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Abstract

The nature of dark matter has been one of the fundamental unsolved questions of physics
and astrophysics since its discovery in the mid-20th century. Among a great variety of
theories, one popular microscopic dark matter candidate today is the proposed sterile
neutrino, a heavy neutrino addition to the Standard Model of Physics, that interacts only
gravitationally. Sterile neutrinos could be detectable through a decay into photons at
X-ray or higher energies. Further discussion on this was sparked by the detection of an
unidenti ed emission line at  3:5keV by Bulbul et al. (2014), that was associated with
sterile neutrino decay and also seen in other surveys. While non-detections of this line have
rendered its status as a possible dark matter decay feature uncertain in the years since,
the possibility of sterile neutrino decay lines at X-ray energies remains an interesting and
much discussed path for potential indirect dark matter detections.

In the present work a search for dark matter decay lines was conducted in eROSITA X-ray
data. Three regions in a semicircle of 30 west of the Galactic center were analyzed. All
point sources in the regions were excluded and spectra were extracted for eRASS1 to 4.
The di use X-ray background was then modeled using a modi ed version of the spectral
model by Ponti et al. (2022). The residuals of the spectral ts were then scanned for line
features. In all regions and eRASS 56 line features with a detection signi cance of > 3
could be identi ed. All of these lines are, however, in range to be associated with known
atomic lines. It was also shown that a contribution from charge exchange might be possible
for all detected lines.

The present survey thus found no unidenti ed emission lines that could be associated
with sterile neutrino decay. Closer studies of the detected lines in future surveys might,
however, lead to more detailed conclusions on their origins. Especially the improved energy
calibration announced for the 030 data processing version might further re ne the present
results.
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1. Introduction

Astronomy and astrophysics have always been disciplines characterized by their massive
impact on the human self-perception, in regards to questions of religion as well as to our
place and its importance - or non-importance - within the universe. While the Coperni-
can revolution fundamentally changed the human perspective in regards to our place in
the Solar System, most new scienti ¢ insights today do not have similar impacts on the
general public, even while actively changing the scienti ¢ perspective on extremely large
scales, such as the discovery of gravitational waves or quantum mechanics.

The process of reevaluating our fundamental scienti c knowledge and our perspective on
the universe meanwhile remains ongoing and is part of science and scienti ¢ discovery.
Often the path to new science can additionally only be cleared through technological ad-
vances. New technologies can enable measurements of e ects that have already been pro-
posed on the basis of theory, such as stellar parallaxes or gravitational waves, or lead to
completely new ideas. In this vein the entire discipline of X-ray astronomy, astronomy
studying light at X-ray wavelengths, for instance, remained out of reach until the 1960s
when it became possible to take measurements using rockets, and later, satellites above
Earth's atmosphere, which blocks out all X-ray light (Seward and Charles, 2010).

The well-known fundamental basis for many walks of physics and astrophysics today is the
Standard Model of Physics, which contains both the basic fundamental particles of matter
and the four fundamental forces governing their interactions. However, while the Standard
Model seems to comprehensively describe the fundamentals of physics, it is nowadays also
known that there are a certain aspects not yet covered and described by it, leaving fun-
damental questions in our view of physics, astrophysics, and the universe that remain the
object of active research towards their resolution (Demtr@der, 2017; Boyarsky et al., 2019).

The rst, and, within this work, foremost, question is the question of dark matter. While

its presence and existence in our universe has been proven, its nature remains virtually
unknown and is not explained by the Standard Model (Boyarsky et al., 2019).

The second question is that of neutrino oscillations. It is well known and documented that
neutrinos can shift between di erent sets of eigenstates and change their masses in the
process. The cause of this process is, however, unknown (Boyarsky et al., 2019).

The third question is the question of the baryon asymmetry in the universe. It is believed
that during a period of annihilation of matter and antimatter this baryon asymmetry was
the reason for the presence of matter in the universe today. Its origin, however, is also
unknown (see references in Boyarsky et al., 2019).
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The fourth and, at this point, nal question is that of the hot big bang, which is thought

to have been the origin of our universe and which set the initial conditions for the later
development of structures and the universe as we know it. How this process worked, how-
ever, remains unknown as well (Boyarsky et al., 2019).

While all of these open questions are of great importance and represent fundamental as-
pects of physics and astrophysics, the present work will focus on only the rst of them:
the question of dark matter.

Di erent approaches and models of what dark matter could consist of exist. One popular
idea in this regard is the proposal of additional heavy neutrinos that could play the role of
dark matter particles. The direct detection of such a neutrino would, however, be exceed-
ingly di cult. This, fortunately, is where the aforementioned X-ray astronomy can help:
according to theoretical frameworks sterile neutrinos should be detectable via monochro-
matic X-ray emission caused by their decay (see references in Boyarsky et al., 2019).

The search for such line features in eROSITA X-ray data is the purpose of this work.
First an overview over the background of the associated research areas and topics will be
given. Then the eROSITA telescope and mission will be introduced. Afterwards the steps
of the data analysis, the line detection, and its results will be described and discussed
thoroughly. Then, nally, a summary of the present work and an outlook toward possible
future scienti c e orts will be given.
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In this rst chapter the astrophysical background and research background of the research
guestion will be introduced as a basis for the following data analysis. In this context the
guestion of dark matter and its potential detection via X-ray decay lines as well as the
composition of the di use X-ray background will be discussed.

2.1. Dark matter

Dark matter is, as previously mentioned, one of the large scale phenomena that point to
the existence of physics beyond the Standard Model. In this section a short overview over
the subject matter and di erent theoretical models will be given. The main focus hereby,
however, lies on sterile neutrinos as dark matter candidates as a popular approach and also
as an approach in which the detection of decay products could potentially be possible at
X-ray energies.

2.1.1. Discovery and overview

The question of dark matter made its debut in the early to mid-20th century as the answer
to many di erent physical and astronomical inconsistencies. While the rst to propose the
existence of dark matter was Zwicky (1933), who suggested the existence of a dark matter
halo to explain the observed velocity distribution in the Coma galaxy cluster, it became
clear over time that dark matter was a factor in many phenomena, such as the behavior of
the rotation curve of the Andromeda galaxy and the movement of the Milky Way and the
Andromeda galaxy toward one another (see references in Frenk and White, 2012).

Throughout the 1970s the question of dark matter became intrinsically linked with the
evolution of the universe and the fundamental formation of structures. These ideas were
further re ned in the course of the 1980s. The addition of dark matter allowed for a far
earlier formation of structures during a period where regular matter would not be able to
form structures, as photons had not decoupled from the primordial plasma yet. A period
of cosmic in ation could produce small density perturbations that would act as the \seeds"
of structure formation. It was also rst proposed that the nature of dark matter could be
non-baryonic. While Standard Model neutrinos were being discussed as possible dark mat-
ter candidates, it became clear that other, heavier particles could also be viable candidates
for microscopic dark matter (see references in Frenk and White, 2012 and Boyarsky et al.,
2019).
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Di erent classi cations for models emerged according to the proposed particle mass and en-
ergy: Hot dark matter (HDM), warm dark matter (WDM), and cold dark matter (CDM).

The convention in di erentiating these categories is the following: HDM is produced rela-
tivistic and stays so during the time of structure formation. WDM, on the other hand, is
produced relativistic but is not so anymore during structure formation. CDM, however, is
always non-relativistic (Boyarsky et al., 2019).

Standard Model neutrinos constitute a possible candidate of HDM, while CDM could be
composed of axions or supersymmetric particles. Possible candidates for WDM, mean-
while, could be sterile neutrinos (see references in Frenk and White, 2012).

The subsequent formation of structures in the universe is expected to produce radically
di erent results depending on the category of the model in question. While HDM models
can only directly form large structures, such as galaxy clusters, that would then need to
fragment down into smaller structures, CDM can produce small objects, that can grow and
cluster together over time to form large scale structures. WDM, meanwhile, falls into the
middle of these two extremes. While it can directly form smaller structures than HDM,
structures far below the size of galaxies remain an impossibility. Comparing simulations
of structure formation to the, in the 1980s newly available, Center for Astrophysics (CfA)
observational data of the actual large scale structures in our universe (Davis et al., 1982),
similar to those that are shown in the SDSS map in Figure 2.1, where the large scale
\cosmic web" can be seen very clearly, led to (at rst most, later all) HDM models being
disproved as unphysical, as their predicted behavior does not re ect the actual structure
of the universe (see references in Frenk and White, 2012).

These ndings lead to Standard Model neutrinos being excluded from the list of possible
candidates for dark matter. However, there is yet another criterion proposed dark matter
particles have to ful ll: the Tremaine-Gunn bound. This lower bound for the mass of dark
matter particles arises as a result of phase space considerations, as the density of the dark
matter can not exceed that of degenerate Fermi gas. This limits the mass of dark matter
particles to above a few hundred eV - which is far too high for Standard Model neutrinos to
be able to constitute all of dark matter, further disqualifying them as possible candidates
(Tremaine and Gunn, 1979; see references in Boyarsky et al., 2019).

As this leaves no viable Standard Model dark matter candidate, it is consequently generally
assumed today that the nature of dark matter lies outside the Standard Model. Many
di erent theoretical approaches to this question exist - none of which could consequently
be proven so far. What is well known, however, is the density of dark matter in the
universe, as it has been measured by Planck Collaboration et al. (2020):

omh?=0:120 0:001

A number of theories on microscopic dark matter exist, many of which are focused on CDM
models, that are well-embedded in the theoretical cold dark matter ( CDM) framework,
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Figure 2.1.: SDSS map of the universe showing the cosmic web structure, each dot corre-
sponds to a galaxy (Image Credit: M. Blanton and SDSS, taken from SDSS and Blanton
(2014))

which describes a universe with CDM that expands driven by a cosmological constant
(Flie bach, 2016; see references in Frenk and White, 2012).

One compelling candidate for the role of dark matter are weakly interacting massive par-
ticles (WIMPs). WIMPS have high masses from GeV to TeV ranges, they satisfy the
Tremaine-Gunn bound, and their theoretical density is in accordance with the density of
dark matter. What makes the idea of WIMPs especially popular is also the fact that their
existence could solve the gauge hierarchy problem, another unsolved question of physics.
However, WIMPs could so far not be detected in either colliders or dark matter searches,
leaving the question of their existence unanswered (see references in Boyarsky et al., 2019).

Another popular candidate for dark matter is the one this work is going to focus on: sterile
neutrino dark matter.
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2.1.2. Sterile neutrinos as dark matter candidates

This section will discuss the general theoretical basis of sterile neutrinos before focusing on
a speci ¢ theoretical framework for their implementation, the Neutrino Minimal Standard
Model ( MSM), and its implications for sterile neutrino dark matter and possible detection
channels.

General theoretical approaches

Theories of sterile neutrino dark matter propose additional neutrino avors to the ones
known from the Standard Model to ful Il the role of dark matter. This is a natural ansatz
for an expansion the Standard Model, as it ts in seamlessly with the known mass oscil-
lations of Standard Model neutrinos and could even explain the so-called \mass puzzle”,
i.e. the extremely low mass of neutrinos as compared to other fermions (Boyarsky et al.,
2019; Povh et al., 2014).

To explain the extremely low mass of neutrinos, a pure Dirac framework requires their
Yukawa coupling to the Higgs eld to be extremely small - in the eyes of many researchers,
unnaturally so. This fact suggests that this mechanism might be more complicated than
rst expected.

By proposing that neutrinos are Majorana particles, the picture changes. Under this
assumption a neutrino would be its own antiparticle, i.e. ~—. This adds a new mass
term to its Lagrangian, containing its Majorana massv (Thomson, 2013):

1 — _
L = EmDLR"‘mD’%E"'Ml%R"'hC:
Sl oome b (2.1.1)
2 R mD M .C.

In this equation mp refers to the Dirac mass, -r to left/righthanded neutrinos, °to a
CP-conjugated state andh:c: to the hermitian conjugate of the beforehand term (Thom-
son, 2013).

By nding the eigenvalues of this mass matrix, two distinct possible mass states can be
obtained for each neutrino. Under the assumption tha Mp, this results in (Thomson,
2013):

m2
jm j VD; my M (2.1.2)

Here m refers to a light neutrino mass state, representing the known extremely light

neutrino masses, whilemy refers to a proposed, considerably heavier, heavy mass state
(Thomson, 2013).

This approach is known as the seesaw mechanism and could solve the \mass puzzle".
While the order of magnitude of the Dirac mass couplings could match those of the other
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fermions, the mass of the light neutrino state would still be suppressed by the Majorana
mass term. The \seesaw" in this case refers to the fact that the mass of the light neutrino
mass state decreases when the mass of the heavy neutrino mass state and the Majorana
mass increases - a logical seesaw (Thomson, 2013; see references in Boyarsky et al., 2019).

The heavy mass state would now provide us with a heavy neutrino that does not interact
electromagnetically or weakly, as its state is almost entirely righthanded, with possible
masses above the Tremaine-Gunn bound - a sterile neutrino and a potential viable dark
matter candidate. An additional heavy sterile mass state would exist for each known mas-
sive light neutrino state (Thomson, 2013).

This cursory theoretical description of what is known as a type | seesaw can, of course,
not thoroughly re ect the great variety of theoretical possibilities for sterile neutrinos. In
alternate approaches, known as type Il or Ill seesaws, the heavy neutrino masses can be
generated through di erent mechanisms, such as an additional Higgs eld. Many more
factors exist in adding sterile neutrinos to the Standard Model that can be ne-tuned,
such as the addition of a protecting symmetry that could cause cancellations in the mass
matrix. Fine-tuning of these factors lead to a group of models known as low scale seesaws,
that do not require an extreme mass scale wheid surpasses the electroweak scale of
100 GeV (Thomson, 2013) - a property that would make their generation very di cult (see
references in Boyarsky et al., 2019).

While it is di cult to choose from such a great variety of theoretical models, there is one
model that is of particular interest, which will be investigated more closely in the following
to determine possible properties and detection channels for sterile neutrino dark matter.

The MSM and characteristics of MSM sterile neutrino dark matter

One of the models in the framework of the low-scale seesaw is of particular interest for ster-
ile neutrino dark matter considerations: the Neutrino Minimal Standard Model (MSM).

It is a version of a low-scale seesaw model that was developed by Asaka et al. (2005) and
Asaka et al. (2007). It follows the approach of adding as few new parameters to the Stan-
dard Model as possible while also solving as many open questions of physics as possible
(see references in Boyarsky et al., 2019).

In the MSM three right-handed sterile neutrinos with masses below the electroweak scale,
i.e. 100GeV (Thomson, 2013), that govern avor oscillations, are added to the Standard
Model. Two of the neutrinos have large masses of MeV up to the electroweak scale, while
the third has a keV mass and is a suitable dark matter candidate. The production of these
neutrinos is highly model dependent, while they would be unstable, their lifetime could be
larger than the age of the universe. The model can also explain the baryon asymmetry of
the universe. One of its key characteristics is the fact that the sterile neutrinos were never
in thermal equilibrium during the early age of the universe due to their weak interaction
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strength with other particles (see references in Boyarsky et al., 2019 and Boyarsky et al.,
2009).

Following the MSM, characteristics and properties of sterile neutrino dark matter can
be found and possible detection channels can be investigated (see references in Boyarsky
et al., 2019).

Sterile neutrino dark matter particles are neutral, massive, and long-lived. Requiring their
lifetime to be gr;eater than the age of the universe of:4 10's puts an upper bound on

the sum 2 = j j? of their mixing angles with active mass states (see references in
=e;;
Boyarsky et al., 2019):
10keV °
< 33 10° Me 2.1.3)

The number density of sterile neutrinos would need to be a lot smaller than that of Stan-
dard Model neutrinos to reach the same total mass, thus lower mass limits of the order of
magnitude of 100 eV to satisfy the Tremaine-Gunn bound can be found from observations
of dwarf spheroidal galaxies (see references in Boyarsky et al., 2019).

The main decay channel for a MSM sterile neutrino N with M 2mg is N ! - .
Its decay width is given by (see references in Boyarsky et al., 2019):

_ GEMS 1 Mo,
AT IE 15 104s 10keV (2.1.4)
A second decay channel of a radiative decay ! + exists, which is suppressed by

128 compared to the aforementioned decay into three neutrinos. Its decay width is given
by (see references in Boyarsky et al., 2019):

_9G2Z, Mo °
M5 55 10 22 2 1
~ 256 4 1 keV

(2.1.5)

A Feynman diagram illustrating this decay can be seen in Figure 2.2; the photon in this
diagram could alternately also couple to theV boson. This radiative decay produces
a photon with E = %M . Large enough numbers of dark matter decays could thus pro-
duce monochromatic signals, that could be detected in the background of astrophysical
emission at relevant wavelengths, providing a possible channel for detecting dark matter
decay signatures. While other detection strategies for sterile neutrino dark matter exist
(e.g. Lyman- forest, weak lensing), the focus of this work will lie on the detection via
decay lines (see references in Boyarsky et al., 2019)

Considering the lower mass limit of the order of magnitude of 100 eV, decay features with
E = %M could be seen from hundreds of eV upwards, making the X-ray keV-range a range
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Figure 2.2.: Feynman diagram of a potential sterile neutrino decay (taken from Boyarsky
et al. (2019))

of interest for the possibility of detecting sterile neutrino dark matter, which has been an
object of great scienti c interest in the past decade (see references in Boyarsky et al., 2019).

2.2. Discoveries of decay line features associated with
sterile neutrino dark matter

The question of the possible detection of sterile neutrino decays in X-rays was elicited by the
discovery of an unidenti ed emission line around energies obXeV by Bulbul et al. (2014).

Bulbul et al. (2014) found emission lines at energies of:6% 3:57) 0:03keV in stacked

spectra of XMM-Newton data of 73 galaxy clusters with signi cances 3 . The occur-

rence of the line was also con rmed in Chandra data of the Perseus Cluster.

A spectrum of their detection can be seen in Figure 2.3. The peak in the residuals at
3:5keV clearly shows the location of the detected line.

Bulbul et al. (2014) exclude an explanation of the line as atomic by meticulously modeling
all lines present in the vicinity of the energy range. They further argue that e ects, such
as small variations in the e ective detector area, can also be ruled out due to the stacking
of the cluster spectra. The strongly diverging redshifts of the clusters lead to the line
being e ectively \smeared out" over an energy range of up to:2 keV during the detection.
They conclude that a sterile neutrino origin of the line inM = 7:1keV neutrino decays is
possible and derive a mixing angle of si(2 ) 7 10 %

They also stress, however, that systematic errors still play a role in these results and that
their results should not be overstated (Bulbul et al., 2014).

The detection was shortly after followed by Boyarsky et al. (2014), who found a line at
352 0:02keV in XMM-Newton data of the Andromeda galaxy and the Perseus Cluster
with signi cances of 24 up to 4:4 for the combined sample.
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Figure 2.3.: Initial detection of the 35keV line by Bulbul et al. (2014) (taken from Bulbul
et al. (2014))

In the years since, many di erent teams have observed a large variety of di erent objects

in an attempt to verify or refute these detections. These studies generally focus on either
large scale objects, such as galaxies and galaxy clusters, or the large scale emission from
within the Milky Way. This is due to the fact that galaxies, including the Milky Way, and
galaxy clusters are expected to possess large scale dark matter halos. Their high concen-
tration of dark matter makes them ideal observational targets for possible detections (see
references in Boyarsky et al., 2019; Frenk and White, 2012)

Lines in the vicinity of 3:5keV could be recovered in data of di erent objects through the
work of many groups with a variety of instruments, for instance by Boyarsky et al. (2015),
Franse et al. (2016), Urban et al. (2015), and Hofmann and Wegg (2019) (see references in
Boyarsky et al., 2019 and Sicilian et al., 2020).

However, many groups also reported non-detections, e.g. Aharonian et al. (2017), Maly-
shev et al. (2014), Foster et al. (2021), and Dessert et al. (2023) (see references in Boyarsky
et al., 2019 and Sicilian et al., 2020).

These discrepancies in the science results raise questions about the true origin of t&&V
line with a number of scientists considering its dark matter origins disproved through its
non-detections. Di erent explanations for the line have been proposed in the years since,
some with di erent likelihoods (see references in Boyarsky et al., 2019).

10
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A purely statistical uctuation is considered very unlikely, considering the number of sur-
veys that found a line at  3:5keV and the high likelihoods of their detections. The highest
among these is an 11 likelihood for a line at 351 0:01 keV found by Neronov et al.
(2016) with NuSTAR data. This detection is, however, in question, as the line energy lies
close to the lower energy limit of NUSTAR and could be an instrumental feature. Neronov
et al. (2016) themselves considered it connected to the instrumental background (see ref-
erences in Boyarsky et al., 2019 and Sicilian et al., 2020).

Instrumental explanations for the 35keV line have been proposed. The line has, however,
been observed by a great number of di erent instruments at this point in time, which rules
out many instrumental components as the line origin, such as the materials used to coat the
mirrors of the telescope. It was theorized that the line might be an unknown instrumental
feature of CCDs. The line has since, however, been observed with NUSTAR that, instead
of CCD cameras, uses a CZT detector. As mentioned, however, the NUSTAR detections
are of an uncertain nature. Additionally the 35keV line has been shown to scale with the
redshift of the observed object (e.g. in Bulbul et al. (2014)), which further speaks against
an instrumental origin of the line (see references in Boyarsky et al., 2019 and Sicilian et al.,
2020).

This leaves astrophysical mechanisms as possible non-dark matter explanations for the
origin of the 35keV line, such as (both unknown and known) atomic transitions. Several
candidates exist that might explain the observed energy, e.g. Potassium XVIII. Gu et al.
(2015) proposed that a possible origin of the:3keV line might be charge exchange (CX)
between neutral hydrogen and bare sulphur ions, a process in which ions pick up electrons
from cold gas, that can occur in areas where hot and cold gas collide and generate addi-
tional X-ray emission. Shah et al. (2016) provided experimental evidence for CX emission
at 3:47 0:06 keV that could explain the observed line features, which is a leading theory
in non-dark matter explanations for the feature (see references in Boyarsky et al., 2019 and
Sicilian et al., 2020).

As of now it must be concluded that the status of the 5 keV line remains uncertain and
its origin uncon rmed. More data is needed to shed light onto its nature.

While most of the discussion around dark matter decay lines has been centered around
the 3:5keV line, other potential line candidates have been observed ab2, 87, 34, and
101 keV. These candidates do, however, appear to have been found in singular detections
only and have thus not been met with the same excitement in the scientic community
as the search for the B keV line (see references in Adhikari et al., 2017; Loewenstein and
Kusenko, 2010).

In the years since the initial detection by Bulbul et al. (2014) a great number of surveys has

been carried out to nd traces of - or upper limits for - keV sterile neutrino dark matter.
Figure 2.4 shows an overview over the constraints on sterile neutrino dark matter obtained

11
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Figure 2.4.. Overview over sterile neutrino dark matter constraints obtained in previous
surveys until 2022, \This Work" refers to Sicilian et al. (2022) (taken from Sicilian et al.
(2022), details on the results used for this schematic can be found in that work)

until 2022. It can be seen that the available parameter space above the lower limit set
by the Big Bang Nucleosynthesis (BBN) has almost entirely been ruled out by di erent
surveys. This is, however, not yet a de nite result. The parameter space labeled \MW
Sat." (red in Figure 2.4) is based on parameter dependent formalisms. Meanwhile, the
placement of the BBN limit is also motivated by a theoretical sterile neutrino production
mechanism and, as other models might nd di erent lower limits, possible parameter space
for sterile neutrino dark matter might still exist (see Sicilian et al., 2022 and references
therein).

To further constrain limits on sterile neutrino dark matter and shed light on observed
decay lines further studies are needed. In this light eROSITA opens up new possibilities
in observing not only a great number of objects but also objects and background emission
on a large scale. This survey will in that context hope to aid in the gain of scientic
knowledge.

12
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2.3. The Galactic X-ray background

To conduct a proper survey on possible sterile neutrino dark matter decay lines in the
eROSITA X-ray background, the components of the X-ray background rst have to be
modeled as precisely as possible. Thus an overview over all components contributing to
the X-ray background is necessary. The focus hereby will lie on the factors in uencing
eROSITA data, as these are relevant for the following analysis of eROSITA data.

When examining the background present in X-ray data a di erence must be made between
the astrophysical background, that consists of photons produced by actual astrophysical
processes in the eld of view (FOV) outside of the telescope, and the particle/instrumental
portion of the background.

2.3.1. Astrophysical background

The existence of an astrophysical X-ray background outside the Solar System was discov-
ered by Giacconi et al. (1962) and has since been studied in great detail. It can be broken
down into di erent components that are predominant at di erent energies (see references
in Ponti et al., 2022).

The most powerful component of the astrophysical X-ray background over a majority of
the X-ray energy range is the cosmic X-ray background (CXB). It is uniform over the entire
sky and takes the shape of a powerlaw with photon index4b inthe 2 10keV energy
range. For higher energies this shape becomes steeper. ABOkeV it forms a peak. It

is generally assumed that the astrophysical X-ray background above 0:5keV consists

of point sources, such as active galactic nuclei (AGN) and galaxy clusters, as it has been
shown that more than 80% and more than 92% of the entire astrophysical background
inthe 0:5 2 and 2 7keV energy bands respectively can be resolved into point sources
(see references in Ponti et al., 2022).

While the X-ray background is homogeneous over the entire sky at higher energies, ROSAT
observations in the 1990s showed that this is not the case for softer energies, where ad-
ditional components are present that provide additional, spatially inhomogeneously dis-
tributed contributions to the emission. It was discovered that components exist on local
as well as Galactic scales (see references in Ponti et al., 2022).

At energies below 0:2keV emission by the local hot bubble (LHB) dominates the X-ray
background. This structure is a warm/hot bubble with a radius of 200 pc surrounding
the sun. The LHB is thought to originate from supernova explosions following a period of
massive star formation 14 Myr ago. The explosions energized the surrounding interstellar
medium (ISM), causing an overpressurized environment that started expanding. Liu et al.
(2017) mapped out the characteristics of the LHB using ROSAT data. They found its
temperature to be uniformly distributed aroundkT = 0:097 keV 0:013keV (Liu et al.,
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2017; see references in Ponti et al., 2022 and Sasaki et al., 2022).

Another component in uencing the X-ray spectrum at low energies below 0:2keV is
the emission caused by Solar wind charge exchange (SWCX), where neutral ISM owing
through the heliosphere interacts with ionised Solar wind particles. This is known as he-
liospheric emission. The additional magnetospheric or geocoronal emission describes the
Solar wind's interactions with the Earth's atmosphere. The SWCX component is highly
variable and depends on the Solar cycle as well as the direction of view with respect to the
location of the sun. Finding a comprehensive model to predict the magnitude of this phe-
nomenon has proven very di cult, as the described system is very complex and depends
strongly on many factors. Models for its contribution to X-ray spectra, however, exist;
details on the modeling of the SWCX component in the present analysis can be found in
Section 4.3.1. The strength of the SWCX component was found to decrease with higher
ecliptic latitudes/heliolatitudes with the density of the Solar wind (Yeung et al., 2023; see
references in Kuntz, 2019 and Ponti et al., 2022 ).

Between 0:2 0:6keV Galactic scale emission dominates the X-ray background. It has
been interpreted to represent and contain several di erent components, such as a Galactic
corona caused by a thickened disk, or a Galactic halo.

The Galactic scale emission in the eROSITA background was found to split up into two
model components with di erent temperatures by Ponti et al. (2022). This results in
two e ective Galactic components, a higher temperature component witlkT 04

0:7 keV associated with hot interstellar medium and denoted hot corona (Cor) and a lower
temperature component with a temperature of aboukT 0:15 0:25keV, which is
denoted as circumgalactic medium (CGM) and contains all remaining contributions to
Galactic emission from within the corona, halo, and other possible components.

In practice these labels do not and can not yet fully encompass and re ect the sources
of emission contained therein, and their origins and properties remain as of yet not fully
understood.

The potential shape and existence of halo emission around the Milky Way, for instance,
is still uncertain, considering the lack of a clear picture in other galaxies. While evidence
of a hot halo has been found around AGN, studies of nearby galaxies were often unable
to detect extended galactic halos. Hot plasma was, however, found in thick corona-like
structures above and below the disks of spiral galaxies.

Meanwhile, the Cor component has before also been interpreted to consist of emission from
faint M dwarfs. It is possible that both the Galactic corona and M dwarfs contribute to this
emission. However, new models of the Milky Way and its mass distribution have already
challenged this result, so while a contribution from M stars is expected, the true origin of
the Cor emission remains an object of scienti ¢ discussion for which further study is still
needed (see references in Ponti et al., 2022).

A schematic by Ponti et al. (2022) showcasing an extremely simpli ed picture of the po-
tential origins of the components discussed in this section can be seen in Figure 2.5. While
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Figure 2.5.: Schematic showing the spatial origins of the di erent components of the as-
trophysical X-ray background (taken from Ponti et al. (2022))

the Solar winds causing SWCX emission are on too small a scale to be visible, in the
left part of the schematic the LHB and Galactic corona can be seen. The right part of
the Figure shows the Milky Way and its surrounding CGM on a larger scale. The view-
ing angle of the eFEDS eld that was analyzed in Ponti et al. (2022) has also been drawn in.

It can be concluded that, while the main components of the astrophysical X-ray background
are known from a modeling perspective, more study is needed to be able to rmly pinpoint
the exact structure of especially the Galactic scale emission and the true origins of each of
the background components. While it is not the purpose of this work to characterize the
X-ray background, it hopes to provide interesting modeling results that might give further
leads toward the endeavor of understanding the X-ray background.

2.3.2. Particle/instrumental background

In addition to the astrophysical background there are also particle and instrumental con-
tributions to the X-ray background, that need to be accounted for in the data.

Many di erent factors contribute to the instrumental and particle background. High en-
ergy particles play a large role here, either hitting the CCD cameras directly or causing
secondary particles or photons to be emitted. Soft protons can also hit the CCDs after
being focused through the telescope mirrors; low energy electrons can also enter into the
camera. Another factor to consider are X-rays from outside the FOV that are only re ected
once in the mirror con guration (instead of twice as they should be). Infalling optical light
can also contaminate the data (Freyberg et al., 2020).

In the construction and data taking process of eROSITA many measures have been taken
to mitigate the in uence of the particle/instrumental background. An optical light block-

ing Iter reduces the optical light but is deliberately kept too thin to lter it out entirely,

as it also a ects soft X-rays, which is an undesirable e ect. An X-ray ba e helps reduce
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Figure 2.6.: Average CLOSED Iter spectrum of eROSITA with denoted lines (taken from
Freyberg et al. (2020))

the impact of single-re ected X-rays. Around bright sources an in uence remains, how-
ever, that has to be accounted for for ideal modeling results. An electron de ector behind
each mirror module stops electrons from entering the cameras. Minimum ionizing particle
(MIP) events are further rejected through ltering by their patterns on the CCD pixels
(Freyberg et al., 2020; Dennerl et al., 2020).

Any remaining particle/instrumental background has to be addressed through calibration.
In eROSITA this is realized through observations with the Iter in CLOSED position. An
average CLOSED lIter spectrum can be seen in Figure 2.6. From these measurements the
FWC ( Iter wheel closed) model was generated by Michael Yeung, that can be used to
model the particle/instrumental background. The use of this model in the present analysis
is described in Section 4.3.1 (Freyberg et al., 2020).
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As eROSITA data will be analyzed in the present work, an overview over the eROSITA

telescope and mission will be given in this chapter. Afterwards expectations for the present
research question with respect to eROSITA's technical properties and resolution will be
discussed.

3.1. The eROSITA telescope and mission

The extended RO entgen Survey with an Imaging T elescopeA rray - eROSITA is an X-

ray telescope and mission. It is a German-Russian collaboration and was developed at
the Max Planck Institute for Extraterrestrial Physics (MPE) in Munich in collaboration
with a number of other institutes, the Dr. Karl Remeis-Sternwarte Bamberg and ECAP
(FAU Erlangen-Narnberg), the University of Hamburg Observatory, the Leibniz Institute

for Astrophysics Potsdam (AIP), and the Institute for Astronomy and Astrophysics of the
University of Tubingen. The Argelander Institute for Astronomy of the University of Bonn
and the Ludwig Maximilians Universi@at Munich contributed as well; support by the DLR
and the Max Planck Society was also given (Predehl et al., 2021).

eROSITA is mounted on the Spectrum-Roentgen-Gamma (SRG) satellite together with
the Russian instrument Astronomical Roentgen Telescope X-ray Concentrator (ART-XC)
that was developed by the Russian Space Research Institute. The SRG platform was built
by the Lavochkin Association (\NPOL"). The SRG satellite was launched on July 13,
2019 from the cosmodrome in Baikonour, Kazakhstan (Predehl et al., 2021).

Images of eROSITA can be seen in Figure 3.1, Figure 3.1a shows a schematic of the inner
workings of the telescope, while Figure 3.1b shows a photo taken before the launch. The
telescope possesses a diameter @ h and a height of 3 m. It weighs 808 kg.

The key characteristic of eROSITA can already be very clearly seen in Figure 3.1: the
telescope consists of 7 separate telescope modules (TMs), which are usually denoted as
\TM1" to \TM7". Each TM possesses a mirror array that focuses the X-ray photons onto

an individual CCD camera (see Predehl et al., 2021 and references therein).

The mirrors used in the eROSITA TMs are made of electro-formed nickel; additionally
gold has been evaporated onto their re ecting side. They possess a Wolter type | shape.
A schematic showcasing this con guration can be seen in Figure 3.2. In Wolter type |
mirrors X-rays are re ected twice at small grazing angles before being recorded, rsto a
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(b) Image of eROSITA taken before launch (Credit: P.
Friedrich/MPE, taken from Max Planck Institute for Ex-
traterrestrial Physics (2019))

(@) Schematic of the eROSITA tele-
scope (taken from Predehl et al.
(2021))

Figure 3.1.: Images of eROSITA

Figure 3.2.: Schematic of a Wolter type | mirror, \H" and \P" denote the paraboloid and
hyperboloid surfaces, F the focal points of both (taken from Schwartz (2011))
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paraboloid mirror surface (\P" in Figure 3.2), then o a hyperboloid mirror surface (\H"

in Figure 3.2). This con guration comes with a variety of advantages: the focal length is
signi cantly shortened (compared to the paraboloid con guration or other Wolter mirror
types), consequently the aperture-to-focal length ratio is maximized, which is extremely
advantageous in the construction and assembly of a space telescope with limited dimen-
sions. For resolved sources the signal-to-noise is improved and, for a perfect setup which
is (unrealistically) free of any contaminations, such as imperfections in the mirrors, linear
distances on the detector near the axis can be directly translated into angular distances in
the sky with only a linear conversion factor.

The Wolter type | shape also allows for nesting, i.e. stacking of the mirrors, which is done
to increase the collection area of the TMs. Each eROSITA TM possesses a mirror array
consisting of 54 stacked Wolter type | mirrors with an outer diameter of 360 mm and a
focal length of 1600 mm. The average on-axis resolution of the TMs is:18half-energy
width (HEW) at 1 :5keV. An invar cylinder for each mirror shell in combination with a
magnetic electron de ector behind the mirror helps reduce the unwanted background of
particles and single-re ected X-rays from outside the FOV, that was described in Section
2.3.2 (see Schwartz, 2011, Predehl et al., 2021, and references therein).

The mirrors of the TMs focus the X-ray photons onto the CCD cameras. The CCDs used
in eROSITA have measurements of 286mm 288 mm and consist of 384 384 pixels.
A single pixel thus depicts an area of :8%° 9:6°° They operate at a temperature of
85 C. The integration time of the CCDs is 50ms. Each CCD possesses a framestore
area; images are shifted there in:015ms. The CCDs are then ready to resume recording,
which immensely reduces \out-of-time" events that are wrongly recorded during read-out.
For each CCD a copper shield helps reduce the particle background, while a graded shield
is used to combat single-re ected X-ray from outside the FOV.
Each CCD has a Iter wheel with four settings: OPEN, FILTER, CLOSED, and CALIB.
The OPEN setting was used for the initial outgassing after the launch, while the CLOSED
position is used for calibration of the particle/instrumental background, that was described
in Section 2.3.2. CALIB contains a radioactive calibration source and can be used for
calibration measurements. FILTER, meanwhile, is the setting for the recording of data. It
has a polyimide lter that further protects the CCD from contamination. For TMs 5 and
7 an additional aluminum layer was added to the Iter, while for TMs 1, 2, 3, 4, and 6 the
aluminum was applied directly on top of the CCDs. During operations the latter turned
out to be the better option, as it was discovered that TMs 5 and 7 su er from optical light
leaks, as can be seen in Figure 3.3, which are likely caused by this con guration. For that
reason TMs 5 and 7 are often excluded from the data in research work; the same was done
in the analysis in the present work (see Predehl et al., 2021 and references therein).
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Figure 3.3.: Images of (left) TM5 and (right) TM7 with optical light leak (taken from Max
Planck Institute for Extraterrestrial Physics (2021))

eROSITA is sensitive in an energy range of about 0:2 8keV, in practice often up to
10keV. A plot of its e ective area over its energy range compared with other telescopes
can be seen in Figure 3.4. It can be seen that, especially over its sensitive soft energy band
of 0:2 2keV, eROSITA has a similar e ective area to XMM-Newton. Meanwhile it
exceeds that of ROSAT by around an order of magnitude. It also becomes clear that it
is sensitive to harder energy ranges, that were not accessible to ROSAT, producing obser-
vational all-sky data in an entirely new energy band. The strengths of eROSITA become
even more clear when looking at its grasp, i.e. its e ective area multiplied with its FOV.
The FOV of eROSITA is circular and has a diameter of :03, larger than the full moon,
which is advantageous for an all-sky survey. As was shown in Figure 3.4 for the e ective
area, Figure 3.5 shows the grasp of eROSITA over its energy range, again compared to that
of other missions. It can be seen that eROSITA's grasp in its most sensitive energy range
from 0:3 3:5keV is the highest in this comparison. This further emphasizes that the
capabilities of eROSITA are geared towards its task of conducting all-sky surveys (Predehl
et al., 2021).
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Figure 3.4.: E ective area of eROSITA over its energy range compared to other X-ray
missions (taken from Predehl et al. (2021))

Figure 3.5.: Grasp of eROSITA over its energy range compared to other X-ray missions
(taken from Predehl et al. (2021))
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Figure 3.6.: Schematic showcasing eROSITA's orbit around L2 (Credit: Roscos-
mos/DLR/SRG/Lavochkin, taken from Max Planck Institute for Extraterrestrial Physics
(2019))

eROSITA's main task since its start in 2019 has been performing all-sky surveys. The rst
all-sky survey started on December 13, 2019, exactly half a year after the start of the SRG
satellite after a calibration and performance veri cation phase. The SRG satellite circles
one of the Lagrangian points, L2, as is illustrated in Figure 3.6. The satellite additionally
continuously rotates around its own axis, allowing it to scan small slivers of the sky at a
time. By the satellite following and turning with Earth’'s movement around the sun, the
entire sky can be scanned in half a year, averaging to around der day. An image of the
rst all-sky survey of eROSITA, called eRASS1, can be seen in Figure 3.7. The Galactic
plane and a number of bright X-ray sources can be seen very clearly. Also clearly visible
are the two bubbles, dubbed \eROSITA bubbles”, on top of and below the Galactic center.
As the data of eROSITA are shared between Germany and Russia, the western (right) and
eastern (left) half of the map in Galactic coordinates are referred to as the \German" and
\Russian" half of the sky respectively. A narrow strip of shared data exists in the center
of the map at the Galactic longitude of O.

The data are organized into 4700 sky tiles, segments ab3 3:6 size, with overlap be-
tween neighboring tiles (Predehl et al., 2021).

In addition to the general task of creating all-sky surveys eROSITA also has a number
of speci c science goals that are meant to be achieved through the analysis of its all-sky
data. Its main science goal is the detection of over 1P galaxy clusters, that can be used

to study the large scale structure formation in the universe and constrain cosmological
parameters. Another goal is the investigation of active galactic nuclei (AGN) and their
evolution, as eROSITA is expected to record 3 1(° AGN. In the vast amount of X-

ray data, a great amount of other astrophysical objects becomes accessible as well, both
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Figure 3.7.: All-sky map of the eRASS1 survey (Credit: Jeremy Sanders, Hermann Brunner
and the eSASS team (MPE); Eugene Churazov, Marat Gilfanov (on behalf of IKl), taken
from Max Planck Institute for Extraterrestrial Physics (2020))

compact objects, such as X-ray binaries and active stars, and di use emission, such as
supernova remnants (SNRs). The investigation of this incredibly broad spectrum of X-ray
phenomena and objects is another science goal of eROSITA. Many exciting science results
have already been published and many more are pending in the future (Merloni et al., 2012).

eROSITA conducted four complete all-sky surveys before being put into safe mode in early

2022. The completed surveys are denoted eRASSL to 4, generating a wealth of four di erent
datasets to analyze, that will all be used in the present survey.
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3.2. Expectations for the present research question

Considering the technical capabilities of eROSITA, that were discussed in the previous
section, this section aims to clarify their impact on the present research question. Under
which circumstances could a dark matter decay feature be detected and what further con-
clusions could be drawn from a possible detection?

The ux sensitivity of eROSITA in eRASS:1 (i.e. all observations up to and including
eRASS1) has been measured for point sources only. It lies at®® *ergs 'cm 2 for the
soft band from Q2 2:3keV and at 7 10 *ergs *cm 2 for the hard band from 23 8keV
(Predehl et al., 2021). Merloni et al. (2012) predicted the sensitivity for extended sources
in the soft band to be lower by a factor of & than that of point sources.

While these numbers can serve as a reference point for the capabilities of eROSITA, con-
crete minimum ux estimates for dark matter decay lines are, however, not possible. Too
many unknown factors exist in the detection of single decay lines, such as the in uence of
the particle background or astrophysical background components and the spectral model
used to describe them. So while it can be safely assumed that the detection limits for the
ux of point sources for eROSITA lie far below the limits applying in the present research
guestion, no further conclusions can be drawn as to how far.

Critical in determining the appearance of possible dark matter decay lines in eROSITA
data is rst and foremost eROSITA's energy resolution. The energy resolution of all TMs
was calibrated on ground using emission lines of di erent atomic decays. An image showing
the results of this calibration for TM1 can be seen in Figure 3.8. It follows that a narrow,
or even monochromatic, possible decay line would appear in the data at many times its
actual width. The RMF (Redistribution Matrix File) les of the eROSITA spectra com-
pensate for this e ect automatically in the presentation of the data. eROSITA's energy
resolution does, however, remain the deciding factor in determining errors on the energies
of possible decay lines (Dennerl et al., 2020; Predehl et al., 2021).

Speckhard et al. (2016) describe how the origin of unidenti ed spectral lines in the Milky
Way could be identi ed by investigating their shift for di erent Galactic longitudes. For
what they denote as positive Galactic longitudes dark matter decay lines would appear
slightly blueshifted, while lines caused by regular astrophysical gas would appear redshifted.
Instrumental lines would experience no shift. This idea is further illustrated in Figure
3.9. To be able to measure this e ect, however, a very high spectral resolution would be
needed; Speckhard et al. (2016) cite an \D% scale". While this resolution could have
been reached with Hitomi and could be reached in future missions, such as XRISM, the
energy resolution of eROSITA is unfortunately around one order of magnitude too large
for this feat. A further investigation of the shift of possible line detections will thus have
to be left to future missions (XRISM Science Team, 2020).
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