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Abstract

Normal galaxies are the main sites of star formation in the Universe. Di use X-ray
emission, produced in superbubbles of hot, ionized gas, plays a key role in the study of
star formation history and the evolution of galaxies. The recently launched eROSITA
mission (extended ROentgen Survey with an Imaging Telescope Array) aims to conduct
the most detailed X-ray All-Sky Survey to date. Due to its high sensitivity in the soft
X-ray band, it provides the perfect instrument for studies of the di use X-ray emission
from the hot phase interstellar medium (ISM).

Within this work, A Catalog of Neighboring Galaxies, presented by Karachentsev et al.,
2013, was used to acquire the coordinates and properties of 869 galaxies in our local
Universe. From this data, a sample of 72 galaxies has been selected and sorted into
groups of high, medium and low star formation rates (SFRs). An eROSITA X-ray
image catalog, displayed in chapter 8, visualizes the di use X-ray emission and point
sources within the galaxies. Spectra were extracted with srctool after the exclusion
of point sources with an eROSITA source detection algorithm. The X-ray emission of
the galaxies NGC 5128, NGC 5236, NGC 6744, NGC 1291, NGC 300, NGC 1313, NGC
4594, NGC 4945, NGC 4826 and NGC 5068 has been successfully modelled in Xspec
with a ve-component background model and a vnei source component for three values
of the ionization timescale = 10'!;10'?;10*scm 2. The results are more consistent
and better constrained for = 10'?;10%scm 2, indicating that the gas is in collisional
ionization equilibrium. 8 out of 10 galaxies exhibit a cooler, di use component at
plasma temperatures of 0:2 0:3keV, whereas NGC 1291 and NGC 4945 contain a
hotter plasma component at temperatures of 0:47 keV and 0:63 keV. For the remaining
galaxies, the spectra had to be stacked due to low photon statistics. As a result, we
acquired average spectra for the high, medium and low SFR galaxies. The spectra were
used to determine the X-ray luminosities Ly of the di use gas. Furthermore, Lx=SFR
scaling factors have been derived and compared to the literature.
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1 Introduction

Di use X-ray emission originates from hot, thermal plasma at temperatures of  1(¢°
10’ K. In star-forming galaxies, the ISM is heated via shock waves that are produced by
massive stars. The combined e ects of stellar winds and supernova explosions can lead to
the formation of giant supershells that contain hot, ionized gas with particle densities of
n < 0:01cm 3. The presence of supershells is indicative for an abundance of massive stars,
which point towards recent star-forming activity due to their short lifespan. Since stars
are responsible for the enrichment and distribution of heavy elements, understanding the
interplay of star formation with the ISM plays a key role for the understanding of galactic
evolution.
Star formation mainly takes place along the spiral arms of young galaxies, where the abun-
dance of cold, molecular gas is the highest. It eventually seizes, when all star-forming gas
is exhausted. The accretion of matter through tidal interactions with satelite galaxies can
replenishing the supply of cold gas and re-ignite star-forming activity. A merger event can
disrupt the galaxy's morphology by heating and dispersing the gas, possibly producing com-
plex and unique structures. Often, intense starbursts are initiated with SFRs reaching up to
10°M yr 1. In some galaxies, gas is heated via feedback from the active galactic nucleus
(AGN). Galactic cores often contain X-ray point sources, as the the high stellar density in
the bulge provides favorable conditions for the formation of X-ray binaries; mostly binary
systems composed of a Main Sequence star and a neutron star.
While cooling, the gas will persist in the galaxy for millions of years and produce di use
X-ray emission, predominantly in the soft B 1keV energy band. By studying the di use
X-ray emission of galaxies, we can determine the distribution and characteristics of the hot,
ionized gas, shedding light on the galaxy's star formation history and evolution.
A Catalog of Neighboring Galaxiess an all-sky catalog of 869 galaxies with distance es-
timates up to 17 Mpc, providing parameters such as the coordinates, sizes and masses.
A sample of 72 galaxies has been selected from this catalog for a study of diuse X-ray
emission, as seen with the eROSITA telescope.
With the mission to conduct the most detailed X-ray All-Sky Survey to date, eROSITA com-
pleted 4 scans of the X-ray sky (eERASS1 - eRASS4) since its launch in 2019. The telescope
is highly sensitive in the 0:2 8keV energy range, making it the perfect instrument to
capture di use X-ray emission in nearby galaxies. However, the eROSITA photon statistics
drastically worsen with increasing distance to an extended source. From the selected sam-
ple, 10 galaxies at distanced < 9:3 Mpc produced su cient X-ray emission for a spectral
analysis. By analyzing the spectra of the di use gas, we can constrain physical parameters
such as the plasma temperature and the ionization timescale. Moreover, in the X-ray images
taken with eROSITA, we can inspect the hot gas distribution within the galaxies. An RGB
X-ray image catalog has been created from the eRASS1 - eRASS4 surveys (see chapter 8),
showing emission in the high, medium and soft X-ray bands.
Emission in these energy ranges is highly contaminated by the local X-ray background.
Hot gas within the Milky Way, e.g. the circum-Galactic medium and the Galactic corona,
produce their own di use X-ray emission. The Sun expells hot plasma and charged par-
ticles into the surroundings, which interact with the ISM. Unresolved point-sources from
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the cosmic X-ray background further contribute to the spectrum. In order to analyze the
X-ray emission of nearby galaxies, these e ects need to be corrected. They can be taken
into account by implementing a realistic model for the background emission.

In addition, the soft X-ray spectrum is strongly a ected by photoelectric absorption through
baryonic particles in the ISM of our galaxy. In 2016, The HI4PI Collaboration (HI4PI, 2016)
published the HI4PI survey, which quanti es the total number of H | hydrogen atoms in
the vicinity of the Milky Way. These H | maps are used throughout the spectral analysis to
correct the spectra for Galactic absorption.

A spectral analysis has been conducted for the galaxies NGC 5128, NGC 5236, NGC 6744,
NGC 1291, NGC 300, NGC 1313, NGC 4594, NGC 4945, NGC 4826 and NGC 5068. Al-
though the remaining galaxies are too faint for a spectral analysis on their own, their counts
will be stacked in order to acquire average spectra for the high, medium and low-SFR galax-
ies.

Mineo et al., 2014, found a lineat.x ~ SFR relation for galaxies. To check whether this is

in agreement with the eROSITA data, we will determine the X-ray luminositied x of the
selected galaxies.



2 Galaxies

2.1 Formation

Galaxy formation is a hierarchical process, initiated by the collapse of gravitationally un-
stable regions in the early Universe. Shortly after the Big Bang, cosmic in ation stretched
guantum uctuations to macroscopic scales, creating over-densities in the dark matter dis-
tribution; now observable via the Cosmic Microwave Background Radiation. These over-
densities lead to the formation of dark matter minihalos, which then accumulated baryons
and collected to laments. Matter moving along those laments, e.g. clouds of gas and dark
matter, is accreted and mixed with the rest of the ISM. This accretion ow provides cold
gas, which e ectively fuels star formation and drives the growth of the galaxy. The second
accretion mode is comprised of tidal interactions and major mergers with other galaxies,
providing a source of hot gas that will eventually contribute to star formation after it has
cooled. While accretion ow drives star formation and galaxy growth at a relatively steady
rate, mergers are rare and have the potential to initiate a starburst with a considerably
higher SFR (Silk et al., 2013).

2.2 Types of Galaxies

Fig. 2.1: The Hubble - de Vaucouleurs galaxy morphology diagram. It features barred and
unbarred spirals, lenticulars, ellipticals and irregular galaxies (Ciccolella, 2011).
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Galaxies are complex systems with numerous components and a large variety of morpholo-
gies. Formation histories are shaped by past mergers and interactions, equipping galaxies
with unique features such as rings and bars, or possibly a lack of structure altogether.
Depending on the type, history and age, they can have vastly di erent sizes, masses and
chemical compositions (Kiar et al., 2017). It was therefore necessary to establish a method
of classi cation for di erent types and evolutionary stages of galaxies. This was rst done by
Hubble, 1926, who categorized "extra-galactic nebulae" into two main groups based on their
morphological characteristics: spiral galaxies with a signi cant disc component (late-type)
and elliptical galaxies with a dominant bulge component (early-type). The spiral galaxies are
further distinguished into barred and unbarred systems. Galaxies, which don't t into either
category, are considered to be irregular galaxies. This so-called "Hubble Sequence" further
arranges the galaxies into intermediate types between spiral and elliptical galaxies, which
can be interpreted as di erent evolutionary stages. The structural and intrinsic properties
of galaxies undergo signi cant evolution during their lifetime. Across cosmic timescales,
galaxies typically evolve from small but luminous, star-forming spirals to large but di use,
depleted ellipticals. The transition from a spiral to an elliptical galaxy is induced when two
spiral galaxies merge, disrupting their disc structure and generating a spherical shape. The
Hubble Sequence was later extended by Vaucouleurs, 1959, who added important features
of spiral galaxies such as half-bars, rings and lenses. The Hubble - de Vaucouleurs galaxy
morphology diagram is displayed in Figure 2.1.

In the following, the di erent types of galaxies will be explored in more detalil.

Spiral Galaxies

Spiral galaxies are made up of three main components:
a at and rotating disc, rich in stars, gas and dust,

the bulge, a spherical concentration of stars in the center,

the halo, a spherical low-density environment surrounding the disc.

Fig. 2.2: Left side: Optical image of the Whirlpool galaxy (Type SAbc; Beckwith et al.,
2005). Right side: Optical image of NGC 1672 (Type SBbc; NASA/ESA, 2007).
Both images were taken with the Hubble Space Telescope.
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The galactic disc is relatively thin (e.g. 135kpc for the Milky Way; Rix et al., 2013) and
displays an eye-catching structure of spiral arms. Galactic discs are believed to have formed
due to the conservation of angular momentum associated with collapsing gas clouds in dark
matter halos (Silk et al., 2013). The material in the disc exhibits circular orbits around
the central bulge. The spiral arms are overdensities of stars, gas and dust, as predicted by
the density wave theory, and are much brighter than the inter-arm regions. This is a result
of high star-forming activity in the spiral arms and consequently, a higher concentration of
luminous OB stars (Silva-Villa et al., 2012b, and references therein). Moreover, many spiral
galaxies exhibit a bar-like structure that connects the central bulge to the spiral arms. In
the Hubble Sequence, they are therefore divided into barred (Type SB), unbarred (Type
SA), and intermediate (Type SAB) spiral galaxies. Figure 2.2 displays an optical image of
the unbarred Whirlpool galaxy (Type SAbc, left side) and an optical image of the barred
NGC 1672 galaxy (Type SBbc, right side), both taken with the Hubble Space Telescope.
Further classi cation was established based on the angle of the spiral arms and the bright-
ness of the bulge. Young spiral galaxies (Type Sd and Sc) exhibit a small, faint bulge and
loosely wound arms. As a consequence of long-lasting evolution and accretion of matter, the
bulge becomes larger and brighter, while the arms become more tightly wound (Type Sb
and Sa). So-called Magellanic spirals (Type SAm and SBm) are spiral galaxies resembling
the Large Magellanic Cloud, a satelite galaxy of the Milky Way, with only one spiral arm.

Fig. 2.3: Composite image of Centaurus A, taken with LABOCA on APEX (submillimetre
wavelengths, in orange), the Chandra X-ray Observatory (blue) and the Wide
Field Imager on the MPG/ESO 22 m telescope (optical wavelengths, in true color).
Credit: ESO/WFI (Optical); MPIfR/IESO/APEX/A.Weiss et al. (Submillimetre);
NASA/CXC/CfA/R.Kraft et al. (X-ray; ESO-Images, 2009).

Although the stellar population in the disc contains young, blue stars, this is typically not
the case for the bulge. Chemical abundance studies of the Milky Way have shown that
halo and bulge stars are relatively old and metal-poor (e.g. Fulbright, 2000). In addition,
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many bulges are believed to host supermassive black holes, some of which are categorized
as AGNSs.

AGNs have been observed to emit large amounts of energy from radio wavelengths up to
gamma rays. This emission is not of stellar origin, and instead is produced by an ongoing
accretion of matter onto the central supermassive black hole. AGNs have been categorized
into many subclasses, with the most common one being the Seyfert 2 AGN, characterized
by strong, highly ionized emission lines. Some AGNs produce feedback, e.g. in the form of
jets, which can lead to very complex structures within the galaxy. One example of an active
galaxy with jets is Centaurus A (see Figure 2.3). It will be part of our analysis later on (in
section 6.5).

The galactic halo extends much further into space. However, it has a signi cantly lower
density than the galactic plane and is therefore very faint. It is made up of three components:

the stellar halo,
the galactic corona,

the dark matter halo.

The stellar halo contains old, metal-poor stars that have drifted away from the disc (e.g.
through tidal interactions), but are still gravitationally bound to the galaxy. Furthermore,

it is the natural habitat of globular clusters (GCs), spherical conglomerations of up to 10°
stars. A study of the X-ray emission of the Milky Way's GC population, as seen with the
eROSITA telescope, has been conducted in a previous thesis (Laktionov, 2021).

The galactic corona contains all gas that is still gravitationally bound to the galaxy, and
resembles an important component of the local X-ray background, which will be discussed
in section 6.2. The dark matter halo extends far beyond the visible components and greatly
increases the gravitational potential of the galaxy. It governs dynamical interactions and
increases the ow of accretion. Moreover, it is responsible for the at rotation curves of
galaxies.

Elliptical Galaxies

In contrast to spiral galaxies, ellipticals tend to be relatively faint and featureless. The star-
forming gas has been depleted during their lifetime and star formation has mostly seized.
Although many bright, massive stars decorated the galaxies magni cent past, the current
stellar population is old and di use. However, short periods of star formation can occur
when the galaxy's gas supply is replenished during a merger event. Elliptical galaxies have
typically undergone numerous merger events in the past, which lead to the formation of
their elliptical shape and a hierarchical growth in mass. Their high mass naturally attracts
further galaxies and often places them in the centers of galaxy clusters. In addition, they are
typically surrounded by large numbers of GCs and the stripped cores of devoured galaxies.
Although elliptical galaxies are not the dominant type of galaxies in the Universe, they are
the most massive ones. An image of Messier 87, a supergiant elliptical galaxy in the Virgo
constellation, is shown in Figure 2.4.

According to the Hubble-Sequnce, elliptical galaxies are categorized into 7 types, EO - E7,
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depending on their ellipticity (see Figure 2.1). Ellipticals of class EO are nearly circular,
whereas E7 galaxies are relatively at.

Fig. 2.4: Composite optical/infrared image of the supergiant elliptical galaxy Messier 87,
taken with the Hubble Space Telescope (NASA, 2009).

Other Galaxies

Another group of galaxies are the so-called lenticular galaxies (Type S0). They embody an
intermediate type of galaxies between spirals and ellipticals. Lenticular galaxies typically

have a large disc, but not much star forming activity, as they have exhausted most of their

star-forming gas. The galactic disc does therefore not display prominent spiral arms. Sim-
ilar to spiral galaxies, lenticular galaxies are split into groups of barred (Type SOA) and

unbarred lenticulars (Type SOB).

Galaxies, which exhibit no disk-like or ellipsoidal structure, are called irregular galaxies
(denoted Irr or Im in the Hubble-Sequence). One example for an irregular galaxy in the
Local Group is the Small Magellanic Cloud. As it only contains a few hundred million stars
and exhibits a mass of only 7 billion solar masses (Bekki et al., 2009), it is considered to be
a dwarf galaxy. Further companions of the Milky Way are small, low-luminosity galaxies
of spherical shape and old stellar population, classi ed as dwarf spheroidal galaxies (Type
dSph).

2.3 Star Formation

Galactic evolution and emission characteristics are strongly a ected by the interplay be-
tween star formation and the ISM. Star formation takes place in cold molecular gas clouds
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with masses of 16 10°M (Koda et al., 2023) and behaves di erently depending on the
galactic environment. It is believed that stellar bars and spiral arms stimulate the formation

of molecular clouds through their dynamical evolution. The induced star formation creates
feedback that a ects the growth and quenching of the galaxy. Evidence for these processes
can be seen in the molecular gas cloud distribution (Koda et al., 2023).

Further feedback is generated by stellar winds and supernova explosions, which can lead to
gas out ows and superwinds. The produced shock fronts push the gas outwards, enriching
the surrounding medium, and sometimes expanding the sites of star formation (Conselice
et al., 1999, and references therein).

In addition, spiral galaxies are often surrounded by atomic gas reservoirs that extend far
into the galactic halo (2-4 times the radius of the optical disc; Eibensteiner et al., 2023).
This gas possibly drives accretion mechanisms from the circumgalactic medium and cosmic
web and will fuel future star formation if it falls onto the disc.

In elliptical galaxies, molecular gas is far less abundant and tends to be concentrated in the
central region. However, 15% of early type galaxies show signs of recent star formation
(Yi et al., 2005).

Further processes that greatly a ect star formation and galactic evolution are tidal interac-
tions and mergers with other galaxies. The accreted matter can feed super-massive black
holes and initiate intense bursts of star formation over short time periods, so-called star-
bursts (Bellochi et al., 2020).

The SFRs of starburst galaxies can reach 10to 1000M yr ! (lanjamasimanana et al.,
2022). While for some galaxies, the starburst is well distributed across the galaxy, others
experience an intense, localized burst, e.g. in the galactic center. Such a localized burst is
likely initiated by gas accretion on to the center, the in ow of gas through the bars, or an
interaction with another galaxy. Starburst regions exhibit a high density of massive stars,
which expell large amounts of energy into the surrounding medium and greatly a ect the gas
distribution and dynamics of the host galaxy (lanjamasimanana et al., 2022, and references
therein).

Energy released by AGNs can heat and expell the gas reservoirs. According to a study of
Zinn et al., 2013, AGNs exhibit a higher SFR if they produce radio jets. Jet-driven shocks
can initiate star formation and are thought to accelerate gas cooling (Conselice et al., 1999,
and references therein).



3 X-ray Sources and Observations

3.1 X-ray Observations of Galaxies

Fig. 3.1: Image of Messier 83 in the soft:® 1keV (red), medium 1 2keV (green) and
hard 2 8keV (blue) X-ray band, taken with the Chandra Advanced CCD Imaging
Spectrometer. The bright dots represent X-ray point sources such as cataclysmic
variables and low-mass X-ray binaries. Additionally, one can see di use emission
(mainly in the soft band X-ray band), which originates from the hot gas within
the halo and galactic plane (NASA/CXC/U.Leicester/U.London/R.Soria/K.Wu,

2003).

In the 1990s, Einstein and ROSAT missions have already found that spiral galaxies emit soft
X-rays inthe 01 2:4keV band. Although they reach luminosities of upto 1% 10*ergs?

(Cui et al., 1996; Fabbiano et al., 1992; Read et al., 1997), detailed studies of their mor-
phology weren't yet possible. The lack of spatial resolution made it hard to segregate point
sources from di use gas emission, and the X-ray emission could therefore not be used in
multi-wavelength studies. These circumstances have changed in the advent of modern X-ray
observatories such as Chandra and eROSITA. The Chandra telescope has a remarkably high
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spatial resolution and allows us to view galaxies at distances up to 40 Mpc in unprece-
dented detail (Wang et al., 2016). An example Chandra RGB X-ray image in the energy
range 03 8keV is shown in Figure 3.1. It represents the nearly face-on barred spiral
galaxy Messier 83 and clearly shows large-scale di use structures in addition to bright point
sources. The point sources, which are mostly low-mass X-ray binaries and Cataclysmic
Variables (see section 3.2), often possess a harder spectrum and therefore emit more light
in the medium 1 2keV (green) and hard 2 8keV (blue) X-ray band. The di use emis-
sion, on the other hand, appears more red-ish due to its dominance in the soft X-ray band.
For galaxies with distances up to 20 Mpc, XMM-Newton observations enabled studies
of the emission origin via spectral analysis (e.g. Randall et al., 2006). The results have
shown that the two dominating components of galactic X-ray emission are X-ray binaries
and diuse hot gas. However, the X-ray emission that originates from the hot plasma in
the ISM is predominantly generated at energies below 2keV; an energy range that is
strongly contaminated by background emission. The limited sensitivity and resolution of
the instruments, combined with the strong background contamination, made studies of the
di use X-ray emission relatively challenging. Consequently, only local group or really bright
nearby galaxies were included in these studies.

The recently launched X-ray telescope eROSITA was designed for a high sensitivity in the
soft X-ray band is therefore the perfect instrument for studies of the di use X-ray emission
in galaxies. By analyzing the data from eRASS1 to eRASS4, we will be able to compare
the X-ray emission of dozens of galaxies within our local Universe. The eROSITA mission
will be explained in greater detail in chapter 4.

3.2 X-ray Point Sources

Among the brightest X-ray point sources in galaxies are X-ray binaries (XRBs). They
are binary star systems composed of a donor and a neutron star or black hole accretor.
Constellations, in which the donor star has a higher mass than the accretor (typical
10M ; Tan, 2012), are called high-mass X-ray binaries (HMXBs). Systems with less massive
donor stars on the other hand, are called low-mass X-ray binaries (LMXBS).

Low-mass X-ray Binaries

In LMXB systems, the donor is either a main sequence star, a red giant or a white dwarf.
The accretor is surrounded by an accretion disk due to mass transfer from the donor. The
infalling matter leads to a release of gravitational potential energy in the form of X-rays.
Hence, LMXBs are typically bright in X-rays, but faint in the optical. The accretion disk is
the brightest part of the system (Tauris et al., 2006). In addition, some neutron star LMXBs
have been observed to emit periodic X-ray bursts, which are typically more luminous than
their ordinary emission by a factor of 100. Such events are categorized in Type | and Type
Il X-ray bursts. They are believed to occur when the accumulated matter from the donor
star leads to bursting fusion reactions on the neutron star's surface. Type | bursts are a
consequence of thermonuclear runaway processes and gradually decline after a sharp rise in
luminosity. Type Il bursts, on the other hand, result from gravitational potential energy
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release and can occur many times in a row as a quick pulse shape. Type | bursts are far
more common. In fact, Type Il bursts have only been detected from two sources (Lewin
et al., 1993), e.g. the Rapid Burster in the GC Liller 1.

LMXBs are often found in regions associated with old stellar populations, such as the Galac-
tic center and GCs (Arnason et al., 2021). In fact, the observed spatial distribution indicates
a strong concentration of LMXBs within the central 2kpc of the Galaxy (Grimm et al.,
2002). This can be explained by the fact that some dynamical LMXB formation channels
might only exist in dense stellar regions. LMXBs can be created by exchange interactions
between neutron stars and primordial binaries, the tidal capture of a main sequence star
by a neutron star, or by direct collision of a neutron star with a red giant (Zurek et al.,
2009). The evolution of a LMXB out of a primordial binary system on the other hand, is
far less likely (Servillat et al., 2008). According to Grimm et al., 2002, 50% of LMXBs
are located in the Galactic disk, while 25% are concentrated in the Galactic buldge.

A subcategory of LMXB are the so-called Millisecond Pulsars (MSPs). They are pulsars
with short rotational periods, and about as luminous as Cataclysmic Variables (Bassa et
al.,, 2004). MSPs are believed to be neutron stars from LMXB systems, that have been
spun up due to angular momentum transfer from the companion star. Such MSPs are
typically observed in the radio band and can therefore be identi ed by their radio counterpart
(Servillat et al., 2008). In some cases, however, a portion of the MSP surface near the
magnetic poles can generate X-ray radiation due to heating by relativistic particles from
the magnetosphere. In addition, it is possible that those relativistic particles generate non-
thermal, pulsed X-ray emission (Bhattacharya et al., 2017).

Fig. 3.2: Two illustrations of LMXB systems in di erent con gurations.
Left image: A transient, eclipsing LMXB during an outburst (e.g. GRS 1747-312).
Right image: a persistent ultra-compact X-ray binary, viewed at a low inclination
angle (e.g., 2S 0918-549, Bahramian et al., 2023; Zhong et al., 2011).

High-mass X-ray Binaries

The donor component in HMXB systems is a massive star, typically an O or B star, a
supergiant or a Wolf-Rayet star. High-mass stars are very luminous in the optical band,;
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HMXB systems are therefore easier to detect than LMXBs. Furthermore, massive stars have
signi cantly higher mass-loss rates due to stellar winds. The expelled stellar wind material
can, in addition to Roche lobe over ow, be accreted by the compact object. This further
increases the mass transfer rate and leads to very energetic X-ray emission & 15keV)
when the material falls onto the surface. For reference, LMXBs typically exhibit a softer
spectrum with KT . 10keV (Tan, 2012). Similar to LMXBs, HMXBs can exhibit various
degrees of variability, e.g. X-ray pulses and X-ray bursts. X-ray pulses are produced when
the infalling material is channeled into the poles by the strong magnetic eld of the compact
object (Tauris et al., 2000).

In contrast to LMXBs, HMXBs trace the young stellar population, as massive O and B
stars have relatively short lifespans compared to low-mass stars. They contain stars of age
t. 10yrs (t & 1Qyrs for LMXBs; Tan, 2012) and are therefore mainly found in the
galactic planes of young spiral galaxies. According to Mineo et al., 2012a, the presence of
HMXBs hints towards recent star-forming activity of the host galaxy. In fact, they found
that their collective luminosity Lyvxg Scales with the SFR:L yuxs 2.6 10*° SFR.
However, the short lifespan also leads to a smaller timeframe in which they can be detected:
LMXBs experience accretion on timescales of 10 10°yrs, whereas HMXBs only accrete
for 10Pyrs (Tan, 2012).

Cataclysmic Variables

In terms of brightness, LMXBs are followed by white dwarfs that are accreting material from
low-mass companions, so-called Cataclysmic Variables (CVs). Such systems are common
within the Galactic eld, and even more abundant in dense, stellar regions such as GCs and
the centers of galaxies. They can either originate from primordial binaries or result from
close stellar encounters. A correlation between the number of faint sources and the stellar
encounter rate of GCs indicates that most CVs in GCs are formed via close stellar encounters
(Bassa et al., 2004). They can be identi ed by a blue, variable optical counterpart (Servillat

et al., 2008).

Active Binaries

Chromospherically or magnetically active binaries (ABs) are typically fainter than LMXBs
and CVs. They are categorized in 3 dierent types. The rst two are detached binary
systems of either two main sequence stars, or a main sequence star and a giant/sub-giant,
while the third type are contact binaries (Bassa et al., 2004). ABs can be identi ed by their
main-sequence-like, variable optical counterparts (Servillat et al., 2008).

3.3 Diuse X-ray Emission
Recent Chandra observations have shown that normal galaxies exhibit di use X-ray emission
with di erent types of morphologies. It is produced by thermal gas with a fairly hotkT

0:2 keV (which is equivalent to a temperature off 1P K) component (Read et al., 1997;
Strickland et al., 2004a) and can be separated into two constituents:
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X-ray emitting gas above the galactic plane, which escaped the galaxy due to the
mechanical energy output from winds generated by massive stars and supernovae (e.g.
Strickland et al., 2004b),

Coronal X-ray emitting gas which is associated with galactic fountains (e.g. Kuntz
et al., 2003).

The Interstellar Medium

This X-ray emitting gas originates from the ISM, which is assembled by three components:

Clouds of cool gas, consisting of neutral atoms and molecules. These clouds typically
have particle densitiesn exceeding 10 cm® and temperaturesT below 16 keV.

The warm inter-cloud medium, which has a slightly higher temperature of roughly
T 10*K. Due to the higher temperature, a signi cant fraction of the hydrogen
particles is now partially ionized. The particle density is slightly lower an  1cm 3
(Cox et al., 2005).

Another signi cant contribution originates from stellar material, which is expelled into

the ISM by stellar winds and supernova explosions. These processes generate energetic
shock waves, which heat and ionize the gas, creating hot plasma with temperatures
upto T 10° 10'keV. Due to the high thermal pressure, the plasma expands and
the density decreases below < 0:01cm 3.

The di use X-ray emission that we detect from galaxies is produced by the hottest of these
components, the thermal plasma in the hot phase of the ISM.

Stellar Winds

While stars are bound by self-gravity, strong radiation pressure dominates the outer layers
and produces a stream of charged patrticles, the so-called stellar wind, into the surrounding
medium. This ow of gas originates in the upper atmosphere and causes stars to loose a
signi cant fraction of their mass during their lifetime (Mitchell, 2023).

As stars are the main production sites of heavier elements, they are responsible for the
chemical enrichment of their host galaxy. Stellar winds are, alongside supernova explosions,
the two primary mechanisms to spread and enrich such elements in the neighboring envi-
ronment (Higgins et al., 2023).

The same two mechanisms are responsible for the production and distribution of hot thermal
plasma, which we detect as soft X-rays. While the stellar winds of low-mass stars like the
Sun are relatively slow (400 760kms?®, Johnstone et al., 2015), massive O and B stars
produce winds with very high velocities, up tov. 2000 kms? (Castor et al., 1975). Such
high-energy winds produce strong shock waves and create stellar wind bubbles composed of
hot, ionized plasma.
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Supernova Explosions

Supernova (SN) explosions can be separated into two categories: core-collapse SNe and type
la SNe.

Core-collapse SNe occur, when a massive st & 8 M ) has reached the end of its life-
time. As the supply of nuclear fusion material, such as H, He, C, N and O, is depleted,
nuclear burning in the core seizes. Due to the lack of thermal pressure, self-gravity causes
the iron core to contract, forming a degenerate neutron star. Infalling matter from the
stellar envelope is re ected at the core's surface and creates an outward moving shock front.
As protons and electrons recombine in the core, the emitted neutrinos fuel the shock front
with enormous amounts of energy, generating an eruptive explosion. The outer stellar layers
are expelled into the surrounding medium, while depending on the mass, a neutron star or
black hole is left behind.

Type la SNe on the other hand only occur in binary or multiple star systems. When a
low-mass star M < 8 M ) reaches the end of its lifetime, the envelope is expelled into the
environment via stellar winds. When the remaining core, a so-called white dwarf (WD),
is located in a close binary system, it will start to accrete matter from its stellar compan-
ion. If the mass transfer rate is su ciently high, chances are that the white dwarf will, at
some point, surpass the Chandrasekhar mass limitbf 1:4M . Consequently, explosive
C-burning is ignited, leading to runaway thermonuclear explosion which destroys the WD.
Type la SNe can also occur if the Chandrasekhar limit is surpassed by two merging WDs
(Mitchell, 2023).

SN explosions eject a huge amount of stellar material into the environment. As the shock
waves propagate into the surroundings, they interact with the ISM and stellar wind, pro-
ducing hot thermal plasma and accelerating non-thermal particles. The structure that is
created around the explosion site is called a supernova remnant (SNR).

Superbubbles and Galactic Fountains

In spiral galaxies with many young stars, the large amount of stellar winds and SN explosions
creates so-called superbubbles. The hot, ionized gas within these superbubbles expands to
densities ofn < 0:01cm 2 and reaches temperatures of  10°keV (e.g. Wang et al.,
1991). These hot superbubbles can be interpreted as a an additional component to the ISM,
observable as di use X-ray emission, which will remain in the galaxy for millions of years,
as the cooling mechanisms of thin hot plasma are very ine cient.

If the SFR of a galaxy is su ciently high, large-scale energetic out ows, so-called superwinds,
can occur (Heckman et al., 1990). They can transport large amounts of gas and newly
synthesized elements, possibly breaking out of the galactic plane, heating and enriching the
intergalactic medium (IGM). These superwinds are of particular interest for cosmology, as
the transport of hot gas is key for the understanding of the metallicity evolution of galaxies
(e.g. Edmunds, 1990). They might be the origin of the X-ray emission that is found well
above the galactic plane of edge-on starburst galaxies (e.g., Martin et al., 2002).

If this gas is not able to escape from the disk into the halo region, however, it will fall back
onto the disk, forming a galactic fountain. During the outgoing phase, the X-ray emitting
gas is still hot. However, such out ows cool quickly due to adiabatic expansion, and turn
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into anomalous high velocity H | clouds during the infalling phase (Avillez et al., 2000).
Such galactic fountains and out ows can also be observed in X-rays.

3.4 Ny map

As explained in the previous section, the ISM consists of multiple gaseous components with
varying particle densities. Most of this gas is made up of hydrogen and helium, as they
are by far the most abundant elements in the Universe. The bulk of helium nuclei was
produced during the primordial nucleosynthesis, while heavier elements are synthesized in
stars. According to Croswell, 1996, hydrogen makes up 74% of the mass in the Milky Way,
while helium accounts for 24% and heavier elements for only 2%.

These baryonic particles, which are distributed within the ISM of our galaxy, interact with
X-rays via photoelectric absorption. Wilms et al., 2000, determined the absorption cross
section to be strongly correlated with energy E 3, which implies that the absorption
particularly a ects the soft X-ray spectrum. Qualitative knowledge of the baryonic particle
column density in the line of sight of our observations is therefore critical to account for the
modi cation of the spectrum. Due to its dominant prevalence in our galaxy, and since it
can be conveniently measured via H | 21 cm line emission, the neutral hydrogen abundance
is used as an approximation for the total number of interstellar gas particles.

In 2016, The HI4PI Collaboration (HI4PI, 2016) published the HI4PI survey, which quan-

ti es the total number of H | hydrogen atoms in the vicinity of the Milky Way. It uses the
data of the E elsberg-Bonn HI Survey (Winkel et al., 2016), as well as the third revision
of the Galactic All-Sky Survey (Kalberla et al., 2015) and accounts for all H | atoms in
the velocity range 600kms?! < v sg < 600kms?!. NASA's HEASARC ny tool makes
use of the HI4PI survey to calculate the hydrogen column densityy in the direction of
speci ed coordinates within a given cone radius. However, as the HI4PI survey does not
include molecular hydrogen, these results only pose a lower limit to the number of hydrogen
particles interacting with the X-ray emission (Sasaki et al., 2022).
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eROSITA is a relatively new X-ray telescope developed by the Max Planck Institute for
extraterrestrial Physics (MPE). On July 13, 2019, it has been launched from the Baikonour
cosmodrome as a part of the Russian-German Spectrum-Roentgen-Gamma (SRG) mission,
and is now operating in a stable orbit around the L2 Lagrange point. The telescope consists
of seven telescope modules (TMs), which are arranged in a hexagonal shape and are each
equipped with a CCD detector. However, in contrast to the other modules, TMs 5 and

7 were not equipped with an aluminium on-chip optical light Iter. As a consequence of
that, these modules are contaminated by optical light from a small fraction of sunlight that
reaches the CCD. An image of the eROSITA telescope is displayed in Figure 4.1 (Predehl
et al., 2020).

Fig. 4.1: The eROSITA X-ray telescope (Friedrich, 2019).

The concept of the eROSITA instrument is an advancement of previously developed devices
by the MPE, e.g. the X-ray telescope for the ROSAT X-ray satelite mission. The rst
complete all-sky survey with an imaging X-ray telescope was carried out by ROSAT in the
energy band 01 2:4keV. By completing 8 complete scans of the celestial sphere, the
eROSITA mission aims to increase the sensitivity of the ROSAT All-Sky Survey by a factor
of 25 and to provide the rst imaging survey in the hard 23 8keV band. Each of these
eRASS scans will last 6 months.
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eROSITA is highly sensitive in an energy range between 0.2 and 8 keV and covers a remark-
ably large eld of view (FOV) with a diameter of 1 degree (Predehl et al., 2020). This makes
eROSITA the perfect instrument to conduct an all-sky survey of the X-ray sky, allowing us

to study the spectral properties and the distribution of extended X-ray sources (Sasaki et al.,
2022). The goal of the eROSITA mission was to complete the All-Sky Survey by the end
of 2023. As of September 2023, eROSITA has completed 5 all-sky scans, and is currently
in safe mode, not collecting further data. Beforehand, eROSITA carried out performance
veri cation observations during its journey to the Lagrange point L2 in order to test and
calibrate the instruments (Predehl et al., 2020). A view of our Universe, as observed by
eROSITA during eRASS1, is shown in Figure 4.2.

Fig. 4.2: The Universe, as seen with the eROSITA X-ray telescope in the80 2:3 keV energy
range (Sanders et al., 2020).

Alongside eROSITA, which is the primary X-ray telescope, the SRG observatory also carries
the ART-XC (Astronomical Roentgen Telescope X-ray Concentrator). The ART-XC is an
X-ray mirror telescope and complements the sensitivity of eROSITA at higher energies. It
was developed under the lead of the Russian Space Research Institute IKI. Both instruments
are attached to theNavigator spacecraft platform. Since the eROSITA mission was devel-
oped under german-russian collaboration, it has been agreed to divide the observational
data between the two nations. The southern hemisphere has been assigned for studies by
the German side, and the nothern hemisphere for studies by the Russian side. A sky map,
illustrating the separation between the German and Russian eROSITA sky, is displayed in
Figure 4.3.

The primary goal of the eROSITA mission is to detect large samples of galaxy clusters up

to redshiftsz > 1. Such detections will greatly increase our understanding of the large-scale
structure of the universe and provide crucial new data for the testing of cosmological models.
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