 1037 keV) of the Booth and Schaye (2009) model, coupled with the burstiness and the
energeticness of the feedback, are tested. The authors report that AT}, can be used to tune the
impact of the feedback in the IGrM gas. They further show that for groups, the normalization
and slope of the S — T relation (or the S — M relation) does not depend much on AT, at the
core (0.157500.). In comparison, an increase in the AT, parameter corresponds to a larger nor-
malization and possibly a different slope at the outskirts (7,500 and rsoo.) due to the low-entropy
gas getting ejected (see Fig. 6 in Le Brun et al., 2014). This can also be seen in Fig. 7 of Le Brun
et al. (2014) where the gas gets ejected in the case of more bursty and energetic feedback and
results in lower densities at all radii out to 1.6r5¢,.

In light of these indications found within simulations, the discrepancy between the observed
entropy and the predictions of MillenniumTNG and OWL simulations at the outskirts can be
justified by the effectiveness and energetics of the individual AGN feedback models being in-
sufficient to match our observations at the group scale. The weaker AGN feedback found in
MillenniumTNG, leading to lower entropy in the outskirts, may also be related to the elimination
of the magnetic fields from the TNG physics model, as noted in Pakmor et al. (2023). The agree-
ment between the observations and the Magneticum simulations in the group outskirts suggest
that the underlying model is able to effectively treat a broad range in mass, extending the pre-
viously reported good agreement of entropy profiles for galaxy clusters (Planelles et al., 2014;
Rasia et al., 2015) to group scales.

The agreement between the entropy measurements in eROSITA observations and the numer-
ical simulations at the cores is better than the outskirts. Slightly higher entropy in simulations
is harder to explain using the Booth and Schaye (2009) model since the normalization and the
shape at the core (0.157500.) do not seem to be affected by the change of the AT},,, parameter in
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the runs presented in Le Brun et al. (2014).

We note that the interpretations above for the OWL simulation assume that the Booth and
Schaye (2009) model can reproduce the gas properties by tuning the AT},,, parameter relatively
accurately, which may or may not be the case. Furthermore, as also discussed above, the AGN
feedback implementation in MillenniumTNG and Magneticum simulations are even different
(among them as well as compared to OWL). For these reasons, a more detailed analysis would be
needed to understand better which aspects of the underlying AGN feedback models are driving
the differences between the simulations and the eROSITA observations, which is beyond the
scope of our study. Furthermore, we note that the selection function we used in this study is
a function of mass and redshift, and the use of it significantly improves the robustness of our
comparison. In future studies, a profile-dependent selection function can be used that would
make the selection procedure applied to the simulations even more realistic. Ultimately, the most
accurate comparison would be achieved by producing synthetic eROSITA observations through
fully forward modeling cosmological hydrodynamic simulations to which the same detection and
data analysis pipeline used for real observations can be applied.

3.7 Conclusions

Our work places the tightest constraints on the impact of AGN feedback on the average thermo-
dynamic properties by populating the low-mass galaxy groups down to cool IGrM temperatures
of 0.7 keV. eROSITA’s superb sensitivity in the soft X-ray band led to the detection of a large
number of galaxy groups with a well-understood selection function. When stacked, the eROSITA
data provides unprecedented statistical power for the measurements of X-ray properties of these
sources. We use a sample of 1178 galaxy groups to place constraints on the impact of AGN feed-
back on the thermodynamic properties of the IGrM. We select the galaxy group sample based
on the primary sample of the eRASS]1 clusters and groups and apply a rigorous selection and
cleaning. The cleaning procedure is designed to provide a pure sample with a well-defined selec-
tion function while maximizing the sample size. A Bayesian imaging analysis is carried out for
all the 1178 galaxy groups in the sample where the nearby clusters and bright point sources are
co-fit. The galaxy groups with similar statistical and physical properties, such as count and tem-
perature, are then grouped together into 271 bins. A joint Bayesian spectral fitting is performed
on the groups in the same bin to increase the statistical power in each bin with the sources with
similar properties.

Constraining baryonic physics at group scales is a highly challenging task. Systematic ef-
fects must be considered to achieve a reliable and robust conclusion. We quantify and discuss
three major systematics for thermodynamic profile studies and conservatively take them into ac-
count for our final measurements and conclusions. Besides the robust thermodynamic property
measurements, we also provide a detailed comparison of our findings with the state-of-the-art
simulations by accounting for the selection effects. We assess the agreement between our mea-
surements and the simulations employing various AGN feedback implementations to pave the
way for a more realistic AGN feedback modeling in numerical simulations.

The study presented in this Chapter is the first in-depth study of galaxy groups with eROSITA
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focusing on the impact of AGN feedback on the entropy and temperature measurements within
an overdensity radius. The main conclusions of the work presented in this Chapter are as follows:

— With a sample of 1178 galaxy groups and average thermodynamic properties of 271 binned
groups, our work stands as the most comprehensive study of the hot gas in galaxy groups
in terms of sample size, diversity, and statistics. The selection effects are considered for
the first time while comparing the measured thermodynamic profiles of galaxy groups with
the numerical simulations.

— Opverall, the entropy measurements at three characteristic radii: 0.157500., 72500 @and rsooc
and the characteristic temperature of the galaxy groups detected in the eROSITA first All-
Sky Survey observations are in good agreement with the previously reported results in S09
and Johnson et al. (2009) within the uncertainties (see Sect. 3.4). The largest mismatch be-
tween the eROSITA measurements presented in our work and the Chandra measurements
of S09 is at the low-temperature parameter space (7(r < rsp.) < 1.15 keV). We argue
that this is because the completeness and the selection of the two samples being different
in this temperature range. The archival sample used in S09 consists mostly of bright and
morphologically undisturbed galaxy groups detected in ROSAT observations and followed
up by Chandra. In contrast, the group sample used in our study has a more uniform and
well-defined selection.

— We compare our entropy measurements with the reference (REF) run of OWL simulations
that include various non-gravitational processes except the AGN feedback. From this com-
parison, we conclude that the impact of AGN feedback on the entropy profiles of groups is
significant at the outskirts (1,500 and rsg.), and less pronounced near the core (0.15750.).
This result suggests that for groups, AGN feedback has a larger impact on the outskirts
than the core, contrary to its impact on the observed gas properties of clusters of galaxies
(Le Brun et al., 2014). Due to their shallower potential wells, the feedback from the cen-
tral black hole is able to move the low entropy gas to much further radii to the outskirts in
galaxy groups.

— Our measurements have significant constraining power on the impact of AGN feedback on
the thermodynamic properties of the IGrM gas and serve as a reference for the feedback
implementations in numerical simulations and theoretical models. We compare our re-
sults with three state-of-the-art cosmological hydrodynamic simulations, MillenniumTNG,
Magneticum, and OWL, employing various AGN feedback implementations by account-
ing for the selection effects. In the cores of the galaxy groups, the entropy agrees well
with OWL simulations out to 7 = 1.79 keV. Although the sample averaged entropy from
the MillenniumTNG and Magneticum simulations are higher, the measurements within
the scatter of the respective simulations. At the outskirts, (72500 and rsg.), the observed
entropy agrees well with the Magneticum simulations for groups with IGrM temperatures
down to 0.79 keV. In OWL simulations, although we see a similar entropy flattening trend
for the cooler groups, the departure from observations becomes significant towards the
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galaxy cluster regime at higher temperatures. A similar trend is observed in Millenni-
umTNG simulations; however, in this case, the entropy offset is relatively significant for
all temperature regimes. Overall, the AGN feedback implementation in Magneticum sim-
ulations best reproduces our observations at the three characteristic radii.

Our study demonstrates the potential of eROSITA for exploring the baryonic physics at the
galaxy groups out to large radii. Deeper data with the eROSITA All-sky Survey survey will allow
the detection of a larger sample of galaxy groups pushing down in mass and IGrM temperature
floors. Employing these groups in similar future studies with larger statistical power will enable
to test hydrodynamical simulations in very cool temperatures below < 0.5 keV, which is currently
unreachable with the eRASS1 sample.



Chapter 4

The SRG/eROSITA All-Sky Survey:
Thermodynamic Properties of Galaxy
Groups

As discussed in previous Chapters, the distribution of the hot plasma in gaseous haloes, as well
as its temperature structure, result from the complex interplay between gravity, radiative cool-
ing, and non-gravitational heating (e.g., through AGN feedback). Previous studies suggest that
groups exhibit distinctly different thermodynamic profiles compared to clusters, attributed to the
shallower potential wells of the former, which make them more sensitive to non-gravitational pro-
cesses. In this Chapter, we determine the radial thermodynamic profiles of eROSITA-selected
galaxy groups using X-ray observations. The work presented in this Chapter builds on that
presented in Chapter 3, where we have explored the entropy of the hot gas in groups at three
characteristic radii (0.157500., 2500 and rsoo.) as a function its characteristic temperature. In this
Chapter, we determine the full radial profiles of four thermodynamic properties (namely, density,
temperature, entropy, and pressure) relative to their self-similar scales. As in Chapter 3, we mea-
sure these observables for 1178 galaxy groups by jointly analyzing their eRASS:4 observations
in 271 subsamples. We then normalize their thermodynamic profiles using the predictions of the
self-similar model and compare the scaled thermodynamic profiles of our groups with those of
clusters. We furthermore compare our measurements with predictions of non-radiative hydrody-
namical simulations that serve as baselines to constrain the overall impact of non-gravitational
mechanisms. Lastly, we apply the selection function of our sample to two state-of-the-art simu-
lations that have different feedback implementations (Magneticum, MillenniumTNG) and com-
pare their predictions with our measurements. Our profiles establish benchmarks for the impact
of non-gravitational processes across a broad radial range and will be instrumental in achieving
more realistic cosmological hydrodynamical simulations.

I performed the majority of the work and analysis described in this Chapter. The galaxy
group sample and the initial data analysis steps have already been presented in Chapter 3 (see
Sect. 4.2 for details), the contents of Chapter 3 were originally published in Bahar et al. (2024).
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4.1 Introduction

At z = 0, the peak of the halo mass density function falls in the group mass regime (Eckert et al.,
2024). This puts galaxy groups in a pivotal place in the hierarchical structure of the universe,
making it essential to achieve a good understanding of their astrophysics to achieve an accurate
and comprehensive picture of the universe at cosmological scales.

Most of the baryonic matter in galaxy groups is in the form of hot dilute gas called intra-group
medium (IGrM), which fills large volumes within the potential well of the group. The processes
governing IGrM can be split into two categories: gravitational and non-gravitational, where the
former is dictated by the underlying potential well, and the latter arises from the interaction of
baryons with each other and their surroundings. As discussed in detail in Sect. 1.4, thermody-
namic properties of the IGrM medium serve as a window to the history of heating and cooling
processes acting on IGrM, such as cooling through radiation and heating through supernovae,
star formation, and AGN feedback. Relatively shallower potential wells of galaxy groups make
them ideal laboratories for investigating the dominant heating mechanism for large-scale haloes,
active galactic nuclei (AGN) feedback (see Sect. 1.3). The importance of non-gravitational pro-
cesses for shaping properties of the large-scale structure is well acknowledged such that they
are implemented in almost all modern cosmological hydrodynamical simulations. However, the
energetics and kinematics of the implementation of AGN feedback vastly vary between simula-
tions (e.g., see Oppenheimer et al., 2021) due to the uncertainties on the total energy output and
the interaction of AGN with its surroundings. Measurements of thermodynamic properties of
galaxy groups put constraints on these mechanisms that serve as references to tune and improve
implementations of these mechanisms in simulations.

Measurements of the integrated gas content of galaxy groups as a function of the total mass
revealed that groups appear to be gas depleted within an overdensity radius of rsyy. compared to
the average baryon density of the universe (e.g., Sun et al., 2009; Ettori, 2015; Lovisari et al.,
2015). This is argued in the literature to be due to the fact that feedback from AGN pushes away
gas in groups more easily out to large radii (beyond rsgo.) compared to clusters. Thus, the gas
mass fraction (fy,) measurements of groups are lower than the ones observed for the clusters
(e.g., see Fig. 7 in Eckert et al., 2021). These measurements serve as strong evidence that the
impact of AGN feedback on the thermodynamic properties of galaxy groups reaches large radii,
even beyond rsg.. This is also confirmed by simulations where the gas pushed out from the inner
regions is observed to be expelled to very large radii (e.g., see Fig. 3 of Ayromlou et al., 2023).
Therefore, accurate measurements of the profiles of thermodynamic properties out to large radii
are key to constraining the impact of feedback from AGN and improving our knowledge of
feedback energetics and kinematics.

There are a limited number of studies in the literature that investigate profiles of thermody-
namic properties of groups with large samples. Sun et al. (2009) stands as the most recent study
that investigates thermodynamic profiles of groups with a moderately large sample. Sun et al.
(2009) analyzed deep Chandra observations of 43 nearby groups and measured electron density
(n.), temperature (T'), entropy (S), and pressure (P) profiles of them. Through their analysis,

'Throughout this Chapter, we use the notation T to represent kzT and express temperature measurements in
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they were able to reliably measure profiles of 23 groups in their sample out to rso. They also
normalized their entropy profiles with the self-similar scale (see Sect. 4.3.1 for details of the self-
similar scale) and compared their scaled entropy measurements with the baseline profiles of Voit
(2005) for self-similar clusters obtained from non-radiative hydrodynamical simulations that do
not include AGN and stellar feedback. They also normalized their pressure profiles with the
self-similar scales and reported them in a follow-up paper (Sun et al., 2011), where they found
good agreement with the "universal" pressure profile of Arnaud et al. (2010) for clusters after
removing deviations from self-similarity.

Significantly more studies in the literature investigate the scaled thermodynamic properties of
galaxy clusters (e.g., Arnaud et al., 2010; Eckert et al., 2012; McDonald et al., 2014; Ghirardini
etal., 2019; Sanders et al., 2021). These studies analyze moderately large samples of galaxy clus-
ters and provide scaled’ "universal" profiles for their thermodynamic properties. A comparison
between the scaled profiles of clusters and the scaled profiles of groups reveals the mass evolu-
tion of the impact of non-gravitational processes. EROSITA (Predehl et al., 2021) opened a new
window for measuring the thermodynamic properties of groups by providing high-quality X-ray
observations for large group samples (e.g., see the galaxy group sample introduced in Chapter 3).
The large field of view and superb soft band sensitivity of eROSITA make it the ideal instrument
for studying low redshift groups that are well-extended in the sky and shine brightly in the soft
X-ray band.

The Chapter is organized as follows: In Sect. 4.2, we provide a brief overview of the galaxy
group sample used in this study and the X-ray data reduction and analysis procedures employed
to obtain their n. and T profiles. In Sect. 4.3, we provide our measurements for the profiles
of thermodynamic properties, and in Sect. 4.3.1, we provide our measurements for the scaled
profiles. In Sect. 4.4, we provide a comparison between our measurements and the results in
the literature for clusters and groups. In Sect. 4.5, we provide a comparison between our mea-
surements and the predictions of the numerical simulations. Lastly, in Sect. 4.6, we provide a
summary of our findings and list our conclusions.

4.2 Galaxy Group Sample and Data Analysis

The work presented in this Chapter uses the galaxy group sample presented in Chapter 3. The
sample is made up of 1178 objects and is selected from the eRASS1 galaxy clusters and groups
catalog (Bulbul et al., 2024). A comprehensive description of the sample selection and cleaning
procedures is presented in Sect. 3.2. The n. and T profiles presented in this Chapter are measured
the same way as presented in Chapter 3. The data analysis and reduction steps to obtain the n.
and T profiles are described in detail in Sect. 3.3. The uncertainties of the n. and T profiles
presented in this Chapter (Chapter 4) include statistical and systematic uncertainties. The major
sources of systematics on our measurements, as well as the procedures followed to quantify their
impact on our measurements, are presented and discussed in Sect. 3.4. We refer the reader to

units of keV.
The thermodynamic profiles are often normalized in the literature with their self-similar scales. See Sect. 4.3.1
for details.
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Chapter 3 for detailed information on the group sample used in this study and the data analysis
procedures for obtaining the n. and 7 profiles.

4.3 Profiles of the Thermodynamic Properties

In this Chapter, a total of four thermodynamic properties are investigated, with a focus on the
variation of these properties as a function of radius and mass. The investigated properties include
electron density (n.), temperature (7), entropy (S ), and pressure (P), all of which are measured
from X-ray observations. The derivation of the first two quantities is described in Sect. 3.3 and
the remaining two are derived from n. and T following the equations

S =T/n?? 4.1

and
P=Tn, “4.2)

taking into account the covariances. The profiles of thermodynamic properties so determined
are shown in the left column of Fig. 4.1. We note that in Fig. 4.1, the temperature profiles are
scaled versions of each other. This is due to the fact that we fixed the shape of the temperature
profiles to the average shape of the profiles of the Sun et al. (2009) groups (see Sect. 3.4.1 for
the details). Therefore, in this Chapter, we put constraints only on the normalization of the
temperature profiles, not on their shapes.

It can be seen from the plots in the left column of Fig. 4.1 that the more massive groups
appear to have higher normalizations for n., T, S, and P. Such an appearance can be explained
by the fact that these observables scale with M according to the corresponding scaling relations.
This would not be a surprise for 7', S, and P since the self-similar model predicts relatively
strong correlations with mass for these observables (T o« M*PE(z)*3, S o M*?E(z)"*? and
P o« M*3E(z)83). However, the self-similar model does not predict mass evolution for n. but
only predicts redshift evolution: n. o« E(z)>. The redshift evolution should also be accounted
for to confirm that the observed picture in the left column of Fig. 4.1 is due to deviations from
self-similarity. In the next section, we remove the mass and redshift scales introduced by self-
similarity and investigate the normalized thermodynamic profiles of groups in our sample.

4.3.1 Scaled Thermodynamic Profiles

As discussed in Chapter 1, in the simple spherical collapse scenario, gaseous halos are expected
to be scaled versions of each other. In the absence of non-gravitational mechanisms, this scaling
is solely determined by gravity, such that the profiles of galaxy clusters and groups only differ
from each other with respect to their intrinsic scales that depend on masses and redshifts of
the halos and the underlying cosmology. These are referred to in the literature as the self-similar
scales (Kaiser, 1986; Voit, 2005) and can be used to normalize measured thermodynamic profiles
and investigate the impact of non-gravitational processes (e.g., radiative cooling, stellar feedback,
and AGN feedback). Besides the mass and the redshift of the halo, self-similar scales also vary
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Figure 4.1: Left: n., T, S and P profiles of the groups in our sample. Right: n./nex, T /T adis
S /S aadi and P/ P, ,qi profiles. The colors of the lines indicate the masses. The colorbar is cut at
Mspo. = 10" M, for visual purposes. Groups with masses lower than Msy,. = 10'* M, are shown
with dark blue. The median scaled profiles are shown with solid white lines (with purple outline),
and the 16th and 84th percentiles of the profiles are shown with dashed white lines (with purple
outline). The systematic uncertainties of the median are shown with magenta-shaded areas (see

Sect. 3.4 for details of the systematic uncertainties).
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as a function of density contrast (A) that determines the radius within which the properties are
calculated, rx (see Eq. 1.14 for the definitions and the relationship between A and ry).

Following the notation in Sun et al. (2009), we denote these cosmological scales as 7 x,
Tradgi’s S aadi and Py g for electron density, temperature, entropy and pressure respectively, to
avoid confusion with the measured quantities (e.g., T’sooc,> S s00cs Psooc). Furthermore, following
the derivation for 7,500 and Tgpc.aqi In Voit (2005), we derive formulations of these scales while
explicitly keeping the dependencies on various assumed parameters, such as the cosmological
constants, density contrast, or mean molecular weights, to allow future work to calculate self-
similar scales by using their assumed parameters and consistently compare with our results. The
derivation of the self-similar scales for n., T, S, and P is as follows.

The average electron density within an overdensity radius r, can be calculated as n., =
A pcfp/uem, where f;, is the baryon fraction, y. is the mean molecular weight per electron and
m,, is the proton mass. This equation can be further expanded using the definition of critical
density (see Footnote 5 in Chapter 1) such that the final form of 72, , can be written as

— T AT A WAV
Mea = 154X 1077 em 7 E(z) (0.16)(1.14) (0.7) 200) (4.3)

Furthermore, the temperature of a self-similar gaseous halo can be calculated as T'x usi = GMapum, /21
where G is the gravitational constant and u is the mean molecular weight per particle. This equa-
tion can be rewritten using the definition of r, (Eq. 1.14) such that the final form of 7T's .4 can be
written as

MA 2/3 5 IU h 2/3 A 1/3
Trhui = 141 keV E /3(—) L N 44
Aad © (1014M®) @ o6)\07) 200 “9

Lastly, the expressions above for n. o and 7' ,¢i can be combined using Egs. 4.1 and 4.2 and the
self-similar scales for S and P can be obtained as

My, VP BN g e B R AT
S aadi = 489 keV cm’ E( (1 (_)(_) YA 45
Bad evem (1014M@) @ \o1s) \oslize) (o7 \z0) @

and

i NG fo \(# (e (RN AN
Pawi = 2.17x 10 keV em™ £ (536 (0e)75s) (a3) () -
Aad X e e (1014M®) @ 15.16)\06)\1.14) \07) \200
4.6)

In this Chapter, we assume {0.5994, 1.1548,0.6774,0.1573} for the parameters {u, y., h, f»} re-
spectively (Asplund et al., 2009; Planck Collaboration et al., 2016).

3The subscript "adi" stands for adiabatic. Non-radiative gaseous haloes that are not subject to non-gravitational
heating are often called in the literature "adiabatic clusters".
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Scaled n., T, S, and P profiles of the galaxy groups in our sample are shown in the right
column of Fig. 4.1. It can be seen that the normalizations of the profiles have a mass dependence
even after the profiles are scaled with their self-similar predictions. Furthermore, it can be seen
that outside the core (r > 0.2rs00.), the mass dependence is more evident, whereas, at the core
(r < 0.2rsp0.), the profiles become more diverse and the dependence on mass appears to be
weaker. The reason for the observed diversity at the core is likely due to the fact that, similar
to clusters, gas profiles of groups exhibit diverse cool-core/non-cool-core and AGN feedback
characteristics in their central regions.

It can be seen in the n./ne A plot of Fig. 4.1 that outside the core (r > 0.2r50(.), normalizations
of the scaled density profiles reduce with decreasing mass. Such a dependence indicates that the
gas mass fractions of groups (fgs = Mgas/Mspoc) decrease as a function of mass. This is in
agreement with previous studies reporting that within rs., low mass haloes (e.g., groups) have
lower f,,s compared to higher mass haloes (e.g., clusters) (Sun et al., 2009; Lovisari et al., 2015;
Ettori, 2015). The current understanding of this phenomenon suggests that gas depletion in lower
mass halos (e.g., groups) is primarily driven by AGN feedback that expels gas more efficiently
from groups compared to clusters due to their shallower gravitational potential wells (Ayromlou
et al., 2023).

Furthermore, it can be noticed by comparing the T and 7'/T »q4; profiles in Fig. 4.1 that nor-
malizing temperature profiles with their self-similar predictions inverts the mass dependence
such that after the normalization, the lower mass groups lie above and higher mass groups
lie below the median. This suggests that the scaling exponent (B;,,) of the T — M5y relation
(T oc (Mspge)Bm) for our group sample is lower than the self-similar prediction (Bt = 2/3).
However, it should be noted that our masses are estimated using an Ly — M5 scaling relation,
Lx o< (Mspo.)"**, which is calibrated using eROSITA observations (Chiu et al., 2022). The M5,
term in this equation can be substituted using the general form of the T — M5, relation, and the
scaling between Ly and T can be obtained as Ly oc (T)"#/Bm_ Therefore effectively, our finding
of B,, < 2/3 implies B, > 2.16 where By, is the the scaling exponent of the Lx — T relation.
This is in agreement with recent studies that found a scaling exponent of B;, ~ 2.9 (Giles et al.,
2016; Molham et al., 2020; Bahar et al., 2022), which is significantly larger than 2.16 and the
self-similar prediction for the Lx — T relation for groups (B seir ~ 1.12 for T = 0.7-2.0, Lovisari
et al., 2021). Nevertheless, to accurately quantify the deviation of the Ly — T relation of groups
from the self-similar prediction, a dedicated scaling relations study should be performed within
which the selection effects and the mass function are accounted (e.g., as done in Chapter 2 for
eFEDS).

Furthermore, investigating measured entropy profiles (S) and the scaled entropy profiles
(S/S aaqi) 1s particularly interesting for this study since the feedback mechanisms (e.g., AGN
and/or stellar feedback) provide excess entropy to the system over the self-similar predictions by
heating the gas and pushing it away to larger radii. Even though the self-similar model predicts
S o (Mspe)*’?, the S — r/rspoe plot in Fig. 4.1 shows no clear mass trend for the normalizations
of the profiles as observed for n., T and P. The lack of mass trend in the entropy profiles re-
sults manifests itself as a clear mass trend in the scaled entropy profiles. It can be seen from the
S /S s00c.qqi Plot in Fig. 4.1 that the non-gravitational mechanisms raise the scaled entropy pro-
files of lower mass groups to the values larger than the higher mass ones. This is in agreement
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Figure 4.2

used in Chapter 3. Left: Average n.E(z)™%, TE(z)™*3, SE(2)*? and PE(z)™%/ profiles of the
groups in the mass bins. Right: Average ne/nea, T/Taadis S/S aadi and P/ Py nq profiles of the

groups in the mass bins.
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with the current understanding in the literature suggesting that the gas properties of lower mass
haloes, such as groups, should be affected more significantly by AGN feedback than the higher
mass haloes, such as clusters (Eckert et al., 2021). This effect is also very evident when we com-
pare our profiles with the literature measurements of clusters in Sect. 4.4 and with simulations in
Sect. 4.5.

It can be seen in Fig. 4.1 that once the pressure profiles of the groups in our sample are
scaled with their self-similar predictions (P, ,4i), the mass trend for the normalizations of the
profiles disappears. This indicates that the normalizations of the pressure profiles of galaxy
groups scale the same as predicted by the self-similar model (P o (Msp.)*?). This appears
to be due to the fact that the mass dependence of the scaled profiles for n. and T (ne/nea
and T'/T .qi) cancel each other out, such that the normaliations of the scaled pressure profiles,
P/Ppagi = (T /T a41)(ne/Ne ), has no mass dependence. Nonetheless, it should be noted that the
normalizations of the pressure profiles scaling the same as predicted from the self-similar model
does not mean the pressure profiles are in agreement with the self-similar pressure profiles (e.g.,
for groups without radiative cooling, AGN feedback, and stellar feedback). In fact, we found that
neither the shapes nor the normalizations of the scaled pressure profiles of groups are in agree-
ment with the self-similar pressure profiles when we compare the profiles with the predictions of
non-radiative simulations that do not include feedback mechanisms in Sect. 4.5.

To further investigate the mass dependence of the normalization outside the core (r > 0.1750.),
we removed the redshift evolution from the n., 7', S and P profiles, bin groups according to their
masses and obtain (error-weighted) average profiles for each bin. Moreover, we applied the same
binning scheme to the scaled profiles and obtained average thermodynamic profiles for the bins.
The average profiles obtained from this procedure are presented in Fig. 4.2. The shaded areas
shown in this figure represent the total error budget of the averages that include the statistical
and systematic uncertainties (see Sect. 3.4). We use a total of five mass bins to investigate the
mass dependence of the profiles. The average masses of the five bins are marked with ticks, and
the edges of the mass bins are marked with horizontal dotted lines on the color bar. It should be
noted that the average masses of the top four bins are roughly equally spaced with each other;
however, to have enough groups in the lowest mass bin, we made it larger. This difference should
be kept in mind while drawing conclusions from this figure.

The mass trends of the normalizations of the profiles discussed above can also be seen from
the binned profiles in Fig. 4.2. The gas depletion, inverted mass dependence of the scaled T
profiles, increasing entropy profiles with decreasing mass, and the self-similar appearance of the
pressure profiles can easily be seen in the n./nea, T/Tpagis S/S aadi and P/Pa g plots. It can
be further noticed that the lowest mass bin has a slightly steeper density profile. We argue that
this can be explained by the fact that, close to the detection threshold of the survey (e.g., for the
faintest, lowest mass haloes), it is easier for the eEROSITA detection pipeline to detect groups with
peaky profiles. This interpretation is in agreement with the findings of Clerc et al. (2024), where
they show that the central emission measure (EM,) plays a non-negligible role in the detection of
clusters and groups with eROSITA. We note that this has a negligible impact on the other results
presented in this Chapter since the bulk of our sample is above the detection threshold. For the
lowest mass bin, the observed trend can be corrected by using a section function that takes the
steepness of the profile also as input (e.g., as will be presented in the Sanders et al., in prep.).
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Nonetheless, this does not have a significant impact on the scaled entropy and pressure profiles
such that their shape appears to be constant across the probed mass range.

4.4 Comparison with Previous Measurements

In this section, we compare the scaled n., T, S, and P profiles of our sample with the latest
measurements available in the literature. Comparing our measurements with previous results for
groups is challenging due to the limited number of studies reporting profiles of thermodynamic
properties for moderately large group samples. Therefore, for galaxy groups, we only compare
our results with the scaled entropy (S/S a.di) and scaled pressure (P/ Py ,¢i) profiles presented in
Sun et al. (2009) and Sun et al. (2011) from the analysis of deep Chandra observations of 43
groups. Given that the scaled entropy and pressure profiles presented in these studies were ob-
tained from the same analysis (the analysis is described in Sun et al., 2009), we self-consistently
combine them and obtain scaled electron density (7. /7. ) and scaled temperature (7/T' ,qi) pro-
files as

3/5 -3/5
e :( S ) ( P ) 47
Te,A S Aadi P adi

2/5 3/5
T :( s ) ( P ) , 4.8)
Taasi  \Saad P agi

Nevertheless, as also described in Chapter 3, the results reported in these studies cannot be
directly compared with ours. This is due to the fact that there are systematic mismatches between
studies (e.g., assumed cosmology) that need to be accounted for to make a fair and accurate
comparison. Therefore, we applied a set of corrections to the scaled profiles presented in Sun
et al. (2009) and Sun et al. (2011) before comparing them with our results. The corrections we
applied to these measurements are described below.

It can be seen from Eqgs. 4.3, 4.4, 4.6 and 4.5 that the self-similar entropy scales have a strong
dependence on cosmology through /4 and f;,. However, the measurements of these observables
have different dependencies on cosmology (e.g., n. o< h'/2, S o h='/3 and P o« h'/?). Therefore
the normalizations of the scaled profiles are cosmology dependent. In Sun et al. (2009) and
Sun et al. (2011), significantly different cosmological constants (A = 0.73 and f, = 0.165) are
assumed compared to our study. We brought the Sun et al. (2009) and Sun et al. (2011) results
to our cosmology by applying appropriate 4 and f}, corrections.

Furthermore, the profiles presented in Sun et al. (2009) and Sun et al. (2011) are obtained
by using an old version (v1.3.1) of the plasma atomic database, AtomDB. It is reported both
in Sun (2012) and Lovisari et al. (2015) that the use of a more recent version (v2.0.1) of the
atomic database results in a ~ 15% increase in the temperature measurements of plasma that has
T(r < rsooc) < 2 keV (see Sect. 3.4.4 for the details). This has direct implications for the scaled

and




4.4 Comparison with Previous Measurements 125

i i : 2x10°
!

=

o
°
L

§ ¢
< e
& =
6x107 AR
J &
—} eRASS:4 ! 1 —— eRASS:4
Ghirardini+2019 i i g o Ghirardini+2019
—— Sanders+2018 i . 4x10 —— Sanders+2018
—— Sun+2009 —— Sun+2009
107t 10° 107t 10°

r/rsooc r/rsooc

—

o
°
L

=

o
°
L

S/ Ssooc, adi
P/ Psooc, adi

10—1 4

—}— eRASS:4 —}— eRASS:4
| Ghirardini+2019 Ghirardini+2019 |
1014 FC —— Sanders+2018 —— Sanders+2018 !
! —— Sun+2009 —— Sun+2011
----- Voit+2005 10-24 —— Arnaud+2010
10t 10° 10 10°

rirsooc r/rsooc

Figure 4.3: Comparison of the median scaled profiles (ne/nen, T/Taadi> S/S aadi and P/ Py aai)
measured in this study (blue) with the results in the literature for groups (red) and clusters (orange
and green). The blue error bars represent the systematic uncertainties of the median eRASS:4
profiles (see Sect. 3.4 for the details on the systematic uncertainties), and the blue hatched area
represents the scatter. The systematic uncertainty of the literature measurements resulting from
hydro-mass bias is shown with red, green, and orange shaded areas. The baseline profile of Voit
(2005) 1s plotted with black dotted lines, and the universal scaled pressure profile of Arnaud
et al. (2010) is shown with grey solid and dotted lines. The solid lines for the literature results
represent measurements before correcting hydro-mass bias and the dotted colorful lines represent
the measurements after correcting hydro-mass bias. The vertical grey dashed lines indicate the
three characteristic radii (0.157500c, 2500 and 0.15r5¢o.) used in Chapter 3.
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profiles since the masses measured in Sun et al. (2009) are obtained by using the hydrostatic
equilibrium equation where the total mass of the halo scales as M oc T. We found that 19 of the
43 groups analyzed in Sun et al. (2009) has T'(r < rsoo.) < 2 keV. This corresponds to the average
mass correction of 6% ((1.15 x 19 + 24)/43 = 1.06) that we used to correct the profiles. After
this correction, the median mass of the Sun et al. (2009) sample became M5 = 9 X 10! M,,.

The masses employed in this study are found to be ~ 1.37 times higher than the masses of Sun
et al. (2009) for the cross-matched 9 groups (see Sect. 3.4.3 for details). The observed mismatch
may arise from the fact that in our work, masses are obtained from weak lensing calibrated
scaling relations; however, in Sun et al. (2009), the masses are obtained assuming hydrostatic
equilibrium. It is relatively well-established that hydro-masses (mass measurements obtained
from hydrostatic equilibrium analysis) are biased low due to non-thermal pressure support by
turbulence and bulk motions (see Figs. 10 and 1 in Salvati et al. 2018 and Gianfagna et al. 2021
respectively). Nagai et al. (2007a) reported that the bias for groups is at 45% level (see also
Sect. 6.2 of Sun et al., 2009); however, the exact amount of this bias is still under debate. To
account for this systematic uncertainty, for the Sun et al. (2009) results, we took the observed
mismatch with our sample (37%) as our reference and assumed 1/1.37 < Myygro/Mine < 1.
These constraints are then propagated and considered as the systematic error of the scaled profiles
presented in Sun et al. (2009) and Sun et al. (2011).

A flux mismatch of 15% is reported in Bulbul et al. (2024) when comparing the soft-band
(0.5 — 2 keV) X-ray luminosity measurements of a subsample of high mass galaxy clusters ob-
served with both eROSITA and Chandra. Given that L o n2, the 15% flux mismatch corresponds
to an n, mismatch of 8%. As in Chapter 3, we account for this mismatch by applying correction
factors to the literature measurements while comparing our results.

For galaxy clusters, we compared our results with the scaled profiles of Ghirardini et al.
(2019) and Sanders et al. (2021) that are based on X-COP (Eckert et al., 2017) and X-ray cross-
matched SPT-SZ 2500d (Bleem et al., 2015) samples respectively. The samples analyzed in
Ghirardini et al. (2019) and Sanders et al. (2021) have median masses of Msyy. = 5.9 X 10'* M,
and M5y, = 5.6x 10'* M, that are roughly an order of magnitude higher than the median mass of
our sample, Msoo. = 6.5x 10'* M,,. As for the groups, a cosmology and flux correction is applied
to the scaled profiles of Ghirardini et al. (2019) and Sanders et al. (2021). For the hydrostatic
mass bias, we assumed 0.75 < Myyaro/Mie < 1, which covers a significant proportion of the
observational constraints (e.g., see the compilation of the literature results in Fig. 10 of Salvati
et al. 2018).

The comparison between our results and the scaled profiles of Sun et al. (2009), Sun et al.
(2011), Ghirardini et al. (2019) and Sanders et al. (2021) is shown in Fig. 4.3. We note that
the uncertainties of the eERASS:4 measurements (blue error bars) plotted in this figure are due to
the systematics quantified and discussed in Sect. 3.4, whereas the uncertainties for the literature
measurements (shaded areas) are due to the systematic uncertainty introduced by the hydrostatic
mass bias. It can be seen from the n./n. plot that the scaled density measurements of clusters
are significantly higher than our results for groups. This is in agreement with the findings in the
literature suggesting that galaxy groups are gas depleted within rsg. compared to clusters (see
Fig. 7 of Eckert et al., 2021, and the references therein). Moreover, this is also in agreement with
our finding in Sect. 4.3.1, where we report that the normalization of the scaled profiles decreases
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with decreasing total mass (Msg.). It can further be seen that, outside the core (r > 0.17500.),
the scaled density profiles of the Sun et al. (2009) groups are slightly higher but in agreement
with our measurements within the systematic uncertainties. The slight difference outside the
core can also be explained by the fact that the median mass of the Sun et al. (2009) sample is a
factor of 1.38 higher than the median mass of our sample, which would result in the profiles of
our groups, on average, to be more depleted compared to the Sun et al. (2009) sample. Within
the core (r < 0.17s09.), we find that their sample is significantly more centrally peaked. This is
due to the fact that the Sun et al. (2009) sample is based on Chandra follow-up observations of
ROSAT-detected bright and relaxed groups; however, our sample includes fainter objects and is
selected more homogeneously in terms of morphology.

It can be seen from the 7'/Ts ,q; plot that our measurements are in good agreement with the
median profiles of the Sun et al. (2009) groups when the mass measurement mismatch is taken
into account. This is expected since, in our study, we fix the shape of the temperature profile
to the average shape of the temperature profiles of 23 groups in Sun et al. (2009) that have
temperature constraints out to rso. (see Sect. 3.4.1 for details). Furthermore, we find that our
scaled temperature profiles lie above the profiles of clusters. This is in agreement with the trend
observed in our sample, indicating that higher mass groups have lower scaled temperatures (see
the T'/Ty g plot in Fig. 4.1) and confirms our finding in Sect. 4.3.1 that the observed T — M5,
relation, deviates from the prediction of the self-similar model (B = 2/3).

For the scaled entropy (S/S aadi), we find that our measurements are slightly above but in
agreement with the median profiles of the Sun et al. (2009) groups outside the core region within
the systematic uncertainties. Furthermore, we find that the scaled entropy profiles of galaxy
clusters lie significantly below our entropy measurements and are in much better agreement with
the self-similar profile (Voit, 2005) that provides a baseline (see Sect. 3.6 for details). From
this comparison, it can be concluded that the impact of non-gravitational feedback (e.g., from
AGN) is much more prominent for groups and can increase entropy out to much larger radii
(even beyond rsg0.) compared to clusters. The comparison of our scaled entropy profiles with
previous results in the literature is also in agreement with our findings in Sect. 4.3 that suggests
that non-gravitational feedback results in an increase of the normalization of the scaled entropy
with decreasing mass.

Lastly, we find our measurements for P/ Py o4 to be below but in agreement within 20~ with
the scaled pressure profiles presented in Sun et al. (2011) outside the core (r > 0.3rs50o.). We,
on the other hand, find that our scaled pressure profiles lie 100~ below the measurements of
Ghirardini et al. (2019) for clusters at the core. As the distance from the center increases, the
mismatch gradually decreases to the ~ 2.50 level. Nevertheless, we also find that our scaled
pressure profiles are surprisingly close (within ~ 2.50°) to the profiles reported in Sanders et al.
(2021) across all radii. Given the mismatch between Ghirardini et al. (2019) and Sanders et al.
(2021) at the core, we compared our measurements with a third study of clusters by Arnaud et al.
(2010) that report "universal" pressure profiles of clusters by analyzing clusters in the REXCESS
sample (Pratt et al., 2010). We find that our scaled entropy measurements are also significantly
below the "universal" pressure profile of Arnaud et al. (2010) at the core (at the > S0 level);
however, at the outskirts, our measurements converge to agreement at a 1o. McDonald et al.
(2014) independently analyzed the galaxy cluster sample used in Sanders et al. (2021) and found
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a similar mismatch with the "universal" pressure profile of Arnaud (1996) in the core region.
The disagreement between the scaled pressure profile measurements of clusters makes it hard to
draw a comprehensive conclusion in comparison with groups. However, given that the literature
measurements for all clusters lie above the median profiles of our sample beyond r > 0.4r54., we
conclude that as the mass of the halo decreases, non-gravitational feedback mechanisms, which
are significantly more impactful for lower mass haloes, result in scaled pressure profiles that
gradually decrease.

4.5 Comparison with Numerical Simulations

In this section, we compare our scaled profiles with predictions of the cosmological hydrody-
namical simulations with the aim of constraining the impact of non-gravitational mechanisms.
An overview of the comparisons with simulations we perform in this section is briefly summa-
rized below. We first compare our results with the predictions for self-similar clusters and groups
from non-radiative hydrodynamical simulations that do not include stellar and AGN feedback.
We then compare our results with various runs of the cosmo-OWL simulations (an extended ver-
sion of the OWL simulation McCarthy et al., 2010; Le Brun et al., 2014) that are simulated with
the same AGN feedback implementation but with different model parameters. Lastly, we apply
the eROSITA selection function, constructed for our sample following the selection procedures
described in Sect. 4.2, to the MillenniumTNG?*, and (Hernéndez-Aguayo et al., 2023; Pakmor
et al., 2023), Magneticum® (Hirschmann et al., 2014) simulations and compare our results with
different implementations of AGN feedback in these simulations.

For the baseline scaled entropy profile, we use the self-similar profile of Voit (2005). They
showed using non-radiative simulations (two smoothed-particle hydrodynamics and two adaptive-
mesh refinement simulations) without stellar and AGN feedback that scaled entropy profiles of
gaseous haloes, S/S 200c.a4i,» follow a tight power-law relation in the regime with dimensionless
radius, r/rx0c, between 0.1, < r < .. They found that the power-law relation can be fitted
well with the formula S /S 500c.aai = 1.32(r/r200.)"! for their simulated clusters, in a ACDM cos-
mology with 4 = 0.7, Qy and f, = 0.022h72/Qy;. In this Chapter, we report a more generalized
version of this relation by explicitly keeping the dependencies on various assumed parameters by
Voit (2005). The generalized version of the Voit (2005) scaled entropy relation can be formulated

as
1.1 -0.9 -1/3 2/3 2/3
A h
Soas(D) () () () (A 4.9)
S Aadi 1N 200¢ 200 0 16 07

In our study, we are interested in S/Sspc.qi therefore we take A = 500. We also assume
rsoo/r00 = 0.669 (the average conversion factor for the groups in Sun et al., 2009) and ob-
tain the relation S /S 50041 = 1.41(r/rs00)"*! for the cosmology assumed in this thesis (f;, = 0.157,
h =0.677).

We also compare our results with the scaled thermodynamic profiles of Le Brun et al. (2014)
that include (i) a baseline run (NOCOOL) without radiative cooling, AGN feedback, and stellar

“https://www.mtng-project.org
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Figure 4.4: Comparison of the median scaled profiles (ne/neca, T/Taadi> S/S aadgi and P/ P aai)
measured in this Chapter (blue) with self-similar scaled entropy profile of Voit (2005) and the
REF, NOCOOL and AGN (8.0, 8.5 and 8.7) runs of the cosmo-OWL simulations presented in
Le Brun et al. (2014). The blue error bars represent the systematic uncertainties of the median
profiles (see Sect. 3.4), and the blue shaded area represents the scatter. The vertical grey dashed
lines indicate the three characteristic radii (0.15r50¢c, 72500 and 0.15r50.) used in Chapter 3.
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feedback, (ii) a reference run (REF) without AGN feedback and (iii) three AGN feedback runs
(AGN 8.0, AGN 8.5 and AGN 8.7) that has different heating temperature parameters (AT ey, See
Le Brun etal., 2014, for details). Le Brun et al. (2014) only provide results for the S pec /S s00c,HsE—
7/ 1s00¢,usE And Pgpec /P =1/ T500cusE profiles where the subscript "spec” indicates that the quantities
are obtained by simulating X-ray spectra and the subscript "HSE" indicates that the quantity is
obtained from a hydrostatic mass analysis. To make a fair comparison, we first apply corrections
to convert quantities obtained from the hydrostatic mass analysis (e.g., sooc.asg and S spoc.usg) to
their "true" values by using the hydrostatic equilibrium mass bias Le Brun et al. (2014) report in
Fig. B1 for the different runs®. After recovering the "true" S/S sooc.0qi and p/p. profiles, we ap-
plied cosmology corrections to the scaled profiles. We then calculate scaled n., T, and P profiles
from the S/S s00c.2qi and p/p. profiles following the equations

- -
ne P -2 fb A
=—|3.13x107°|=— — , 4.10
x| oo ( (0.16) (200) ) (410)
T ¢ 213 S
- ( n ) : @.11)
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P e
- ( " ) S 4.12)
Psoocadi \Mea] S s500cadi

We note that the NOCOOL run of Le Brun et al. (2014) is similar to Voit (2005) since it does
not include non-gravitational processes such as radiative cooling, AGN feedback, and stellar
feedback.

The comparison of our profiles with the predictions of Voit (2005) and Le Brun et al. (2014)
is shown in Fig. 4.4. First of all, from all the plots in Fig. 4.4, it can easily be seen that the
observed profiles are significantly different than the baseline profiles (NOCOOL and the Voit
2005 profiles) that do not include any non-gravitational mechanisms. Furthermore, it can be
seen from the S/S sooc.aqi plot that our measurements are significantly above the predictions of
the self-similar profiles of Voit (2005), and Le Brun et al. (2014) that are shown with dotted
black and solid purple lines respectively. It can be concluded from this comparison that the non-
gravitational mechanisms that raise the entropy of the IGrM (e.g., AGN and stellar feedback)
are more prominent than the mechanisms that lower the entropy (e.g., radiative cooling) such
that the measured scaled profiles lie significantly above the self-similar profiles. By comparing
our results with the baseline profiles, it can be concluded that overall, the non-gravitational pro-
cesses result in the gas the in IGrM getting heated (temperature increase), expanding, and being
pushed away (density decrease). It can be seen that the impact of non-gravitational processes on
temperature is much less prominent compared to their impact on density. This is due to the fact

5The simulated systems used to create the S spec /S 500¢,HSE =7/ 7500¢,HSE @aNd Pspec/Pc — ¥/ Fs500¢,usE profiles in Figs. 5
and 7 of Le Brun et al. (2014) are selected to match the median mass of the Sun et al. (2009) group sample. Therefore,
to get the value of the hydrostatic mass bias correction from Fig B1, we took the mass of Msyo.usg = 8.5 X 1013 M,
as our reference that is the median hydro-mass of the Sun et al. (2009) sample before the ATOMDB correction (see
Sects. 3.4.4 and 4.4 for the details on the ATOMDB correction.
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that even though the gas gets heated very rapidly around AGN and galaxies through feedback,
its temperature also drops relatively fast as it expands, raises to outer layers (because of its in-
creased bouncy), and transfers its energy to its surroundings (see Donahue and Voit, 2022, for a
more detailed discussion). By comparing our results with the baseline profiles, we conclude that
overall, the non-gravitational mechanisms decrease the scaled density and pressure profiles and
increase the scaled temperature and entropy profiles.

After comparing our results with the baseline profiles, we compared our results with the ref-
erence (green) and AGN (red, orange, and yellow) runs of the cosmo-OWL simulations. It can be
seen in Fig. 4.4 that the green profile (obtained by turning off the AGN feedback) disagrees with
our measurements, especially at the outskirts. Therefore, we conclude that our measurements
significantly favor the presence of feedback from AGN such that without the energetic feedback
from AGN, the remaining non-gravitational processes appear to be insufficient to raise scaled
entropy and reduce density beyond r > 0.2rsoy.. Furthermore, from the comparison between
the reference and AGN runs, it can be clearly seen that the presence of feedback from AGN has
a significant impact on the scaled profiles of groups, and the amount of this impact gets more
prominent with increasing heating temperatures (AT}e,). The normalizations and shapes of the
scaled thermodynamic profiles we report in this Chapter put constraints on the implementation
and efficiency of the feedback. When we compare our results with the cosmo-OWL runs with
different AGN heating temperatures (red, orange, and yellow lines), we find that our measure-
ments agree the best with the AGN 8.0 run. However, it can be seen that the agreement with
the predictions of the AGN 8.0 run is only good within r < 0.4r5¢0., and beyond this radius, the
entropy excess from feedback appears to be insufficient to reproduce observations. It can further
be seen from the S/S sooc.aqi plot that the feedback implemented in cosmo-OWLS results in flatter
profiles compared to our measurements for all AGN runs. For example, for the AGN 8.0 run, it
appears that the high entropy gas produced at the cores of groups cannot be efficiently carried
to larger radii with the current feedback implementation in cosmo-OWLS such that the scaled
entropy at 0.2r5q. lie above the observations whereas the scaled entropy at rsy. lies below the
observations. We argue that this may be due to the fact that the energy released by the effective
thermal feedback implemented in cosmo-OWLS dissipates too fast within » < 0.4r5g0. such that
the excess entropy at the core could not be efficiently transferred to larger radii.

It should be noted that the groups selected in Le Brun et al. (2014) to create scaled profiles
are not selected the same way as eROSITA selects groups in the X-ray sky. Le Brun et al.
(2014) selected groups to match the median mass of Sun et al. (2009) (see Footnote 6). This
results in both the median mass and the mass distribution of our sample being different from the
groups used in Le Brun et al. (2014) to create the scaled profiles. Such a difference may result
in additional systematics that are not accounted for when comparing our results with the scaled
profiles of Le Brun et al. (2014).

To make the most accurate comparison between observations and simulations, X-ray obser-
vations of cosmological hydrodynamical simulations should be forward-modelled, and the X-ray
detection and analysis pipeline ran on "real" observations should also be applied to the forward-
modelled "mock" observations. Even though this approach is the most accurate, it is also the most
challenging since the forward modeling, detection, and X-ray fitting procedures are required to
be repeated for every different simulation. Consequently, in this Chapter, we take a relatively
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simpler approach by running the eROSITA detection pipeline on the simulated eRASS1 digital
twin (Comparat et al., 2020; Seppi et al., 2022), applying the selection procedure we used to form
our group sample to the mock catalogs and obtaining a custom selection function compiled for
our sample. The selection function we obtained from this procedure encapsulates the selection
and cleaning information and provides detection probabilities of haloes as a function of M5,
and z (see Clerc et al., 2024, for details).

To investigate the accuracy of AGN feedback implementations in different simulations, we
applied our selection function to the MillenniumTNG and Magneticum simulations and com-
pared our measurements with the properties of the groups in these simulations. By doing so, we
aim to achieve a fair comparison with these simulations as we similarly did in Chapter 3. Brief
descriptions of these simulations, as well as the extraction of the thermodynamic profiles of their
gaseous haloes, are presented in Sect. 3.6. After the profiles are extracted and the eROSITA
selection function is applied, the scaled profiles are obtained by normalizing the n., T, S, and P
profiles of MillenniumTNG and Magneticum groups with their self-similar predictions following
Eqgs. 4.3, 4.4, 4.5 and 4.6. The comparison between the scaled profiles of MillenniumTNG and
Magneticum groups with our measurements is shown in Fig. 4.5.

It can be seen from the S /S sp0c.4i plot in Fig. 4.5 that groups in Magneticum have higher
scaled entropy profiles at all radii compared to the groups in MillenniumTNG. This indicates
that the overall strength of the feedback implemented in the Magneticum simulations is larger
than the feedback implemented in MillenniumTNG simulations. It can further be seen that at
large radii (r > rsg0.), the scaled entropy profiles of MillenniumTNG groups are close to the
baseline profile of (Voit, 2005) whereas, for Magneticum groups, the entropy excess with respect
to the baseline profile at outer radii is significantly larger. This can also be seen in the n./n. A
plot of Fig. 4.5 where the scaled density profiles of MillenniumTNG groups are above the scaled
density profiles of Magneticum groups out to 1.5r509.. Such a mismatch can also be explained by
the feedback in Magneticum being more energetic compared to MillenniumTNG, such that the
IGrM in Magneticum is expelled to larger radii more efficiently compared to MillenniumTNG.
When we compare our scaled entropy and density measurements with the predictions of these
simulations, we find that the Magneticum simulations reproduce the observations better outside
the core region (r > 0.3rs50.), with very good agreement starting from the intermediate radii 500,
(second vertical line from the left in Fig. 4.5), whereas MillenniumTNG simulations reproduce
the observations better around the core (r < 0.3r500.). This is in agreement with our findings in
Chapter 3. It can further be seen from the 7'/T’spoc..qi plot that the scaled temperature profiles of
MillenniumTNG and Magneticum groups are in relatively good agreement with each other, and
our measurements between 0.15r50. < 7 < rsoo.. This confirms that the average shape we as-
sumed for the temperature profiles in our work is relatively robust and does not introduce major
systematics. Lastly, we compare our measurements with the scaled pressure profiles of Millen-
niumTNG and Magneticum in the bottom right panel of Fig. 4.5 and find that our measurements
are in remarkable agreement with the pressure profiles of MillenniumTNG within r < 0.2r50.
At intermediate radii (around r;s00.), our measurements agree much better with the profiles of
Magneticum groups, and at the outskirts (around rs.), the predictions of the MillenniumTNG
and Magneticum simulations converge and reach to an agreement with our observations ata 2.50
level.
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Figure 4.5: Comparison of the median scaled profiles (1. /7, T/Taadi> S/S aagi and P/ P aqi)
measured in this study (blue) with the predictions of the MillenniumTNG and Magneticum sim-
ulations and the self-similar scaled entropy profile of Voit (2005). The blue error bars represent
the systematic uncertainties of the median profiles (see Sect. 3.4 for the details on the systematic
uncertainties), and the shaded areas represent the scatter. The vertical grey dashed lines indicate

the three characteristic radii (0.157500c, 72500 and 0.157500.) used in Chapter 3.
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Overall, we conclude that both of the simulations fall short of reproducing our measure-
ments at all radii. We find that our measurements around the core region (r < 0.3rs00.) are
reproduced better by MillenniumTNG, whereas our measurements at the intermediate and outer
regions (r > 0.3rs(.) are reproduced better with Magneticum. We argue that the AGN feedback
efficiency in MillenniumTNG should be higher to match our profiles at the intermediate radii
and outskirts. At the core, we find that our scaled entropy measurements are too low and scaled
density measurements are too high compared to simulations. It appears that the excess entropy
injected by the central AGN could not be transferred to the outer regions effectively in both of
the AGN feedback implementations. We further argue that this may be achieved by improv-
ing the directional kinetic feedback from AGN that would create large bubbles and cavities in
ICM/IGrM, as seen in X-ray observations (e.g., Birzan et al., 2004; Gastaldello et al., 2009; Ran-
dall et al., 2011), and efficiently transfer high entropy gas out to larger radii by buoyant forces.
As discussed in more detail in Chapter 1, AGN provides feedback to its environment in two
forms: (i) quasar mode feedback and (i1) radio mode feedback. The quasar mode feedback is fu-
eled by a radiatively efficient accretion disk, whereas the radiation mode feedback is fueled by a
radiatively inefficient accretion disk. The AGN in the quasar mode predominantly emit high lev-
els of radiation and generate winds, whereas AGN in the radio mode produce strong relativistic
jets (Hlavacek-Larrondo et al., 2022). Both the MillenniumTNG and Magneticum simulations
include a transition from quasar mode to a stronger radio mode feedback (e.g., see Sijacki et al.,
2007; Fabjan et al., 2010). In Magneticum, AGN in the radio mode has an increased feedback
efficiency compared to the quasar mode; however, it is still implemented as an isotropic, thermal
feedback (e.g., see Hirschmann et al., 2014). However, in MillenniumTNG, the radio mode is
modeled as kinetic feedback where the AGN in radio mode releases kinetic energy to a random
direction for every energy release event (e.g., see Weinberger et al., 2017). Given the mismatch
with the observations, we argue that the efficiency and/or the implementation of the feedback in
these simulations are required to be tuned/improved. Our measurements put constraints on the
impact of the feedback; and serve as a reference point for improving and tuning AGN feedback
implementations to achieve more realistic numerical simulations.

4.6 Summary and Conclusions

In this Chapter, we have determined the profiles of thermodynamic properties of 1178 eROSITA-
selected galaxy groups. The sample is selected from the eRASS1 galaxy cluster and group cata-
log (Bulbul et al., 2024) in a way that the selection is reproducible in eRASS1 simulations, and
the sample has a well-defined selection function. For the X-ray analysis, deeper eRASS:4 ob-
servations are used. Imaging analysis is performed on individual groups, and spectral analysis is
performed by co-fitting groups that have similar scaling relation based temperature estimates and
signal-to-noise ratios. The results from imaging and spectral analysis are combined, and profiles
of thermodynamic properties are obtained. The selection and the X-ray analysis of the sample are
described in detail in Chapter 3 and our companion paper Bahar et al. (2024). In this Chapter,
we investigate profiles of four X-ray-derived thermodynamic properties: electron density (n.),
temperature (7°), entropy (S ), and pressure (P). We also normalize these profiles with the pre-



4.6 Summary and Conclusions 135

dictions of the self-similar model and provide our results for the self-similar evolution removed,
scaled thermodynamic profiles. We compare the scaled thermodynamic profiles with the mea-
surements in the literature for groups and clusters. Additionally, we assess our measurements
against predictions from non-radiative hydrodynamic simulations of self-similar clusters without
feedback (Voit, 2005; Le Brun et al., 2014). Moreover, we compared our scaled profiles with
the predictions of the REF (AGN feedback turned off), AGN 8.0, AGN 8.5, and AGN 8.7 runs
of the cosmo-OWL simulations obtained with different model parameters for feedback (Le Brun
et al., 2014). Lastly, we applied the eROSITA selection function to two simulations that include
different AGN feedback implementations, Magneticum and MillenniumTNG, and compared our
results with their predictions. The main conclusions of this Chapter are as follows:

— We have presented the most comprehensive study of the thermodynamic properties of
IGrM in terms of sample size and group diversity. By analyzing eROSITA observations of
1178 groups, we were able to put the tightest constraints on the average profiles of their
thermodynamic properties. The normalization and shapes of these profiles also stand as the
tightest constraints on the impact of non-gravitational processes (radiative cooling, AGN
feedback, and stellar feedback) acting on IGrM.

— When we scale our profiles with the predictions of the self-similar model, we find that
the normalizations of the scaled profiles have a strong dependence on the masses of the
group except the scaled pressure profile. We find that beyond r > rs¢,, the scaled pressure
profiles have no mass dependence, whereas the scaled electron density decreases, and the
scaled temperature and entropy increase with decreasing mass. This confirms previous
findings that suggest the gas mass fractions of galaxy groups decrease with decreasing
total mass. Furthermore, increasing scaled entropy with decreasing mass confirms the
scenario that the impact of feedback is much more prominent in galaxy groups compared
to clusters.

— We compared our scaled profiles with literature results for groups (Sun et al., 2009) and
clusters (Arnaud et al., 2010; Ghirardini et al., 2019; Sanders et al., 2021). Overall, we find
that our measurements for the scaled profiles agree relatively well with the measurements
of Sun et al. (2009) within the systematic uncertainties. Nevertheless, when we compare
our profiles with the literature results of clusters, we find that our scaled density profiles
are significantly below, and our scaled entropy profiles are significantly above the measure-
ments for clusters. Our measurements, revealing lower scaled density profiles for groups
compared to clusters, agree well with the scenario where AGN feedback pushes away gas
out to larger radii, and groups appear to be gas-depleted within rsg.. Furthermore, our
measurements, revealing higher-scaled entropy at all radii compared to clusters, indicate
that the excess entropy provided by AGN can reach large radii.

— From the comparison of our results with the baseline profiles of Voit (2005) and Le Brun
et al. (2014), we find that our measurements significantly favor the presence of strong feed-
back that raises the scaled entropy and temperature profiles, and reduces the scaled density
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and pressure profiles. We also compared our results with the REF (without AGN feed-
back) run of the cosmo-OWL simulations and found that the presence of AGN feedback is
crucial for reproducing the observed profiles. Furthermore, we compared our results with
their AGN (AT}eo = 1030, 1083 and 1087 K) runs and found that the model parameters,
as well as the implementation of the feedback, need to be tuned to match observations.
Furthermore, we argue that the shapes of the scaled entropy profiles for all the AT}, pa-
rameters are too flat at the outskirts, suggesting that the current feedback implementation
cannot efficiently transfer the excess entropy from AGN to outer radii.

We find, from a comparison of our results with the Magneticum and MillenniumTNG sim-
ulations, that our measurements at intermediate and large radii are in good agreement with
the predictions of the Magneticum simulation. When we compare our results around the
core (r < 0.3rs500.), we find that the MillenniumTNG simulation reproduces the observa-
tions better. We further find that the scaled entropies of MillenniumTNG groups lie below
observations outside the core (r > 0.3r500.). We argue that the efficiency of AGN feedback
in MillenniumTNG should be increased to match our observations at larger radii. We fur-
ther find that the predictions of both of the simulations for the scaled entropy at the core lie
significantly above our measurements. We argue that this indicates the need for more real-
istic feedback implementation that would carry the excess entropy produced by the central
AGN to larger radii.



Chapter 5

Summary, Conclusions and Outlook

Galaxy clusters and groups are the cornerstones of the large-scale structure that reside at the
nodes of the cosmic web. Their properties can be investigated in various energy bands across the
electromagnetic spectrum (e.g., X-ray, optical/infrared, microwave/millimeter-wave, and radio)
by analyzing the light directly coming from the baryons hosted in these structures or by study-
ing the background light that gets distorted and/or modified while passing through these objects.
They are ideal laboratories for studying cosmological and astrophysical phenomena governing
structures at large scales, such as dark matter, dark energy, AGN feedback, stellar feedback, and
radiative cooling. X-ray observations have proven to be one of the best mediums for robustly
detecting galaxy clusters and groups and studying their dark and baryonic components. The bulk
of the baryonic matter residing in these haloes is in the form of hot, X-ray-emitting plasma whose
spatial distribution and energetics can be measured using X-ray observations. The eROSITA tele-
scope, optimized for efficiently detecting galaxy clusters and groups, is revolutionizing our un-
derstanding of the astrophysics of the large-scale structure by detecting unprecedented amounts
of galaxy clusters and groups in diverse dynamical states and providing high-quality X-ray ob-
servations for measuring their physical properties.

In this thesis, we first investigate the scaling relations between the X-ray observables of
galaxy clusters and groups. Even though the presence of the correlation between X-ray observ-
ables of clusters and groups is well established, accurate calibration of these relations with a
large sample (N > 200) was lacking in the literature due to the lack of a well-defined selection
function in most of the previous studies. Calibration of these relations and comparing them with
the predictions of the simple spherical collapse scenario allow for constraining the impact of
non-gravitational processes. In our study, we calibrated seven X-ray scaling relations by taking
into account the selection effects and the mass function using eROSITA observations of galaxy
clusters and groups detected in the eFEDS field. A sample of 265 clusters and groups with less
than 10% contamination is utilized in the scaling relations analysis that is obtained by applying
selection procedures to the main eFEDS catalog that are reproducible in eROSITA simulations of
the eFEDS field. A Bayesian framework is constructed to fit the relations within which a custom
selection function obtained from simulations and a canonical halo mass function are used to take
into account the selection effects and the mass distribution of dark matter haloes. We find that the
best-fit slopes significantly deviate from the predictions of the self-similar model, but our results
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are nevertheless in good agreement with the simulations that include non-gravitational physics
and the recent results that take into account selection effects. We argue that the strong deviations
from the self-similar scenario indicate that the non-gravitational effects play an important role in
shaping the observed physical state of clusters. Our study extends the scaling relations to the low-
mass, low-luminosity galaxy cluster, and group regime using eFEDS observations, demonstrat-
ing the ability of eROSITA to measure emission from the intracluster medium out to rso. with
survey-depth exposures and constrain the scaling relations in a wide mass-luminosity—redshift
range.

Second, we investigate the impact of feedback, particularly from AGN, on the entropy and
characteristic temperature measurements of galaxy groups detected in the SRG/eROSITA’s first
All-Sky Survey (eRASS1) to shed light on the characteristics of the feedback mechanisms and
help guide future AGN feedback implementations in numerical simulations. We analyze the
eRASS:4 observations of 1178 galaxy groups detected in the eRASS1. The sample is selected
from the eRASS1 galaxy clusters and groups catalog, such that the selection is reproducible
in eRASS]1 simulations and the sample has a well-defined selection function. We measure the
count rate and emissivity profiles of groups by fitting their X-ray images following a Bayesian
approach. We then divide the sample into 271 subsamples based on their physical and statistical
properties and jointly analyze the spectra of the groups sharing the same subsample. As a result
of our imaging and spectral analysis, we obtained average thermodynamic properties for the 271
group bins, including electron number density, temperature, and entropy at three characteristic
radii (from cores to outskirts) and average integrated temperature within rsy,.. We also quantify
the impact of major systematics in our analysis and consider their impact as part of our total
error budget. We report the tightest constraints with unprecedented statistical precision on the
impact of AGN feedback through our average entropy and characteristic temperature measure-
ments of the largest group sample used in X-ray studies. We find that entropy shows an increas-
ing trend with temperature in the form of a power-law-like relation at the higher intra-group
medium (IGrM) temperatures, while for the low mass groups with cooler IGrM temperatures
(T < 1.44 keV), a slight flattening is observed on the average entropy. Overall, the observed en-
tropy measurements agree well with the earlier measurements in the literature. We compare our
results with the state-of-the-art cosmological hydrodynamic simulations (MillenniumTNG, Mag-
neticum, OWL) after applying the selection function calibrated for our sample and find that the
observed entropy profiles at the core are below the predictions of simulations. At the mid-region,
the entropy measurements agree well with the Magneticum simulations, whereas the predictions
of MillenniumTNG and OWL simulations fall below observations. At the outskirts, the overall
agreement between the observations and simulations improves, with Magneticum simulations
reproducing the observations the best. Our measurements in this study will pave the way for
achieving more realistic AGN feedback implementations in numerical simulations. The future
eROSITA Surveys will enable the extension of the entropy measurements in even cooler IGrM
temperatures below 0.5 keV, allowing the test of the AGN feedback models in this regime.

Lastly, in this thesis, we investigate the profiles of thermodynamic properties of eROSITA-
selected galaxy groups. Previous studies examining a limited number of groups have indicated
that the thermodynamic properties of the intragroup medium differ significantly from the prop-
erties of the intracluster medium. The difference is argued to be due to the fact that groups are
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more vulnerable to non-gravitational processes compared to clusters because of their shallower
potential wells. However, to achieve a clear and comprehensive picture, it is necessary to in-
vestigate the thermodynamic profiles of groups using larger samples and constrain the impact
of non-gravitational processes on the intragroup medium. In our study, we present the density,
temperature, entropy, and pressure profiles of 1178 galaxy groups using eROSITA observations.
The sample employed in this study is the same as the one used in our second project; there-
fore, has a well-defined selection function. We also normalize these profiles with the predictions
of the self-similar model and obtain tight constraints on the average profiles of thermodynamic
properties of X-ray bright groups. We compare the scaled profiles with the previous measure-
ments for clusters and groups and find that the scaled density profiles of groups are significantly
below the profiles of clusters, confirming previous studies indicating that groups are baryon de-
pleted within rsg.. We further find that the scaled entropy profiles of groups are considerably
higher than clusters at all radii. These findings are in agreement with the expectation that the
non-gravitational processes, particularly AGN feedback, have a more significant impact on the
IGrM than the ICM. We also compare our measurements with the baseline predictions of the
non-radiative hydrodynamical simulations that do not include feedback prescriptions. We con-
clude from this comparison that the non-gravitational mechanisms result in the scaled density
and pressure profiles of groups to decrease and the scaled entropy and temperature profiles of
groups to increase. Lastly, we apply our selection function to simulations that include different
AGN feedback implementations (Magneticum and MillenniumTNG) and compare our findings
with their predictions. We find that our measurements are reproduced very well at the intermedi-
ate radii and outskirts by Magneticum, whereas at the core, our measurements agree better with
MillenniumTNG. We further find that our entropy measurements are below the predictions of
simulations at the core and above the predictions at the outskirts. We argue that this indicates the
need for a more realistic AGN feedback implementation that would more efficiently transfer the
excess entropy produced at the core by the central AGN to larger radii.

The results we presented in this thesis put tight constraints on the non-gravitational processes
shaping the properties of the baryons within clusters and groups. Nevertheless, the astrophysics
of gaseous haloes in the group regime still remains largely unexplored, with many critical ques-
tions yet to be addressed by future research. Some of the key open questions include: Do galaxy
groups scale differently than galaxy clusters? Are the metallicity profiles of groups different than
clusters? What is the most suitable technique to measure the masses of groups? How biased are
the hydro-masses for groups? How do the thermodynamic properties of galaxy groups evolve
over time? How much coupling is there between the properties of the central AGN and the host
halo? The studies presented in this thesis are among the first to investigate the astrophysics of
galaxy clusters and groups using large samples with eROSITA. In these studies, we analyzed
gaseous haloes detected in eRASS1 and eFEDS observations. The groups detected in eRASS:4
observations will substantially increase the number of known X-ray bright groups, populating
both the higher redshift and lower-mass parameter spaces. Furthermore, follow-up observations
of the groups with higher resolution X-ray instruments, such as XMM-Newton, will reveal finer
features of the IGrM, such as shocks and cavities, that will constrain the energetics of the central
engine from different perspectives. Recently, X-ray observations of 49 galaxy groups have been
performed as part of a large XMM-Newton observing program for groups, X-GAP (Eckert et al.,
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2024). These observations will allow revealing the average temperature and metallicity profiles
of groups that will shrink the systematic error bars of our measurements presented in Chap-
ters 3 and 4. The next-generation X-ray telescopes equipped with microcalorimeters, such as
the recently launched XRISM (XRISM Science Team, 2020) or ESA’s flagship mission Athena
(Nandra et al., 2013), will allow the velocity structures within ICM/IGrM to be measured and
will put constraints on the non-thermal pressure support and the hydrostatic mass bias in clus-
ters and groups. Moreover, Athena will detect groups at high redshift with its next generation,
CCD-based Wide Field Imager (WFI, Meidinger, 2018) instrument and will allow probing of
the redshift evolution of the thermodynamic properties of galaxy groups. On the optical/infrared
front, the next-generation survey telescopes with advanced weak lensing capabilities, such as
Euclid (Laureijs et al., 2011), Large Synoptic Survey Telescope (LSST, LSST Science Collab-
oration et al., 2009) and the Roman Space Telescope (Spergel et al., 2015) will provide high-
quality shear maps of the high-mass galaxy groups that will allow measuring masses of large
samples of groups. In the microwave/millimeter-wave band, Cosmic Microwave Background
Stage 4 (CMB-S4, Abazajian et al., 2016) experiment will push the detection limit to the high-
mass end of the group regime, which will allow investigating gaseous haloes at the transition
regime from cluster to group at a wide redshift range. Lastly, in the radio band, future large-
area radio surveys, such as the Square Kilometre Array Observatory (SKAO, Dewdney et al.,
2009) surveys, will allow the investigation of the radio properties of the central AGN (e.g., radio
AGN luminosity or jet-fed radio lobes) simultaneously with the X-ray properties of the IGrM
medium for large samples. Therefore, observations of galaxy groups with next-generation ob-
servatories across the electromagnetic spectrum will continue providing deeper insights into the
astrophysical phenomena governing large-scale structures at cosmological scales.



Appendix A

X-ray Properties of eFEDS Clusters and
Groups
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084647.4+044607 6656 0.46155 185ty 1745 0.88%0y 170703

; il 081 ;
084649.0+004946 11018 105040 96*l: 2577 1.63%0% 1117,y

-0.7
084655.7-003705 3712 3.5 102750 27718 Le4Tpe) 1.63i§;;‘§
084657.6-011314 9845 4.8+373 86% 2.7t 1657050 1.16707%
084717.7+033421 10507 1.9+4%8 52+% 2.4t};§ L6170t 1.43%0s
084729.7+013053 5053 072555 185785 2,075 L61% 1.40i§;g§
084751.7+025522 4736 2,150 96733 2.7H%  157TRS, 14570
084759.1+014903 4709 2.67554 77 2.5t 1Le1TS] 1510y
084823.2+041205 2437 0.8970%5 12877  1.9*7, 0.99i§;§é 2.29%028
084833.2-012216 1073 2.2+8 1777, 25000 167735 164

1. . . .
084852.9+035939 10165 51757 79%  2.5%0 159005 1.2570%
084905.3+021435 7831 048335 2007130 22%0  151%Y 0.980%

-1.6 . =0.
084910.6+024117 9790 5.0%5° 70+33 2.4% 161708 1.61t§;§§
084925.4+013840 14327 17473 16277, 2605 15879 1.0370

084934.9+014437 32680 040703 209715 20712 1134091 1.16j§3§i
1.28 +69 +1:8 +8:§7 +0:20
084939.6-005126 2261 042¢02 20572 1.9 1.00 1.94+0:20

3 -14 —0.

084957.4+004524 8524 5.8%15° 70*5% 2.5 1.47t§;§§ 1.5}

085018.3+020018 5464 421384 81%% 2,619 148070 178702,
085020.4+032819 6529 4.3 127;‘2 2.871¢ 1.64t§;g§ o.ssjg;%’
085022.2+001607 8602 0.2027022  540%700  2.6%)¢ 1.40%0%%  0.5770%,
085027.8+001503 1023 4178 12175 0.84t$;68 0.517019 131702
085030.5+003330 6125 041755, 18475 0.66i0;§§ 0.51%1, 1.70t§;§§
085051.8+015331 8679 1.8753 1265, 2,677 1.67%5, 133100
085056.4+005607 3556 0.85 > 156t§§ 2.758 1.58%0%  1.277%
085119.9+022951 2101 2,751 166%8% 2378 1.43j0;;‘§‘ 1417028
085121.2+012856 11156 1.4704 136" 2.6%9 1.58t§;$~2 1.19t§;3§
085128.4+011501 7355 0.57" )32 80* 27713 158709, 0937
085130.0-004609 18314 0.821?% 17175 274 L61TST  1.20%0%
085131.0+045239 863 0.55% 5, 22477 2577 L5745 2.09705

085138.2-003537 4508 0.65722%  qeg*lle  ogtld  150%072 0.8358172

085141.9+021438 7280 11472588 65t77  p4%18 631060 1.5t?-'§
.9 . 0.6 .

085204.5+012132 6636 1.6 171752 2475 1567087 1.24708

i) ' +0as
085217.0-010131 339 121758 240t§3 24718 1.75%705) 1.81t§;§§




146 A. X-ray Properties of eFEDS Clusters and Groups

continued.
Cluster ID_SRC ng Ty € B a
(eFEDS J+) (1077 cm™®)  (arcsec)

085230.6+002457 2524 105723 21278 20719 1377972 1.38703)
085231.1-011230 4810 10508 14270 240 1 .49jg;g§ 1.62%05%
085239.6+003240 5477 2.0%3%7 99t7§ 2.2+ 1.53j§;§5 168700
085245.7-020519 5790 0.65%%  101*% 2574 1.37t8;7; 2.2008
085255.1-013737 1376 04573 199719 26515 15878 1.3470-%

085256.84052741 6642 14150 47020 2775 1.58%s  1.83700
085325.6+030834 9042 2.5557 675, 2.8 1.73%920 175700
085327.2-002117 6003 0.59* 5% 201757 2,617 1.52+058 1.40t§;§
085335.2+032214 8596 15782 121% 2.7i};§ 1.55j8;$§ 136703
085340.5+022411 9213 2.8%3% 140*! 2.2%7 1.38%0% 0.77t§;§2
085412.8-022123 1458 1397034 196%72 2710 153708 1.81#02
085419.5-000925 1294 0.49*590 17970, 0967575  0.54%0%; 1.97t§;;§
085433.0+004009 3675 3.1 fgzg“ 37+ 3440 1.59%0%  2.58* ;2%
085434.5-014038 8094 0.6475:50 159*8 257 1.44j§;;2 1500 ¢
085436.6+003835 328 10733 104735 0.65%035 0577, 1.39j§;§g
085438.5+001211 5390 058775 10773 2277 1377070 15370
085440.4-020931 7700 6.5t 5733 2.5%1 1.62f§jgg 1.450%8
085447.0-012132 2079 2.07% 181753 257 159709 1.217038
085508.9-003445 2810 2.047%° 573% 2.7 1.73+022 2.33t§-§§

085517.2+013508 6746 0677225 263*1%  26t14 1.63t§f§§ 1.13+041
085519.1-014315 5909 0.69%)%’  66%1° 2700 156705 1.04%73
085524.3+015012 23313 0.2470) 300730 2478 157708 0.8270%
085530.1-010634 1797 10.745% 108*%7  2.67)4 1.57t§;g? 1174558
085541.2+002740 5589 0.72732 8480 32t 1707050 114%pE
085542.6+032807 8925 0967y 73t 2771 1440 11075
085547.0+025458 8799 2.7455% 530 23t 1LT72feet 1670

—1. —0. .
085604.8+002520 8826 0.787,3% 280" 130 2.1t$;g 1.02%2? 0.85%02)
085616.1-013945 8922 0.85" e 213; 3.0% 1.72t8;§§ 102479
085620.7+014649 569 108% > 173*S  2.5T¢ 149708 2.0970%)

085623.6-013612 16370 0.817,% 13973 2.7 1.57f§f§‘1‘ 1.29*20

085624.3+004632 32576 2.2t?;§65 123t§g 2.8+ 174705 0.90i8fgg
085626.2+021348 5697  0.183*)773 295tg§ 2108 1.18f§;§; 1.53t§;§?t
085627.2+014217 1385 18t?§ 99%  2.6%7  1.5570% o.sztg;g‘é
085635.0+031342 24300  0.767,%° 53" 2,677 1.69%05  1.28% %%
085650.4-022200 5261 102728 1627 2605 170709; 112707
085705.9+011453 3128 1.6t‘?~§ 21870 2.6%)4 1.48t§;33 107088

085728.3+032354 6278 0.81jg§§ 1677 2.1j}f3 0.93+053 1.255(%{3%
085740.1-020037 7884 1.05%yss 1557 25T, 155%%) 116703
085744.0-022448 12696  0.16470005 23975 2507 1.5500%  1.07Y6

085751.6+031039 108 23972 10271 1.52%5) 05070 1.15t§f§
085801.1-004103 11717 0.58j§;§3 14279 25009 157955 1.32ﬁ§;‘§‘§
085805.0+010906 4070 7.874% 725 0927008 04117008 114705
085830.0-010656 4297 0.58% % 21278} 2.6i?;§ 1.69f§§§ 1.244%
085837.9+012657 8857 2.754¢ 4276 2.5t L6ty 1.5t

085841.8-020541 2367 052782 126"15 2616 138700 18702
085849.8+022800 715 0.186*00es 24175 1.677) 0.74f§;§? 2.247030
085901.1-012025 3527 7.4+306 10170 26777 16075 1.2370%
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continued.
Cluster ID_SRC ng T € B o

(eFEDS J+) (1077 cm™®)  (arcsec)
085901.5+010649 2757 1.23j%;§;;8 151il§430 2.4% 1.5570¢7 1.55t§;§1
085907.3-005056 16320  0.21 1;828?@ 330j+ 120 2.4;% 1.34;3523 0'75;85?3%
085913.1+031334 485 0203750, 1495, 1S53 06755 2647
085931.9+030839 360 0.97j§;§? 243770 24%0T 14670 1824001
085939.1-004932 6894 1.28i1;§§ 16275 2.67%  1.65%0% 0.98i§;g§
085948.9+041120 1350 0.28%,%  204%%,  23*5 136707 2.1070,!
085950.1-001221 4539 0.82%5¢s  174%5 24701 156705 14277
085954.2-013308 13823 1.973%2 5617 2.3t};§ 154405 2,011}
090004.3+033324 7945 4.303%9 917, 2675 L6t 112409
090010.4+023631 10878 o.ssj%g; 162770 2,675 146750 111%es
090020.8-002602 1315 0.887525%  81*L! 2.3t};§ 1.5470%0 L4t
090033.7+033932 2407 o.szt‘g‘;% 1807130 2.4%% 1.43t§;;§ 112708
090034.1-010649 1652 0.85%e 17971 24710 1697058 1.08j§;§6
090044.6-011104 8508 0.32%5:32 58%% 2705 LelfpSs 22770
090051.6-003457 9834 07031 1339 209%> 154708 1.05t§;g
090053.0-002837 9310 13735 114757 2470 155709 119705
090059.3+035925 983 1.97%° 1207 2345 150705, 1.92ﬁ§§§
090104.4+011643 3171 3.9%8 142% 28712 1.63703,  0.96%3%%
090105.2-012525 11836 LIPS 16978 2775 14875 0.82703
090115.3+005040 8881 244570 144780 2577 1.5570%) 0.77t8-gz
et N A I
9- 45 7 2.3 1.68%) 1.48*%
090129.1-013853 1104 39t1f§ 60j}5§1 o.%t%’éé 0.527j%%2‘2‘ 0.49j$f§§
090131.1+030056 152 1537218 93t1F 15075 05270, 1 27j8;§(1,
090133.2+021651 4181 0.44%;‘%‘% 21 4;2% 2.6; i ;2 1 .64;§:22 1 26;8:22
gggg;.g-omﬂo 10870 074y 1014, 2605 1S3 1597
74030253 15914 0.56%5, 1241 2605 LS9 10l
090140.9-012132 2412 075lg5 24l 3157 166 0814
090144.7+040827 3199 154, 1300 2505 143050 18810
woiaoime e G0l b agl apBd gdd
9- 07¢ 2.5 1.2077" 1.027%:
0902005402330 3800 0707k org  ogeld i
+11.04 +58 +1.6 +0.66 +0.73
monsatoinos g0 B Al Sl a8 i
0902244005150 9893 227100 oart  aerll  psgl¥ g
000248.5+044005 4121 29780 104 agelt  5edB 308
0025524030220 5489 07372 220+l a3ld oo g
090255.5+044036 4348 LTEE 125t 0974053 1.16t§f§§ 1 65t§f§;
090256.2+014625 5655 0307507 21505 205 1.58%0%0  1.58%0%0
090257.4+004819 1712 1.817% 73:582 2705 L5300 1.98%)0
090323.7+030738 2083 4133 10358 L5y 074550 145700
090327.2+4032545 4771 07175 1207 22717 15475 1.80*))
090328.7-013622 4487 1753 1667 2155 167575 LI18T%
090333.8+043950 9404 23173 13675 2545 156705 o.sstg;gg
090335.0+022006 8941 1775 75 2.7 1.66i§;2§ 1.46*01
090336.7+033124 12221 15173 1227 30057 1.69%%e 1.37j§;§§
090408.6+012555 5774 0497558 200110 2577 147508 07758




148 A. X-ray Properties of eFEDS Clusters and Groups

continued.
Cluster ID_SRC ng Ty € B a
(eFEDS J+) (1077 cm™®)  (arcsec)
090409.7+003831 9877 1.3%3 143778 2,677 1.53%0%5 1.02%929
090417.0+040439 13330 0.57% 5 22708 23718 1615 1.14j§;g§
090418.6+020642 3590 16719 84*5) 2615 1.6170%  1.02%)%

090419.1-010436 12660  0.828393 1447 280 peg*00 1 1g+0>2
+8:gg +47 +1:8 +0.92 +8IZ8
090430.7+042648 1075 09239 10717 22t 097102 239

090452.4+033326 2931 0.34711  pgesl g 920 g% 1.855@
090540.0+043440 354 3.745% 194%5% 28719 129705 1.52%0%0
090540.7+013219 3585 75706 7l 27010 1.70f§f§1 o.89t§f§i
090553.5+002244 5170 050755 12490 2577 15579 2.05t8;48
090600.3-002521 9359 2.1 1109 24700 1515050 1.26%05.

X . -0.7
090601.0+000055 3259  0.149%03  230*5,  0.99*2 0.59j§;‘2‘2 1977016
090609.4+042924 11420 0.67%3 14278 2,655 146%) 142700

090614.6-010819 5854 L7700 8218 2.7t 1391070 9 01+080
090627.5+035846 10162 0.183%)3%3 340010 2.6%1¢ 1377077 0.63%)3
090628.9-012938 2424 13770 15878 2.9 1% 1.70f8;§§ 1.44+0-3
090634.9+045033 8384 5.2+260 10673, 3.07)% 1.54t§;$3 1.56i§;§3
090636.9+010852 7086 2.15%° 13418 2677 1.58%%  1.38%7%0

090644.8+011124 5858 1.00+11.06 87+40 3.0t14 1377972 9 1p+04d
W geplle 55l 488 B35
090656.3+044717 12153 0.33709F 46075  2.3'r 157" 0.98%03)

090700.7+011032 9463 223%4 5107, 16fy 1897070 127754
090703.9+010756 13484 1.4+98 4250 16T 204702 2.0° f?

090718.6+035258 6439 g6t 105t 2.7t1e 1~70i813‘2‘ 0.81707
090723.8-011210 2680 021500 24548 24%0l 137700 178100
090734.3-012744 13028 215! 5475 2.6ji;§ 1.62i§;§§ 1.48% 50

8 -0.9
090739.7-010633 10976 0.51%33  126%% 24718 1.74t§;§§ 1.58t§;g§
090750.1+025006 4691 0.60" 5% 164%3 2.7 1.63t8;9§ 1.72tg;gi
090751.9+024647 13368 1.05%ys  157°% 2.73% 1.78t8§2 1.08i8;§4
090752.9+013407 2074 0.367,,5 211758 24%0  146'0o  1.67705)
090754.5+005738 5219 L1473t 156t 2308 1s1S) 1567050

. —1. -0.79
090757.5+025427 9569 6.8fg_‘1§ 92+¢] 2.7t;;§ 1.46t§;§; L1704
090803.8+020045 2234 053705 14877  24*]  1.5370% 2.13t§;§§
090805.9+011952 7084 4.4+ 917  2.7h3  Le4Rpsy  1.3370%

090806.4+032613 12592 274103 96j%3 2.5t{f§ 1.70f§f§§ 1.17t§f§4
090806.9+042351 6554 0.200% )53 31570, 2470 1367 1.38%0%

0.099 -106 . =0. .
090811.6-014811 3984 0.67j5}4%2 154t1go3 3.4%) 1.52i§32§ 1.81t§;§§
090816.3+033416 11470  0.33*)37  178*70 2470 1.26%00  1.60%)3,

090817.2-013034 15548  0.39*9] 174tg§ 27413 1.53t§f§§ 1.17t8f‘7‘§
090821.6-014115 16287  0.49373 148féé 2.2if;é 1.53%04 1.35j§;§§
090821.9+025141 8248 2.011% 130* 2.850  L50T0er L1180
090838.0+015226 1479 029707 222%%% 1.8, 08675  1.98% %

-0.17 -83 . 3
090843.9-013034 4974 0.40t§;§g 149t§; 1773 1.35f§;§ 1.32t8-§g

090849.7+042241 2460 35%; 917 29%%  1.8070% 0.65t§fi§
090913.8-001214 885 0.823};3% 232757 2971 1.67t§;§§ 1.68702%
090915.3-010104 2004 0.57" 933 204t$§ 2.348 1.41t§;3§ 1.96j§;;§
090916.0-015540 5772 1543 1615 2.8i};§ 175025 0.96t8;§2
090930.6+034055 638 0.49*512 108%;  2.3% L127050 2797058

. -0.5 .
090932.5-005020 3523 2.9+2%° 113730 2555 1.51i§;$2 1.93t§;gg‘
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continued.
Cluster D
_SRC 2
(eFEDS J+) T Ts € 3
(107 cm™)  (arcsec) @
090938.1+040816 13180 360
09101 0.8373%0 14778 27719 0
1.7+013914 13622 0.427109 8 T 1.48%09 1307040
091032.4+035301 8750 45835 205 247 1.45t§2§ 1.30°033
091033.8+005100 510 0.22+002 1035 2640 1507070 074+18
091057.24041730 206 g 71 2305 1210 2.437017
0010411052037 11604 L1TEY 137 26718 1sat® a0t
091108.0-015422 5376 534168 125 2'33% 136707, 1 37080
091111.0+040015 6021 1 7_+251<7 43—3 ) 2.55% 1.49*09 1.59;83gg
o117 1 r0s0as 158 o190 ga0rith 2205 1687088 pried
091135.9+034626 3774 P 37000 25717 1.29+080 1 057038
091139.3-014144 5511 4.6-307 i 24708 1~62i§3§§ 1237080
091150.7+031036 9374  027°1 961 2803 L7l 13 17088
091213.4-021621 27ds sl 2ol et R
7699 3.4+340 74 1.7 -20_0.69 1.49*03>
091214.14022443 18040 03419 8l'% 2977 149708 150703
0912153021743 626 gt 2578 sl etk
091248.2+002446 11837 030093 2802 & 2557 1677 1307030
0912544032028 1415 1377308 2700 247 1367080 0.99°0%
091300.9-013152 7531 5 7231 935 2705 Leathe 1207038
091302.1+035000 1277 | g+ 9541 2748 156700 1 15038
091305.9+035021 3797 g+ 178%,) 285, 176705 105703
091315.0+034850 593 0.42+0%6 178;% 2875 1765070 1.05°053
0913203+032834 2977 1.03°1498 2060, 2004 097 AR g
091322.94040617 9801  0.201+0223 965, 23 151708 5 130K
091331.0+024513 3488 447" 430010 2077 176031 o708t
091336.6+031723 5541 | 5735 401‘5*9 2945 1735 0.837090
091351.1-004507 oy 144532 0977520 0.65%053 049
1319 1641 743 0.69 65705,  1.04 4
091354.74025323 16902 0.81°57 2 24500 145704 .47+081
091358.1+025707 940 1 g 8% 13725 2400 148500 115033
091402.7-010208 5561 05739 10947 280 ¢ 135700 1107084
091403.3+013846 1465 01507015 138% 2505 l4lfn 807035
091412.64001856 1844 0557113 2845 1813 073705 200701
091414.9+022709 1424 1 7+3%,330 215@‘? 2,013 0-89i°1§§ 1:60;83528l
091417.7+031159 396 0.108+0223 s 1'47%%@ 1~55i§3§§ 1.907036
091423.9+022833 7735 0471358 103;§§ 2'2t123 1.28+0%% 3.02°028
091431.6+010910 4637 1 9559'.32' 226;5758 2'0tiﬁ§ 1-07f§:§§ 114038
091433.84022718 3150 019570800 0 2500 147G 2.08+05]
0914395014416 6130  0.166°0H0 2224 3t 1 56t§3§§ | g4 033
0914457403275 8636 0.6472%0 a2t 200 LISTE 64702
091445.8+042621 13299 e 1961 247 16108 oyl
0oltie 11001047 117 00l 200k 364t 06008 os3ild
091450.6-022606 2154 0.47-336 200-¢7 2557 13950 210017
091453.6+041613 372 494170 150%gs 26717 139707 2 047033
0130051051921 oomr 1Y asorth 092" 0567016 19304
091512.2+043506 4253 677407 250t 2007 LI8% g 1008
0915174005909 13537  0.33-069 655, 2845 1 617088 1 4007
091520.5+045203 14354  0.87°01 234 270 14T 0 787054
091522.5+041201 14525 ) 5?9}?8 16T 2270 153*8:66 1 33;8%(1)
S 1()8:?2 2 3+1.8 1 72;8:%% -0.78
16 12705 120705




150 A. X-ray Properties of eFEDS Clusters and Groups

continued.
Cluster ID_SRC ng Ty € B a
(eFEDS J+) (1077 cm™®)  (arcsec)

091543.5-004944 10164 5.4 4870 26717 1.6210%0 1727090
091553.1+040545 12204 0.63"0%7 727, 3.0 169705, 1.9270

-0.7 -1.
091555.6-013248 888 1.5t‘?;§ 1867; 2.1t};2 1.35i§;g§ 1.69t§;§§
091601.8+000831 9930 1740 1475 2,678 1.63%5:  0.98%020
+1.65 +124 +1:8 +0.73 +8:gg
091609.4+013519 8107 034lg3r 21900 2200 LA2ipp LIThg
091610.1-002348 534 1341 220732 3.t 19170 044105

. . -0.63 .
091612.9-015839 6129 030705 23075 2470 1.38ﬁ§;§§ 144403
091631.9-020207 15047 0.80% 5 122%17 2,675 161755, 1.00702%

5 . 0.
091642.3+040634 13204 3.3t§;§ 101t§§ 2655 1.6570% 0.67j§;§2
091646.9+015531 8352 4372 11073 2875 1.54%Y 0.80t§;§2
091648.1+030506 5300 4.7750 89*% 2500 1460 1.52703%
091655.7-011158 11550 1147033 o1t 2655 144 142700

+5.1 +17 +1.8 7058 +0.29
091722.4+010118 1526 137 1577 2378 1530000 173704

091741.1+024518 10140 0387370 17010 2.6*17  1.53+00 0.86f§f§;
091749.4+014621 9976 042755 2677 2775 le4tpy  1.2270%

-1.7 —Q.
091757.1+050915 1934 22400 1107 2775 156705 1.O6f8'2§
091806.0-003228 3910 29+111 42727 29the 163700 1.09t§f2§
091842.2+034754 10019 2.2+210 765 3.0 156708 1.39700!
091849.0+021204 994 1121893 250*140 q 7+18 1.33t§f§? 1.35t§f§§
091850.7+030942 19979 09820 1797, 2677 168703y 118 &

. —0.64
091851.7+021432 4105 0427055 185118 2.9tld 1.40f§;ég 1.05t§;§?
091855.8+004916 12125 51418 99*%t  2.7h5 155705 1.08j§1§3
091858.0+024946 7194 o.sszé;gé 231;2% 2.83% 1.56;§32‘8‘ 1'29;8:3?
091900.0+035311 5545 0525 211 2505 1517 1.46%

091925.6-010430 4254 3,974 763%1 24717 1.36j§f%z 1.72t§%
091934.6+033941 1892 441%5 41%1 2.6ti;§ 1294028 1.27% 0,
091936.6+042553 11376 2.0+,5%6 77, 2508 1575 136705
091957.7+035012 4131 7.2%82 105795 22718 1387058 0.9970%
092002.1+010219 150 1.85%035 2417 2.1ti);3 0.78ﬁ§;§‘8‘ 2.13t§;}g
092004.3+010023 11754 1641 81%3, 0397073 1.927090  0.18%%;

1 - - -Q. -
092022.0+030106 6534 1.18+25:26 66@ 2.6t?;§ 1.51i§32§ 1.9t£;%
092022.8+045012 5320 0.249%0278 202" 1.6'7,  0.80718  1.967)5;

092023.2+013444 222 0.75*355 161t§§ 2.3*29 1.34t8;%5 2.447000
092031.3+024710 18068 175 98*3, 2.3t};§ 1 .46t§;?§ 1107973
092031.8+040621 4115 42557 91*% 2577 160703, 1.6070ad
092037.0-011506 5739 0367087 2477 26t17 1527008 1 39+02

092037.9+033528 6467 11672304 74477 p6tl0 1571058 g gHI2
092039.1+004725 6669 0.67%,%0 11372 24717 1387078 1.92708

092041.1+041117 10334 273 7575 2.2ﬂf§ 15570% 155708
092046.2+002849 1915 0.166%)% 25977, L.10%)%3  0.60%%  1.96707¢
092049.5+024513 489 2.8 15352 134755 0.69705  1.53%)]
092053.4+021125 18194 0237075 26070 275 153550 0.9070%
092105.0+004452 6459 3.438%-6 7575 307y L55T05, 146700
092121.2+031726 100 2643 9343 L11%yg 0'80f§%2 120703
092133.2+043431 9512 1.8 119732 29712 1.65%5  1.20%033
092134.4+015832 810 0.59%5 21 0j3§ 25000 1397070 164
092135.4+005128 7447 072733 12172 2577 155T0S) 137704
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continued.
Cluster
ID_SRC >
(eFEDS J+) | 077”0 P ry € 8
09 (107" em™)  (arcsec) @
2136.4-001449 4168 5 0764 —
092202.2+034520 5347 ha 16178 2.8%13 167103 1048
092 44774 128+28 13 6705  LI8y
209.3+034628 36 e 5 L&) 0.74+923 043
U 47443 58+14 L1 I 0.547
092212.0-002731 857 063702 816 047708 0.60+§3%g 0.50+043
092220.4+034806 401 6309 pogrilt g9 elie T
4 9.0+98 77+18 15 460y 1.6270)7
092235.8-002443 3133 1.2 18 1197020 0.86*03% 0 500
092241.9+020719 1535 Lt 75 1.12+920 06008 | 0r0H
092246.2+034251 2216 645 154y 260, 617081 1 9p+i3S
09 7.3+110 7g+23 3o 61705 122702
2246.4+042424 5348 | 7718 o L06%a 09055 04088
092258.2+032041 4833 4'8365.8 109;5‘%7 237 1.417 83? 1'6228:22
092302.6+034002 9076 8Ly 815 260 1 syrlsd g gyl
092 0.267 283+112 713 S4l0e 1325
31204000355 6657 0407013 oy 230 15355 0 95044
092328.2+043107 6063 A0y T 2.5t L5308 () ggridt
09 13* g8+l s 53505 098]
2333.1-001917 7637 1274 hg 2747 L7l 0 70707
092335.1+012907 4806 o 795, 2955 1 sgibee |07
092 0497102 o7p+ll6 17 81575 L7
339.0+052654 1894 40+7%'827 —84 2577 1.54f8‘§9 0 80+82471§
092346.8-005330 11530 1224380 623 3.0t14 o e
0924022+054205 7973 4.97136 16275 2605 166718 1 gprl
092405.0-013059 298 i 14275 2647 1 YR V.
092 1.6+49 163+%7 s 072 1.10%,
409.4+040057 1437 bk Tee 240y 1.447%075 2034
0 0.34+0:67 300+9 <17 A4 1.61*%
92421.9-005103 8544 0.4 oo 2677 1 62+8€4 )
09 0.47+2% 139+67 18 02050 1587,
2454.7+014901 7841 0081150 s 2803 144207 6600
092502.64022612 7060 9BLasy 964 2755 LS RS A
092 2.7+154 93+30 +17 B 1.637
504.3-005602 11531 5 7393 g 2 165528 1 407001
092510.0-014830 5079 5 7154 67;3% 27718 165700 L6y
092511.8-011436 9471 T T8y 290 120708k gp+bils
092 0.97+401 139+77 ki CLo054 1917
522.1-013148 6653 2.82 -5 21_ E 1 68+O_60 +8g(7)
09 0.9079%8 15474 312 68705  L18%y
2533.6:014205 1483 2399 o 28 16sipge 3708
092546.3-014347 566 L1723 M55 1 7720 68 4%
024500115 suss 050 H 206l 22713 a5t 4600
092553.3+015519 991 0,518 206-¢0 264 647080 | g 030
092555.6+004311 6732 e 2678 150030 099t
092619.9+021207 8160 Tho o 258 2605 60708l 06704t
09 2.4+ 113+06 B ey 1L 0.62%,
2621.3-003356 4366 1 21%‘21.2 s 282 169702 1 23+8:‘6‘{
092629.3+032614 2050 245 109% 2370 et S
09 0.141*+0270 191+32 1% “TY-0.69 1647y
2631.04014511 2967 0 4+99§>44 7 0-63_0;30 0.426*0:152 2 25+31§§
092639.74040733 3560  0.71°/%0 123 2508 1560 1897080
092644.0+040010 923 e ol oy ol 20l
0 8 2.0t490 162+77 %O Vo035 2.041042
92647.54050032 137 i a0l et W05
09 70118 60*0 239 99074 0.79+:12
2647.5+030946 12965 1 01_324 -2, LI2°038 065505 O 8518:%2
092648.0+050124 6875 30047 1552 2703 16208 gs57003
092650.5+035755 671 217389 I8 233 R TG
092711.54011735 10285 20702 9651 o UL YIS £
0927353+014423 266 0ng o UTHe 270 e 7
o 0.25472 217+ R 99072 1.17%9>7
92737.7+020607 943 - 277 1.11+09 S
1924 4.679Y 159+70 18 A 2.15%)
092739.7-010427 263 R ol a3l rsotd el
092740.1-00292 6 067y 26078 2871 51063 091702
: 2 3asa 022n0 it 53+l L5155 L4
- —66 2.375 1-08f8j§; 2.16f§:§$
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continued.
Cluster ID_SRC ng Ty € B a
(eFEDS J+) (1077 cm™®)  (arcsec)
092740.1+042038 4999 0.167t§;3§,§ 300" T30 2.8i%;§ 1.40ﬁ§;§(') 0.44i§;§3
092740.7-015320 7063 05775 15470 2577 152709 1.60703

092744.6+045630 17315 2.0"75 813 26t10 170t 1301000

+38.6 +49 +1.5 +8Iég +8:§§
092755.9+000439 10316 9.4%3% 86'3,  2.8% L60%g7s  L16Z07
092803.4+010953 1527 04248 138731 2.1f0  1.29%070 2357029

. -0.70 .
092807.5-001353 13561 L11Y” 93+ 2.2ii;§ 1.49f§;g§ 1.76*01
092807.7-012704 6687 2.07% 80*,)) 2555 1.50707 1.12ﬁé§§
092813.0-004508 13305 1.8774 14873 24718 1.49%0%  0.81707,
092821.1+041941 7167 04575 130710 2995  1.80703 0.82j§;§§
092821.2+042149 666 2.4+00 18072 19741 1.86%0; 14607,
092828.3-000955 845 09372, 13178 2758 114708 1.26t§;§;
092832.4+041517 4192 13404 1472 2208 14770 151700,

092844.0+005318 8858 L1458 158t 2.7t 1.62t§f$; 1.03j§f§;
092846.5+000056 10287 0.76*5% 2103} 267, 1.6170% o.99t8;gj]
092859.0+040532 4029 0.33%50 26550 2508 13070%  1.5370

-0.2 -1.5 -0.38 -0.67
092900.0-003920 5593 026,17 1597 258 1.37t§;§§ 1.82j§;§§
092910.2+022034 5092 1+ 76 2.7 1.64t8;2g 1.06%50
092911.0+021118 10090 1.2+302 437 28018 166T0%  1.8%13

092915.2+002427 8178 0.77j§§‘§ 177707 27t1e 154007 1.34+040
092915.7-001357 1549 0.21%975 1784 2.0, L0742 2277018

—1. -0.56
092918.3+044925 6602 4.652 11577 2875 171 t8§6 0.86"%
092921.7+040040 609 2.1+ 108463 2.7t17 .56t§f‘;§ 2.1 6f8§i
092928.3+042411 3563 1.3779 133712 2507 154405 1.59%7;

092941.7+023026 7770 0387098 260*10 2218 141700 0.66%0)
092953.5+002801 12565 07078 208*% 2.7t 16579  0.8970>%

X -6 -1 -0

092955.8-003403 1967 0.204i%;g§? 28375 2.85% 1.22t§;§§ 1.88i§;}§
093003.3+035630 288 5945 103725 2578 15678 1.8970%%
093009.0+040144 536 14+0% 785 194 1 .o4i§;§§ 1.63")%
093011.2+031648 16215 2.855%0 664 2658 1.50i8;§§ 1.86"0%
093012.0+030202 7539 3.14380 7S 2.6 159705 147709

. . -0.92
093022.1+021835 8763 0.683};29 16372 29714 1.40f§;§§ 1.61j§;gg
093025.3+021714 1003 0.59%3: 2337 3273 1.58i8;63 1.83*0:59
RV e I B B

e 2071 =y =27_071 37_0.60
093056.9+034825 4579 0.186t%;32? 21475 247/ 1.18j§;§§ 1.85t§;§§
093117.4-015643 11648 3.810%0 42718 1.25%37  0.68707c  0.9710%

-2, -1 ) -0.5
093138.7-020933 5201 0.87,9} 161t§§ 2.7 1.62j§;g§ 1.19i§;§§
093141.2-004717 1705 0.60704e  119%18 2175 1527040 2.00%)0
. 6 . . .
093149.8-020143 6494 0. 143;43 ;gg 25925629 3.2%_3) 1 37;%‘ 1 35;§§§
093151.3-002212 836 1.28% 0. 15078  2.6T17  1.5770%  1.91% 3¢
093207.5-021317 1674 0491035 108% 2317 1.30t§;g§ 2.29i§;§§
093222.0+012412 7346 1.641%7 5215, 23% 1.62j0;§% 215435
093231.0+010617 4873 1+ 86'1  2.84% 156705  1.06%07!

093232.8-015152 10734 043*)31 16523  23*1% 159704 1.00i§;§§
093253.84025917 5631 117755 86'%  2.6%% 14670k 1.60%05;

093301.3+024301 12582 22448 6475 2.4tif§ 1.58*00 1257088
093302.7-010145 5763 2.8136 14476 2875 147700 090703
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continued.

Cluster ID_SRC ng Ty € B a
(eFEDS J+) (1077 cm™®)  (arcsec)

093316.6+004619 13784 047439 9211 2.3ii;§ 1547070 0.987199
093329.3+000334 5618 175 120%%,  2.57)7 L4705 1.38%0%)
093332.1+020933 6577 56135 71440 2.5% 1497058 1.69%0 00
093403.5-001422 900 22050 129jf§ 1.8 0.77j§;§§ 1.65t§;g§
093431.3-002309 1641 085538 201%3 22t 16708 163702
093436.1+051533 9995 2.7 182719 2778 1645 092703
093456.1+031518 7091 4.9%13° 9443 2.50% 1.627052 0.99t§;§§
093500.7+005417 649 11.1t§_87-2 1134 2458 161+ % 1.19t8;72
093513.0+004757 213 18.55%7 11155 1 .49t;1);§§ 0.77*5  0.93*0-8
093520.7+003448 4394 0.34%05%  209%70 2578 1.40f§;3§ 1.73t§;§%
093520.9+023234 82 3.053 132j§8 27712 0.87703; 226705
093522.2+032329 1242 3.7+109 1331@ 22700 133700 1.34i§;§§
093525.6+023445 12009 1.32720 20178 2745 1224005 077702
093525.9+035101 3773 4.2+459 76" 2.4%18 1.50i§;§§ 1.89%0~,
093531.4+022710 2609 2.17% 130*29 2.2t19 1.2370:84 1.4ot§-gg

093544.2-000339 6324 1.18t§}§7 164t2§ 2.8tif§ 1.57j§f§§ 1.31t§f‘7‘§
093546.3-000115 1761 0.25i0;~1§ 187f§§ 2240 099704 2.24%050
093612.7+001650 4455 0.5671s  205%9, 247 1.42f§;ﬁ 1.5603
093630.8+031838 4848 0.65+ 1403 50%58 2.8719 152778 1127

093707.4+034831 11748 0.95%78 161:“é%6 2417 1437076 1, 03+020

— . -0.7 —0.6:
093709.7+014143 6251 5.61%0 1467, 250 1.76t§;§5 0.68t§;§§
093712.8+031651 38 0.68%)%° 3371 2850 15079 3.95T03
093742.8+033841 6038 4.9%,7% 10673, 2.871%  1.66%05  1.1870%

. -0.71
093744.1+024536 3372 146t 155ty 2018 1.31j§;§§ 2.05%2
093830.5+041523 10322 021708 2g0*1l0 23718 g g+ 07Ty 2602

) . —0. —0.44
093938.3+042218 1594 2,708 139%23 2.5% 1.55i§;§§ 1.45t§;§g
094005.9+031329 4689 6.6%0 770 2.5t 152T0s, 173
094007.3+035754 11337 4.053%! 10577 2507 1480%  1.08%0%;

Notes. Electronic version of the table is available at the CDS. Column 1: cluster name. Column 2: unique
source ID presented in the eFEDS source catalog (Brunner et al., 2022). Columns 3, 4, 5, 6, 7: parameters
of the Vikhlinin et al. (2006) model, n(z), rs, €, B, @ respectively.
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A. X-ray Properties of eFEDS Clusters and Groups
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