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Abstract

Evidence found in 2019 points to a gamma-ray halo around our nearest neigh-
bouring galaxy, the Andromeda Galaxy. Two hypotheses for the halo origin are
being discussed: either it is the result of cosmic rays interacting with the surround-
ing medium to produce gamma rays, or the self-annihilation of weakly interacting
massive particles, a candidate for dark matter.

In this work, data from the Andromeda Galaxy collected by Fermi-LAT, a
gamma-ray detection satellite, are analysed. The halo of the Andromeda Galaxy is
modelled with di�erent spectral models, a power law, a power law with exponential
cuto� and a log parabola. A �at disk is assumed as the halo's morphology. It is
shown that the best �tting spectral model is the log parabola model. The extracted
�ux points agree well at low energies (< 10GeV), but deviate from the model at
higher energies in the order of about 102. The �ux points are compared with the
two proposed gamma-ray origin models, cosmic rays and dark matter, showing that
they can explain the observed phenomenon of the halo.

Afterwards, sensitivity curves for di�erent neighbouring galaxies are estimated
for Fermi-LAT and the future CTA experiment, a ground-based gamma-ray detector.
The �uxes for di�erent neighbouring galaxies are predicted. For CTA, it is not
feasible to detect the halo structure for neighbouring galaxies, since the predicted
�uxes are at least an order of 102 smaller than the predicted sensitivity curve, for an
observation time of 100 h. However, the sensitivity estimation of Fermi-LAT lead to
one candidate, the Triangulum Galaxy, with a detectable �ux, at the lower energies.

An analysis of the gamma-ray data of the Triangulum Galaxy collected by Fermi-
LAT is carried out. The logarithmic parabola spectral model with a �at disc as
morphology is chosen as the halo model. The analysis of the cosmic ray origin
of the halo of the Triangulum Galaxy is inconclusive, because of the low statistic
of the source galaxy. The gamma-ray spectrum resulting from the dark matter
annihilation was quantitatively compared to the �ux points extracted from the log
parabola model. The models show similar spectral shapes.





Zusammenfassung

Die 2019 gefundenen Beweise deuten auf einen Gammastrahlen-Halo um unsere
nächste Nachbargalaxie, die Andromeda-Galaxie, hin. Zwei Hypothesen für den Ur-
sprung des Halos werden diskutiert: entweder ist er das Ergebnis kosmischer Strah-
lung, die mit dem umgebenden Medium wechselwirkt und dabei Gammastrahlen
erzeugt, oder das Ergebnis der Selbstvernichtung schwach wechselwirkender massi-
ver Teilchen, ein Kandidat für dunkle Materie.

In dieser Arbeit werden Daten aus der Andromedagalaxie analysiert, die von
Fermi-LAT, einem Gammastrahlensatelliten, gesammelt wurden. Der Halo der
Andromeda-Galaxie wird mit verschiedenen Spektralmodellen modelliert, einem
Power-Law, einem Power-Law mit Exponential-Cuto� und einer Log-Parabola. Als
Morphologie des Halos wird eine �ache Scheibe angenommen. Es wird gezeigt, dass
das Log-Parabola-Spektralmodell am besten passt. Die extrahierten Flux-Points
stimmen bei niedrigen Energien (< 10GeV) gut überein, weichen aber bei höhe-
ren Energien in der Gröÿenordnung von etwa 102 vom Modell ab. Die Flux-Points
werden mit den beiden vorgeschlagenen Ursprungsmodellen der Gammastrahlung,
der kosmischen Strahlung und der dunklen Materie, verglichen und zeigen, dass sie
das beobachtete Phänomen des Halos erklären können.

Anschlieÿend werden Sensitivity-Curves für verschiedene benachbarte Galaxien
für Fermi-LAT und das zukünftige CTA-Experiment, einen bodengestützten Gam-
mastrahlendetektor, abgeschätzt. Die Teilchen�üsse für verschiedene benachbarte
Galaxien werden vorhergesagt. Für CTA ist es nicht möglich, die Halostruktur für
benachbarte Galaxien zu erkennen, da die vorhergesagten Teilchen�üsse mindestens
eine Gröÿenordnung von 102 kleiner sind als die vorhergesagte Sensitivity-Curves für
eine Beobachtungszeit von 100 h. Die Sensitivity-Curves Abschätzung von Fermi-
LAT führte jedoch zu einem Kandidaten, der Triangulum-Galaxie, mit einem nach-
weisbaren Teilchen�uss bei den niedrigen Energien.

Eine Analyse der von Fermi-LAT gesammelten Gammastrahlendaten der
Triangulum-Galaxie wird durchgeführt. Das Log-Parabola-Spektralmodell mit einer
�achen Scheibe als Morphologie wird als Halo-Modell gewählt. Die Analyse des
kosmischen Strahlungsursprungs des Halos der Triangulum-Galaxie ist aufgrund der
niedrigen Statistik der Quellgalaxie nicht schlüssig. Das Gammastrahlenspektrum,
das aus der Annihilation der dunklen Materie resultiert, wurde quantitativ mit den
aus dem Log-Parabola-Spektralmodell extrahierten Flusspunkten verglichen. Die
Modelle zeigen ähnliche Spektralformen.
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Chapter 1

Introduction

One of the largest scaled structures in the universe are galaxies. Galaxies are a col-
lection of stars, which are bound by gravity, due to their masses. Nevertheless, there
is a problem: observations predict a higher mass for galaxies than would be assumed
on the basis of visible matter. Therefore, several theories are developed to account
for additional non-visible matter. These theories are referred to as dark matter (DM)
theories, because they predict particles, which barely interact electromagnetically.

Galaxies are complex systems that are not yet fully understood. By observing
their radiation, scientists try to understand them better. Additionally, cosmic rays
(CR), which consist of protons, nuclei and electrons, can be studied. CRs travel
through the universe and can even leave their origin galaxy. The CRs are charged
and make the path reconstruction impossible, because they get de�ected by mag-
netic �elds. Also, CR can interact with their surrounding medium and produce
radiation. Especially, photons at the highest energies, the so-called gamma rays
with energies higher than 100 keV, describe the most extreme phenomena. Because
photons are neutral, they can also be used to infer back to their origin. Likewise,
the above-mentioned DM theories predict gamma-ray emission. There are two dif-
ferent methods for detecting gamma rays, ground-based and space-based telescopes.
One can either measure them directly with space-based telescopes or indirectly by
detecting interaction results from gamma rays interacting in the atmosphere with
ground-based telescopes.

Recent evidence suggests that our neighbouring galaxy, the Andromeda Galaxy
(M31), is surrounded by a gamma-ray halo [1]. The Andromeda Galaxy is a spiral
galaxy, which is our closest neighbouring galaxy with a distance of 2 500 000 ly or
770 kpc, with a mass of 2.5× 1012M⊙. The Andromeda Galaxy resembles our own
galaxy, the Milky Way, and they are both estimated to collide in about 5Gyr [2].
In the paper, the halo is divided into three parts. Firstly, the inner galaxy, which
resembles a circle with a radius of ∼ 5.5 kpc centred around M31's centre. Secondly,
the spherical halo (SH), resembling a ring extending from ∼ 5.5 kpc to ∼ 120 kpc.
Lastly, the outer halo describes the remainder region up to a distance of ∼ 200 kpc.
In Figure 1.1 a schematic representation of the halo structure of the Andromeda
Galaxy de�ned in Karwin et al. 2019 is shown.

Two ideas are proposed for explaining the halo. In the �rst case, the halo is a
result of the CRs di�using from the galaxy. During this di�usion process, protons or
electrons interact with the surrounding medium and generate gamma rays through
various interaction mechanisms. In the second case, DM was used as a possible ex-
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Figure 1.1: Schematic representation of the halo structure of the Andromeda Galaxy
de�ned in Karwin et al. 2019.

planation. The DM theory of weakly interactive massive particles (WIMPs) predicts
gamma rays, resulting from their annihilation.

To this day, the exact mechanism, which produces the halo, is not fully un-
derstood, let alone which of the previous mentioned cases is the origin. Also, it is
unknown if this is a feature of the Andromeda Galaxy or if it is a general phenomenon
for galaxies, which are similar to the Andromeda Galaxy.

In this work, I will focus on the SH of the Andromeda Galaxy and try to gain
a deeper understanding of this phenomenon. By using data, which is collected by
the Fermi-LAT detector, the gamma-ray emission is modelled and compared to two
potential origins. Following this, the knowledge obtained is applied to M31-like
galaxies in the local neighbourhood.

In this thesis, I will �rstly explain the basic theory of gamma rays in chapter 2,
how they are produced and how to detect them. Afterwards, I will introduce the-
oretical background of galaxies and cosmic rays and show �rst simulation results
in chapter 3. Then, the dark matter theory, the second potential gamma-ray halo
origin, is discussed, where I also show �rst simulation results in chapter 4. In the
next part chapter 5, the SH of the Andromeda Galaxy is modelled with the data
from Fermi-LAT and compared to the previous CR and DM models. Additionally,
in chapter 6, potential galaxy candidates in the local neighbourhood are selected
and also analysed. Finally, in the last chapter (chapter 7) a summary is provided,
and I will draw my conclusions.
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Chapter 2

Gamma Rays

To gain deeper insights into the functionality of galaxies or stars, astrophysicists
analyse electromagnetic radiation in speci�c energy bands, e.g. gamma-rays (E >
100 keV). In contrast to charged CRs, they are una�ected by ambient magnetic
�elds. Thus, their trajectory traces back to the source of the emission.
Recently, a gamma ray halo around the Andromeda Galaxy was observed [1], which
emits gamma rays in the range of roughly 1GeV to 100GeV. In this chapter, the
most common gamma-ray production mechanisms, the detection of gamma rays and
lastly the technical details of the detectors relevant for the thesis are discussed.

Figure 2.1: Gamma-ray emission (E > 1GeV) background over the whole sky in galactic
coordinates. The �gure is based on �ve years of data from the Fermi Gamma-Ray Space
Telescope. Brighter colours resemble higher gamma-ray �ux. Adapted from [3].

2.1 Gamma-Ray Production Mechanism

By investigating gamma-ray spectra, the underlying CR interaction causing the
gamma rays can be derived. A map of the gamma-ray emission is shown in Fig-
ure 2.1. CRs are produced in various galactic or extragalactic sources (e.g. stars,
supernovae etc.) and can interact with gases (hadronic case) or electromagnetic
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�elds (leptonic case). Both cases create distinguishable observable gamma-ray spec-
tra. In the next chapters, the hadronic and leptonic interactions are discussed in
greater detail.

2.1.1 Hadronic Interaction

CRs interact with the atoms in gases and undergo proton-proton interactions. This
interaction creates mostly pions (neutral π0 or charged π±). These pions have a
short life span (mean lifetime τ ≈ 2.2 µs [4]) and decay. If the pion is neutral, it
decays into photons (see Equation 2.1). If the pion is charged positively/negatively,
it decays into an anti muon/muon and neutrino/anti neutrino. In addition, the decay
may produce an additional photon, albeit with a very low probability (6 · 10−8%
[4], see Equation 2.2 and Equation 2.3). This process is called radiative muon
decay and results from the �rst order quantum electrodynamics correction, where
an additional bremsstrahlung photon is emitted [5]. Due to this low probability,
the gamma ray spectrum is dominated by the neutral pion decay. The schematic
hadronic interaction is shown in the bottom left of Figure 2.2. The energy of the
resulting photon, produced by the pions, can be approximated by Eγ ∼ 0.1 · Eπ[6].

π0 → 2γ (2.1)

π+ → µ+ + νµ ⇒ µ+ → e+ + νe + ν̄µ(+γ (6 · 10−8%)) (2.2)

π− → µ− + ν̄µ ⇒ µ− → e− + ν̄e + νµ(+γ (6 · 10−8%)) (2.3)

2.1.2 Leptonic Interaction

If CRs interact with an electromagnetic �eld, gamma rays can be created. The most
dominant gamma-ray-producing interactions are Inverse Compton Scattering (ICS),
bremsstrahlung and synchrotron radiation [7].

These interactions, the resulting gamma-ray spectra dNγ

dEγ
and the cooling time

for electrons (τe) are discussed in greater detail in the following sections.

Inverse Compton Scattering

Electrons with energies in the ultra-relativistic regime can boost low-energy photons
into the gamma-ray energy range. This process can be interpreted as an energy
exchange, the electron loses energy which the photons gain. A schematic of the
process is shown in Figure 2.2 top right corner. This process happens with photons
from the cosmic microwave background (CMB). The resulting gamma-ray spectrum
depends on the energy ratio of the incoming photon to the electron rest energy
mec

2 = 0.511MeV. The lower limit Eγ ≪ mec
2 is referred to as Thomson limit, and

the higher limit Eγ ≫ mec
2 is called Klein-Nishina limit. In the Thomson limit the

electron loses energy in big discreet portions and in Klein-Nishina limit the energy
loss of the electron is much smaller for every scattering and therefore continuous.
The resulting energy spectra are

dNγ

dEγ

∝

{
E

−(α+1)/2
γ Thomson limit

E
−(α+1)
γ Klein-Nishina limit

, (2.4)
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where α represents the power of the underlying electron population. The resulting
cooling times for the electrons are

τe ∝

{
E−1

e Thomson limit

Ee Klein-Nishina limit
. (2.5)

Figure 2.2: Schematic gamma-ray production mechanisms resulting from leptonic in-
teractions (bremsstrahlung, inverse Compton and synchrotron radiation) and hadronic
interaction (pion decay). Taken from [8].

Bremsstrahlung

Photons, which are emitted when an electron decelerates in a Coulomb �eld (atom
nucleus), are called bremsstrahlung. A schematic interaction is shown in Figure 2.2
top left corner. For the SH considered in this work, the process is subdominant.

Synchrotron Radiation

Synchrotron radiation occurs when electrons are accelerated perpendicular to their
current velocity by a magnetic �eld. The resulting photons possess energies in the
keV energy range, but they may gain additional energy through ICS. This process is
then referred to as synchrotron self-Compton scattering. In Figure 2.2 bottom left
corner, a schematic synchrotron radiation process is shown. For the halo considered
in this work, the process is not dominant (weak magnetic �elds outside the galaxy
[6]).
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2.2 Detection

Two approaches are available to detect these cosmic gamma-rays: space-based tele-
scopes and ground-based telescopes.

The atmosphere is opaque to gamma-rays, and thus, they cannot be observed
directly by ground based experiments. Due to this fact, space-based detectors have
been proposed. An example is the Fermi gamma-ray space telescope (see Figure 2.4),
which will be explained in greater detail in subsection 2.2.1. Due to the power-law
spectral energy distribution of CR, the rate of gamma-rays decreases with increasing
energy. To maintain acceptable detection rates, larger detection areas are required.
This, however, becomes increasingly unfeasible for satellites. Thus, one needs to
rely on ground-based telescopes to detect higher energy gamma rays.

Even though the atmosphere is not transparent to gamma rays, one can detect
gamma rays indirectly. The indirect detection method exploits the Cherenkov light
of particle showers that result from interaction of gamma rays with the atmosphere.
One example of such a telescope is the future Cherenkov Telescope Array (CTA)
(see Figure 2.8), which will be discussed in greater detail in subsection 2.2.2.

2.2.1 Space-Based: Fermi-LAT

The Fermi Gamma Ray Space Telescope (formerly known as Gamma-ray Large Area
Space Telescope) was launched on 11 June 2008 and started its mission one month
later. The satellite orbits the earth at an altitude of ≈ 565 km with an orbital
inclination of 25.6◦. The Fermi gamma-ray space telescope is equipped with two
di�erent instruments, the Gamma-ray Burst Monitor (GBM) and the Large Area
Telescope (LAT).

The �rst instrument is used to detect gamma-ray bursts. The second is detecting
gamma-rays in an energy range of 20MeV to 300GeV. With a more su�cient
analysis approach, gamma rays up to the 1TeV range can be investigated (e.g. [9]).

Figure 2.3: Schematic structure of the LAT
[10].

Figure 2.4: Artistic representation of the
Fermi gamma-ray space telescope spacecraft
[11].
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Functionality

The general idea of the LAT is to detect particle tracks created by gamma rays. A
schematic structure is shown in Figure 2.3. The four main parts are discussed in
more detail.

Anticoincidence Detector Gamma rays are rare compared to CRs, which ap-
pear in the order of 102 to 105 times more often, depending on the energy range.
Therefore, a good rejection is needed. The anticoincidence detector creates a light
�ash if it is hit by a CR. In comparison, the gamma rays can pass freely without
any interaction.

Conversion Foil In the next step, the gamma rays interact with the conversion
foil. The conversion foil is made out of tungsten (Z=74), because its high atomic
number favours pair production (∝ Z2). Thus, an electron-positron pair is created
and travels further through the detector, creating ions.

Silicon Strip Detectors The silicon strip detectors (depicted as �Particle Track-
ing Detectors� in Figure 2.3) track the path of the ions. The detector alternates in
the X and Y directions for better path reconstruction.

Calorimeter At last, the particles hit the caesium iodide calorimeter, which mea-
sures the total deposited energy. The caesium iodide produces a light �ash when
hit by particles. The intensity of the light �ashes are proportional to the incoming
particles' energy. By measuring the intensity of the light �ashes, the deposed energy
can be derived.

Instrument Response Functions

Before analysing the raw data of a telescope, one has to take into account, that no in-
strument detects events perfectly. Another problem is that, the instrument response
function can not be modelled perfectly. These troubles lead to systematic errors,
which are described by the individual instrumental response functions (IRF). In the
following sections, the IRFs for the Fermi-LAT and CTA are discussed, whereas in
the former case also the basic concept of the speci�c IRF is explained.

Sensitivity Curve The sensitivity curve of a telescope shows the minimal �ux
the telescope can detect. There are several reasons that limit the sensitivity of a
telescope. One example are background events. For this case, a �ux below the
sensitivity curve means it can't be distinguished from the background events. There
are other limiting factors, which are discussed for the individual telescopes

The sensitivity curve for Fermi-LAT can be found in [12]. In Figure 2.5a, the
sensitivity curves for four di�erent positions are shown. The di�erence stems from
the emissions from our own Galaxy, the further away one looks from the galactic
plane, the lower the sensitivity curve (less background events). For the future anal-
ysis of the Andromeda Galaxy, the north Celestial pole sensitivity curve is chosen
(black line in Figure 2.5a) because it is the closest to the Andromeda Galaxy if one
assumes mirror symmetry around the galactic plane (see Figure 2.6).
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(a) Fermi-LAT PSF. (b) CTA PSF.

Figure 2.5: (a): Sensitivity for Fermi-LAT for the galactic centre (0◦, 0◦), intermediate
latitudes (0◦, 30◦), north Galactic pole (0◦, 90◦) and north Celestial pole (120◦, 45◦). The
coordinates are given in galactic coordinates. (b): Energy dispersion for Fermi-LAT in
arbitrary scaling. The reconstructed energy follows a probability distribution, therefore
the addition of a row results in 1.

Point Spread Function In gamma-ray astronomy, most sources are theoretically
described as point sources. In a real measurement, the point sources get spread over
an area, because of several physical processes, e.g. imaging errors. This broadening
is described by the point spread function (PSF). The PSF depends on di�erent
parameters, e.g. the energy of the detected particle.

In Figure 2.7a the point spread function for Fermi-LAT is shown. For lower
energies (< 10GeV) the PSF increases strongly. This is a result of the secondary
particle's multiple scattering [13]. Therefore, the track reconstruction is less accu-
rate.

Energy Dispersion The energy of a particle has to be reconstructed. This pro-
cess is error-prone and is described by a distribution of the reconstructed energy.
This is represented as a matrix, the so-called energy dispersion matrix.

In Figure 2.5b is the energy dispersion matrix shown for Fermi-LAT. A bias to
lower energy can be seen, this means the reconstructed energy underestimates the
true energy.

2.2.2 Ground-Based detection methods: CTA

The Cherenkov Telescope Array is a stereoscopic Imaging Atmospheric Cherenkov
Technique (IACT) telescope array planned to start operation in late 2020s [14].
CTA is planned to consist of more than 60 telescopes placed on the Northern and
Southern Hemisphere. CTA detects gamma rays in an energy range of 20GeV to
300TeV. The telescopes are built in three di�erent sizes, adapted to di�erent energy
ranges. An artistic representation of the southern station is shown in Figure 2.8. In
the following chapters, the general functionality of CTA and afterwards the most
important IRFs for CTA are discussed.
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Figure 2.6: Position of the Fermi-LAT's sensitivity curves shown in Figure 2.5a on the
sky in galactic coordinates. Also shown is the mirrored north Celestial pole (120◦,−45◦),
which is the closest to the Andromeda Galaxy (121◦,−21◦).

(a) Fermi-LAT PSF. (b) CTA PSF.

Figure 2.7: Point spread function for Fermi-LAT (a) and CTA (b). In both �gures are
two containment radii 68% and 95% shown. In the case of CTA, the PSF also depends
on the distance from the camera centre. The case for no o�set and 1◦ are shown.

Imaging Atmospheric Cherenkov Technique

Imaging Atmospheric Cherenkov Technique (IACT) is used to detect gamma rays
in the atmosphere. It is based on detecting air showers created by CRs or gamma
rays.

Air Showers The Earth's atmosphere gets constantly bombarded by CRs and
photons. If the CRs or photons' energy is high enough, they can produce an air
shower. Both cases will be discussed brie�y in the following section.

In the �rst case, a gamma ray can create an electron-positron pair in the vicin-
ity of a nucleus of the atmosphere (pair production). The particles in turn emit
bremsstrahlung as they travel through the coulomb �elds of other nuclei in the at-
mosphere. The emitted photon can then again create an electron-positron pair, and
the whole process repeats. After every cycle, the particles lose energy and at a
certain energy (≈ 86MeV) the pair production is not feasible any more and the cas-
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Figure 2.8: Artistic representation of CTA's Southern Station (located in the Southern
Hemisphere) [15]. In the picture, the three di�erent telescopes, medium-sized telescope
(MST), small-sized telescope (SST) and large-sized telescope (LST), are shown (with pre-
liminary positions). The Southern Station is located in the Atacama Desert in Chile.

cade stops. This process is referred to as electromagnetic air shower. A schematic
representation for the gamma-ray induced air shower is shown on the left side of
Figure 2.9.

In the second case, a CR hits the atmosphere and interacts with atoms, resulting
in the creation of hadrons. The hadrons mostly consist of pions. These pions can
interact in di�erent ways or decay. The hadronic air showers can create electromag-
netic sub-showers. The electromagnetic sub-showers from CRs can lead to wrongly
labelled events. A schematic representation for the CR induced air shower is shown
on the right side of Figure 2.9.

Cherenkov Radiation Particles travelling faster than the speed of light in a
medium with the refractive index n (v > c/n) causes the medium to emit Cherenkov
radiation. This is because, the particles polarize the medium and local dipole radi-
ators are created. These dipole radiators create a light cone with expansion angle
cos (θ) = c0/(nv), where c0 is the speed of light in the vacuum.

The IACT is used to detect the faint Cherenkov light �ashes resulting from
air shower. Stereoscopic systems are used to reconstruct the direction of the event.
Currently, there are two major IACT telescope MAGIC and H.E.S.S. For the future,
the Cherenkov Telescope Array is planned, which will be used in this work and brie�y
discussed.

Sensitivity Curve The sensitivity of CTA is limited by three di�erent factors

� background events

� low signi�cance

� low statistic.

In the lower energy range, the background events are the limiting factor for CTA.
The background consists mainly of the night sky background or events induced by
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Figure 2.9: Schematic representation of a particle shower induced by a gamma ray (left
side) or cosmic ray (right side). Taken from [16].

protons. If a source is below the sensitivity, it can not be distinguished from the
background �ux. The next limiting factor is low statistics. The source can be
distinguished from the background, but the �ux gets less signi�cant (below 5σ). In
the high energy limit, the events are getting sparse and �uxes with less than 5 counts
are rejected. A schematic sensitivity curve is shown in Figure 2.10 with the three
di�erent criteria.

In the simulation of the sensitivity curve, four parameters need to be de�ned

� observation time

� background systematic fraction

� minimal sigma

� minimal gamma-ray count.

These parameters in�uence the sensitivity in di�erent ways.
In the �rst case, a higher observation time increases the sensitivity of CTA by

increasing the statistic and the gamma-ray count for higher energy bins. In Fig-
ure 2.11a one can see a lowering of the sensitivity curve for an increase in observation
time. For the second situation, an increase in the background fraction decreases the
sensitivity, because more events get rejected. This is shown in Figure 2.11b. The
third case revolves around varying the signi�cance level. The lower the signi�cance,
the better the sensitivity. In Figure 2.11c the sensitivity curves are shown. Lastly,
the minimal gamma ray count is changed. The higher the limit, the worse the
sensitivity gets for higher energies. In Figure 2.11d the increase can be seen.

The parameters used for the CTA's sensitivity used for further analysis are shown
in Table 2.1.
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Figure 2.10: Schematic sensitivity curve for CTA in the TeV energy range for arbitrary
sensitivity �ux units. The three limiting factors for the sensitivity of CTA are shown.
Firstly, in green is the sensitivity curve for the background rejection shown, Secondly, the
rejection for �ux with signi�cance below 5σ and lastly the rejection for the case of low
statistics (less than 5 gamma-ray counts). The resulting CTA signi�cance is shown as a
dotted, black line, which follows the highest sensitivity of the three di�erent criteria for
every energy bin.

Point Spread Function The PSF for CTA depends not only on the energy but
also on the distance from the centre of the image. The further away a point source is
or the lower the energy is, the higher the point spread function gets. In Figure 2.7b,
the PSF for either a containment fraction of 68% or 95% and no o�set or 1◦ o�set
are shown.

Parameters Values
Observation time 100 h
Background systematic fraction 0.05
Minimal sigma 5
Minimal gamma-ray count 10

Table 2.1: Parameters used for simulation of CTA's sensitivity used for further analysis.
For the time an optimistic value was chosen and for the remaining parameters the default
values for CTA analysis were chosen (see [17]).

12



(a) Observation time dependency. (b) Background fraction dependency.

(c) Signi�cance dependency. (d) Minimal gamma ray count dependency.

Figure 2.11: CTA's signi�cance dependency on the di�erent parameters: observation
time (a), background fraction (b), signi�cance (c) and minimal gamma ray count (d). The
remaining parameters are set to their default value for each case (sigma = 5, background
fraction = 0.05, minimal gamma ray count = 5 and assumed observation time of 100 h).
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Chapter 3

Galaxies and Halo Models

This chapter presents the potential galaxy candidates and the origin of the gamma
rays caused by CRs.

3.1 Hubble Sequence

A way to categorise galaxies is by using the Hubble Sequence. It was �rst proposed
by Edwin Hubble in 1926. Every galaxy can be put into one of the four categories

� Elliptical Galaxy (EG)

� Lenticular Galaxy (LG)

� Spiral Galaxy (SG)

� Irregular Galaxy (IG).

Galaxies classi�ed as EG are typically observed as elliptical shapes, lacking any
discernible disk and bulge structure. These EGs are denoted as E followed by a
numeric value n, where the number n signi�es the level of ellipticity, ranging from
0 (resembling a circle) to 7 (elongated). In Figure 3.1, a diagram depicting various
galaxy forms, along with illustrative examples, is presented on the left side.

Likewise, LGs share a visual resemblance to EL galaxies, with the key distinction
being the presence of both a bulge and a disk. However, the disk lacks any internal
structure. LGs are designated as S0 in Figure 3.1.

Within the category of SGs, further subdivision is possible, separating them
into two subcategories: regular spiral galaxies (seen Figure 3.1 upper fork) and
barred spiral galaxies (see Figure 3.1 lower fork). Both types feature a bulge, disk,
and spiral arms, but barred spiral galaxies exhibit a distinctive bar-like structure.
Notable examples include the Andromeda Galaxy for regular SGs and the Milky
Way for bar SGs.

Finally, the last category is known as IG, encompassing any galaxies that do not
�t into the aforementioned categories.

The Hubble Sequence doesn't represent the evolution of galaxies. Nevertheless,
In the early universe more SGs are observed and late universe more IGs. IGs are
currently believed to be created in a collision of two SGs, which would explain the
observations [18].
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Figure 3.1: Schematic sketch of the Hubble Sequence with example galaxies [19].

3.2 Nearby Spiral Galaxies

Galaxies in the neighbourhood are listed in the Updated Nearby Galaxy Catalog
(NEARGALCAT)[20]. It consists of galaxies with a maximum distance of 11Mpc
with a total count of 869. The catalogue includes di�erent observable galaxy char-
acteristics. For the thesis of most interest are:

� Position of the galaxy:
The longitude and latitude (galactic frame) are given.

� Absolute magnitude:
The absolute magnitude in the B-band (blue light 430 nm to 490 nm) is given.
The absolute magnitude is de�ned as the magnitude one would measure in a
10 pc distance of the object.

� Linear diameter:
The diameter at the Holmberg isophote is given in kpc. The Holmberg isophote
is de�ned as an isophote with the surface brightness of µHolmberg = 26.5mag arcsec−2

in the B-Band [21]. The galactic extinction and inclination are taken into ac-
count.

� Galaxy mass:
The mass of the galaxy is given as a power of ten of the mass of the sun
(M⊙ ≈ 2 · 1030 kg).
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� Distance:
The distance to the galaxy is given in Mpc. The maximum distance in the
NEARGALCAT is 11Mpc.

This catalogue includes galaxies of all kinds, for this project only the SGs are of
interest. By only selecting the SGs, the total number drops from 869 to 305. This
number can be reduced further by excluding dwarf SGs, resulting in 200 galaxies left.
For the project, only SG which are similar to the Andromeda Galaxy are required.
Therefore, three cuts on the linear diameter, absolute magnitude and galaxy mass
are performed. The speci�c cut criteria with the parameters of M31 are given in
Table 3.1. By comparing the distribution of the parameter values of the SGs with
dwarf SGs, the criteria were chosen to cut out almost all dwarf SGs (see Appendix A
for more details).

Parameters Andromeda Galaxy Cut criteria
Linear diameter [kpc] 43.45 > 10
Absolute magnitude [mag] -21.4 < −17
Mass [M⊙] 1011.5 > 109.5

Table 3.1: Values of the linear diameter, absolute magnitude and mass of the Andromeda
Galaxy with their associated cutting criteria are shown.

These selection cuts reduce the total amount of galaxies to 97. The galaxies
a�ected by the cuts are likely dwarf galaxies, which aren't labelled in the NEAR-
GALCAT. The distribution of galaxies in the NEARGALCAT and the remainder
galaxies on the sky are shown in Figure 3.2. In Figure 3.3 on the left side the
diameter-mass relation of the remaining galaxies are shown. A linear trend in dou-
ble logarithmic scaling can be seen. Additionally, one can see that the Andromeda
Galaxy is an outlier for nearby SGs. It is one of the biggest and most massive galaxy.
This is supported by Figure 3.3 where the di�erence between catalogue mass and
the expected mass from the linear �t is shown.

Figure 3.2: Distribution of galaxies in galactic coordinates from the updated nearby
galaxy catalogue (blue dots) and the remainder spiral galaxies (red dots) after several
selection cuts.
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Figure 3.3: Left side: Linear �t to the diameter-mass relation in double logarithmic scale
of the �nal spiral galaxies. Right side: Distribution of the di�erence of the �tted mass to
the actual mass.

3.3 Cosmic Ray Halos

A way to explain the gamma-ray emission from the SH region, is by assuming a
cosmic ray halo. The ability of cosmic rays to escape their originating galaxy can be
inferred from the detection of extragalactic cosmic rays. In the following section, a
simple CR Halo is introduced which is based on a transport equation. Two di�erent
scenarios are investigated, either with a leptonic or hadronic origin.

3.3.1 Transport Equation

The transport equation describes the time evolution of the total resulting particle
spectrum N(E, t) [22]

∂N

∂t
= Q(E, t)− ∂(b(E, t)N(E, t))

∂E
− N(E, t)

tescape
, (3.1)

where Q(E, t) is the source spectrum, b(E, t) is the energy loss rate of the particles
and tescape the escape time of the particles. For the simulation, only the source
spectrum is needed.

To �nd the optimal source spectrum parameters, one can use a minimizer to
minimize the χ2 function. In the thesis, the spectrum is �tted to data with upper
limits. To take this upper limits into account, an adjusted χ2 function [23] is used:

χ2 =
n∑
i

(
xi − x̂i(θ)

σi

)2

+
m∑
j

2 ln

1 + erf
(

xj−x̂j(θ)

σj
/
√
2
)

2

, (3.2)

where xi represents data with an error σi, which appears n-times, where xj represents
upper limits with an error σj = xj/2, where 2 comes from the 2nd con�dence level,
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which appears m-times, x̂i/j(θ) represents the resulting values from the model with
the parameters θ and the error function

erf(x) =
2√
π

∫ x

0

e−tdt. (3.3)

For easier computation, the error function gets approximated for x < 7.5 as

f(x) = 15 · x+ 50. (3.4)

The simulations are done with GAMERA [24], which is a package design to solve such
transport equation for astrophysical sources. In the following sections, the two
di�erent cases are discussed.

3.3.2 Leptonic Case

In the �rst case, a leptonic source is considered. For that reason the source spectrum
from [6] is adapted, with the following time independent proportionality

Q(E) ∝
(

E

1GeV

)−2

e−E/500GeV. (3.5)

By using the luminosity of electrons Le and average lifetime τe of electrons, the
source spectrum can be de�ned as

Q(E) =
Leτe∫

E ·
(

E
1GeV

)−p
e−E/odE︸ ︷︷ ︸

scale

·
(

E

1GeV

)−p

e−E/o, (3.6)

where p is called the power and o the energy cuto�. τe is de�ned as

τe(E) ≈ 1.3× 106 ·
(

E

1TeV

)−1

yr. (3.7)

The expected electron luminosity equals the observed gamma-ray luminosity Lγ =
1.7× 1039 erg s−1[6]. For the expected energy range of (0.6− 6)TeV the scale results
in

scale ≈ 1.4× 1058 erg−1. (3.8)

For further analysis, Equation 3.6 is simpli�ed to

Q(E|p, o, c) = c · 1.4× 1058 erg−1 ·
(

E

1GeV

)−p

e−E/o (3.9)

where c represents an additional scaling factor.
Additional parameters needed for the simulation, e.g. the magnetic �eld, are

shown in Table 3.2.
Firstly, the spectrum from Karwin et al. 2019 is recreated with the initial param-

eters given in Recchia et al. 2021(see Table 3.3). The result is shown in Figure 3.4a.
In the case of leptonic source spectrum for the SH, the resulting spectrum is only
dominated by ICS (see Appendix B for more information).
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Simulation parameter Value
Ambient density [cm−3] 0.5× 10−3

Magnetic �eld [G] 1× 10−10

Temperature [K] 2.7
Energy density [erg cm−3] 0.25 · 1.602 18× 10−12

Distance [pc] 765× 103

Table 3.2: Simulation parameters needed for GAMERA describing the surrounding area.

Secondly, the parameters are �tted to the spectrum from Karwin et al. 2019.
For the �tting, the package iminuit [25] is used. The error bands are approximated
by iminuit, which uses the following equation

σf =

(
∂f

∂q⃗

)T

· covq⃗ ·
∂f

∂q⃗
, (3.10)

where q⃗ represent the di�erent simulation parameter p, o and c, covq⃗ the covariance
matrix resulting from the optimization and f the function for which the error bands
are calculated. The resulting best-�t spectrum is shown in Figure 3.4b and the
best-�t parameters are shown in Table 3.3. The best-�t parameters di�er from the
initial parameters.

(a) Initial parameters from Recchia et al. 2021. (b) Best-�t parameters.

Figure 3.4: Best-�t spectral model for the SH from Karwin et al. 2019. The shaded region
show the 1σ error band and downward pointing triangles give upper limits. The spectrum is
compared to a: Resulting gamma-ray spectrum from a leptonic source spectrum simulated
with the initial parameters given in Recchia et al. 2021. b: Resulting gamma-ray spectrum
from a leptonic source spectrum simulated with the best-�t parameters resulting from a
�t to Karwin et al. 2019.

Fit parameter Initial values Fit results
p 2 0.50± 0.06
o [GeV] 500 250± 11
c 1 (1.0± 0.3)× 10−3

Table 3.3: Parameter values for the leptonic source spectrum before (initial values) and
after the �t to the spectrum from Karwin et al. 2019 are shown.
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3.3.3 Hadronic Case

For the hadronic case, the same assumption for its source spectrum is made, just
with di�erent values:

Q ∝
(

E

1GeV

)−2

e−E/110GeV. (3.11)

For an expected luminosity of Lp = 1.8 × 1041 erg s−1, an expected lifetime of τp =
2× 109yr scale can be calculated for an expected energy range of (10− 1000)GeV

scale ≈ 2.3× 1063 erg−1. (3.12)

The resulting hadronic source spectrum is

Q(E|p, o, c) = c · 2.3× 1063 erg−1 ·
(

E

1GeV

)−p

e−E/o. (3.13)

The same simulation parameters are used as in the leptonic case (see Table 3.2).
Again, the spectrum from Karwin et al. 2019 is reproduced with the initial

parameters given in Recchia et al. 2021. The spectra are shown in Figure 3.5a
with the corresponding parameters listed in Table 3.4. The spectrum can not be
reproduced for unknown reasons.

Next, source spectrum is �tted to the data from Karwin et al. 2019. The
resulting spectra are shown in Figure 3.5b with the best-�t parameters shown in
Table 3.4.

(a) Initial parameters from Recchia et al. 2021. (b) Best-�t parameters.

Figure 3.5: Best-�t spectral model for the SH from Karwin et al. 2019. The shaded region
show the 1σ error band and downward pointing triangles give upper limits. The spectrum is
compared to a: Resulting gamma-ray spectrum from a hadronic source spectrum simulated
with the initial parameters given in Recchia et al. 2021. b: Resulting gamma-ray spectrum
from a hadronic source spectrum simulated with the best-�t parameters resulting from a
�t to Karwin et al. 2019.

Lastly, the best-�t source spectra are compared with their initial spectra. In
spectra are shown in Figure 3.6a for the leptonic case and in Figure 3.6b the hadronic
case. The leptonic source spectrum has a higher �ux at lower energies but stronger
drop at higher (in�ection point ∼ 3 erg = 1.8TeV). The hadronic source spectrum
expects an earlier cuto� and higher drop in �ux (∼ 1020).
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Fit parameter Initial values Fit results
p 2 0.10± 0.17
o [GeV] 110 18.3± 1.8
c 1 (1.1± 0.5)× 10−2

Table 3.4: Parameter values for the hadronic source spectrum before (initial values) and
after the �t to the spectrum from Karwin et al. 2019 are shown.

(a) Leptonic source spectrum. (b) Hadronic source spectrum.

Figure 3.6: Source spectra for the parameters from Recchia et al. 2021 and the best-�t
source spectrum resulting from �tting it to the spectra from Karwin et al. 2019 in the case
of either leptonic (a) or hadronic (b) source spectrum.
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Chapter 4

Dark Matter

One of the biggest mysteries of the universe is Dark Matter (DM). Many of the
observation hint towards �invisible� matter in our universe. Currently, Numerous
theories are developed to explain the DM. By investigating gamma rays, the number
of potential DM theories can be narrowed down.

In this chapter, I will start with a brief section about the evidence for DM, then
potential DM candidates are shown, especially weakly interactive massive particles
(WIMPs). Lastly, I will show the current status of DM theories, how DM can be
observed and afterwards how DM can be detected. The chapter is based on [26] and
[27].

4.1 Evidence for Dark Matter

There is still no conclusive evidence for DM. Nevertheless, there are a lot of di�erent
phenomena in astronomy, which could be explained by DM.

4.1.1 Rotation Curves of Galaxies

In 1983, a study was carried out on the rotation curves of 60 di�erent galaxies [28].
The result showed a �attening of the rotation curve, instead of a decrease. This
leads to the conclusion that the galaxy's mass surpasses what can be accounted for
by its luminosity alone. Further research suggests that galaxies are surrounded by
an extensive halo of non-luminous matter, which extends beyond the galaxy itself.
In Figure 4.1 the rotation curve for NGC 3198 is shown. By adding a halo model,
representing the DM, to the galaxy (disk), the �attening can be accounted for.

4.1.2 Gravitational Lensing

By the principles of general relativity, the presence of massive objects can cause
the curvature of space-time, leading to the bending of light. Consequently, the
gravitational in�uence of massive objects, such as galaxies, can mimic the behaviour
of optical lenses, causing distortions in the appearance of celestial objects. This
phenomenon is referred to as gravitational lensing.

In the case of two galaxies (one in the foreground and the other in the back-
ground), the background galaxy gets distorted according to the foreground galaxy
and their relative positioning in the line of sight. A particular case happens if both
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Figure 4.1: Observed rotation speed (black dots) for the galaxy NGC 3198. The expected
rotation speed for the galaxy (line labelled disk) and a halo model (line labelled halo) is
shown. The halo model was �tted to the data. The �gure is taken from [29].

galaxies lay in the line of sight. The background galaxy gets distorted into a ring,
the so-called Einstein ring. An almost perfect example of an Einstein ring is shown
in Figure 4.2.

By investigating a distorted image, the mass of the lens can be derived. The
distortion (θE) is proportional

√
M see Equation 4.1. Therefore, by comparing the

calculated mass with luminous mass, the amount of dark matter can be estimated.

θE =

√
4GM

c2
DLS

DLDS

(4.1)

4.1.3 Cosmological Evidence

According to our current understanding, the galaxy started with the Big Bang.
The Big Bang Theory states that the universe was compressed into an in�nitesimal
small point. Following this, the universe expands till today but at di�erent rates at
di�erent times. The older the universe gets, the colder it becomes and the formation
of bound particle states becomes possible (quarks to hadrons to atoms). After 380,00
years, the universe was cold enough for atoms to form. This period is called the
epoch of recombination. The universe was opaque beforehand, and now photons
can travel freely through the universe. These photons can now be observed as the
cosmic microwave background (CMB). The CMB has an approximate temperature
of (2.7300± 0.0005)K. In Figure 4.3 a plot of the temperature �uctuation is shown.
The Big Bag can be described by the ΛCDM model, which has the baryon density
Ωbh

2 and the dark matter density Ωdmh
2 as parameters.

The CMB map can then be separated into its spherical harmonic components
and from this, the CMB anisotropy power spectrum is derived (see Figure 4.4).
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Figure 4.2: The red galaxy in the foreground distorted light from a more distant blue
galaxy. Both galaxies are aligned in an almost perfect, straight line from our perspective.
This makes the background galaxy appear as a ring (Einstein ring). Taken from [30].

From the ΛCDM the theoretical CMB anisotropy power spectrum is obtained and
can be �tted to the measured values. Following the �t, the results give values for
Ωbh

2 and Ωdmh
2, in particular Ωdmh

2 ̸= 0.

4.1.4 Bullet Cluster

The last piece of evidence presented is by analysing the bullet cluster. The bullet
cluster consists of two galaxy clusters, which collided some time ago (see Figure 4.5)
During the passing, hot gas got compressed between them and emitted X-rays (red
area in Figure 4.5). The X-ray emitting area represents the space with the highest
baryonic matter density. The centre of the total mass of the cluster can also be
derived by looking for the position of weak gravitational lensing (blue area in Fig-
ure 4.5). By comparing these two regions, a discrepancy can be seen. This can be
explained by additional non-baryonic matter (DM).

With this analysis, one can also exclude the modi�ed Newtonian dynamics
(MOND), which was an alternative theory to DM. MOND explained the rotation
curves of galaxies by modifying Newton's law of universal gravitation. MOND is
unable to explain the bullet cluster.

4.2 Dark Matter Candidates

From our observation (lack of observation) three characteristics are needed for a DM
candidate:

� non-baryonic:
Only weakly interacting and therefore not carrying any electric charge and
colour charge.
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Figure 4.3: Map of the cosmic microwave background temperature �uctuation. The
average temperature is approximately 2.73K and �uctuates about 500µK. The data is
taken by the Planck spacecraft.

� stable:
DM particle were created at the Big Bang and should be stable or have a very
large lifetime (much larger compared to the age of the universe).

� non-relativistic (and therefore massive)
Relativistic particle are unable to explain the gravitational potential, which
resulted in our current observable universe. Neutrinos are ruled out with these
characteristics.

In the following sections, two di�erent possible DM candidates will be discussed.

4.2.1 Axions

The quantum chromodynamic (QCD) lagrangian predicts strong charge-parity vi-
olations. The Lagrangian term depends on θ̄, which is related to the QCD vac-
uum. From θ̄ the neutron electric dipole moment can be derived, which results in
θ̄ < 10−10. Fixing this �ne-tuning problem, by creating a spontaneous symmetry
breaking, predicts a new particle, the axion.

The axion is a light electric neutral, and weakly interacting particle. Therefore,
a good candidate for DM.

4.2.2 WIMP

An extensive class of particles considered for DM are weakly interacting massive
particles, short WIMPs. In the following sections, two WIMP candidates will be
discussed, proposed by supersymmetry (SUSY) extension to the Standard Model
(SM) and Kaluza-Klein theory (KK theory). Beforehand, the process of thermal
freeze-out will be explained.
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Figure 4.4: The temperature angular power spectrum with the best-�t values for the
ΛCDM model (red line). The grey dots represent the measured data and the black the
binned data. Taken from [31].

Thermal Freeze-Out

The early universe consisted of hot and dense plasma. If WIMPs exist, then one
can assume that in the plasma the production and annihilation of WIMPs were in
an equilibrium. As time moved on, the universe expanded and cooled down. This
results �rstly in a disruption of the equilibrium, because the energy was too low
for WIMP production. Secondly, the annihilation of WIMPs is reduced because of
the expanding space. Henceforth, the WIMP density approaches a constant value
(relic abundance). One can derive ⟨σv⟩thermal relic ≈ 3 × 10−26 cm3 s−1 for the self
annihilation cross-section. This is what one predicts for particles with electroweak
scale interacted. This result gets referred to as WIMP Miracle.

Super Symmetry

By adding another symmetry to the SM, one can easily derive a DM candidate. By
proposing a symmetry between fermions and bosons, giving each particle an oppo-
site partner, one expands the SM with SUSY. SUSY solves the hierarchy problem.
The measured mass of the Higgs boson is much smaller than expected. SUSY intro-
duces new particles, which would correct the expected Higgs mass to the measured
one. Another advantage of SUSY is, that it proposes a viable DM candidate. The
neutralino χ0

1 · · ·χ0
4 is a particle state which is a superposition of the neutral su-

perpartners of the Higgs and gauge bosons. The neutralino is stable, only interacts
weakly and massive (mχ > 46GeV), thus, a good WIMP candidate.

Kaluze Klein Theory

A simpler extension to the SM is the Kaluza Klein theory (KK theory). The theory
assumes an extra spatial dimension. The extra dimension is curled up into a circle
with an extremely small radius R (∼ 10−35m). Therefore, the extra dimension can't
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Figure 4.5: A picture of the bullet cluster, which consists of two galaxy clusters. A region
of hot gas (red area), which emits X-rays, was created during their collision. The location
of weak gravitational lensing (centre of the total mass) is shown in blue. Taken from [32].

be observed. Particle are theoretically able to propagate through the dimension.
The momentum would be quantized, and each particle has di�erent KK states. By
requiring translation invariance along the �fth dimension, a stable KK particle can
be derived. The stable KK particle correspond to the �rst excited photon state and
is a good WIMP candidate.

4.3 Dark Matter Detection

A possible interaction for DM is their destruction. In Figure 4.6 the Feynman graph
for DM annihilation is shown (left to right). By rotating the Feynman graph by 90◦

the scattering process is shown, and by repeating the rotation the production graph
is constructed. Depending on these three interactions, di�erent detection strategies
are used:

� Particle accelerators (Production, see corresponding interaction channel in Fig-
ure 4.6)

� Direct detection (Scattering, see corresponding interaction channel in Fig-
ure 4.6)

� Indirect detection (Annihilation, see corresponding interaction channel in Fig-
ure 4.6)

The di�erent strategies are discussed brie�y in the following sections.
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Figure 4.6: Possible interaction for a theoretical WIMP (χ). From left to right the
annihilation channel is shown. AWIMP and anti-WIMP interact and annihilate themselves
into any standard model particle (f) pair (e.g. qq̄ or γγ). From right to left the production
channel is shown, where a f and f̄ produce a WIMP pair. The WIMP scattering process
is shown from top to bottom.

4.3.1 Particle Accelerator

In particle accelerators (e.g. LHC), particle-particle interactions are produced. In
these interactions, DM could be created. The detectors are not able to detect them,
but the missing energy and momentum can be detected. From this information,
one can only derive a minimal lifetime of τ > 1 × 10−7 s, which is much smaller
than the required τWIMP > 1 × 1017 s. Nevertheless, the thermal relic density can
be determined. If the thermal relic density agrees with the cosmologically observed
density, it is strong evidence for dark matter.

4.3.2 Direct Detection

Direct detection experiments aim to detect DM scattering on nuclei. The expected
recoil energy is relatively low (∼ 100 keV) and therefore a very sensitive detector
with low background is needed. By building them underground, the background gets
reduced. An unsolvable problem are the atmospherical neutrinos, which set a lower
limit for the direct interaction cross-section (σSC) An example is the XENON1T
detector. The detector is made out of liquid xenon, which theoretically produces
photons by interactions with DM. XENON1T examines the parameter space up
to σ ∼ 2 × 10−47 cm2 [33]. The current and future constraints on the scattering
cross-sections are shown in Figure 4.7.
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Figure 4.7: Current constraints on the scattering cross-section (spin-independent) of
WIMPS. The neutrino scattering background curve is shown in orange. Taken from [34].

4.3.3 Indirect Detection

In the case of indirect detection, one tries to observe the resulting particles from
DM annihilation.

If the DM particles decay into neutrinos, an excess �ux from the sun is expected.
From theoretical calculations, the neutrino �ux resulting from DM annihilation de-
pends only on the scattering cross-section. For that reason, by detecting an excess
neutrino �ux from the sun, the scattering cross-section can be constrained.

A way to derive the annihilation cross-section is by detecting particles beside
neutrinos directly. Anomalies of particle �uxes can be interpreted as potential DM
sources.

Lastly, a gamma ray �ux caused by the DM decay products can be detected. DM
can theoretically also decay into two photons, but this process is highly suppressed.
The gamma-ray �ux can be detected by ground-based (Fermi-LAT) or space-based
(CTA) telescopes. By looking at region with a high DM density (dwarf galaxies,
galaxy clusters or the galactic centre), the likelihood of signi�cant detections are
increased. In Figure 4.8 the current annihilation cross-section upper limit for the
bb̄-channel is shown. The potential gamma-ray �uxes for di�erent decay channels
are discussed in the next section.

4.4 Annihilation Spectrum of WIMPs

The annihilation spectrum for WIMPs depends on the channel into which the DM
particle annihilates. Every particle from the SM is possible as long as mSM < mχ

is valid. In Figure 4.9 the gamma-ray spectrum for a DM particle with a mass
MDM = 100GeV for di�erent products are shown. The simulation of the spectra are
done with CLUMPY [36, 37]. The spectra show an expected cuto� at the mass of the
DM particle. The bb̄-channel is commonly used in the literature for the GeV energy
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Figure 4.8: Upper limits to the annihilation cross-section for the bb̄-channel. The limits
are derived by analysing the combined data from MAGIC (a current IACT) and Fermi-
LAT. Taken from [35].

range [38, 39, 40] and therefore used for future analysis.

4.5 Di�erential Flux of Emitted Photons

The gamma-ray �ux resulting from DM annihilation for extra galactic sources is
calculated by following equation

〈
d2Φ

dEγdΩ

〉
sky

= ϱ̄2DM,0 ×
∫ zmax

0

cdz
(1 + z)3

H(z)

〈
δ2(z)

〉
︸ ︷︷ ︸

cosmological-related parameters

·
dΦPP

γ (E, z)

dE︸ ︷︷ ︸
source spectrum

, (4.2)

where Eγ represents the observed energy, dΩ the elementary solid angle, ϱ̄2DM,0

represents the current DM density of our universe, c the speed of light, H(z) the
Hubble constants at the redshift z, ⟨δ2⟩ = 1 + Var(δ) the intensity multiplier to

the DM inhomogeneity δ and
dΦPP

γ (E,z)

dE
the source spectrum. The source spectrum

depends on two terms. Firstly, it depends on a particle physics related part, which
describes the shape of the spectra (see Figure 4.9), which depends on the annihilation
channel of the DM particle. Secondly, a term related to the DM distribution. This
factor is referred to as J-factor. The J-factor related part only scales to spectrum
by a scalar quantity.
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Figure 4.9: DM annihilation spectrum for di�erent decay channels. The DM mass is
assumed to be 100GeV. Shown are the leptonic decay channels without neutrinos (green
lines), the quark decay channels with q = u, c, d (red lines), and the gauge bosons without
photons (cyan lines). For the future analysis the bb̄-channel is used.

4.6 Dark Matter Distribution

For the calculation of the J-Factor, the underlying DM distribution is needed. The
distribution cannot be detected, therefore it is simulated. For simplicity, a radial
symmetry is assumed for all density pro�les. The �rst density pro�le was proposed
by Nacarro, Frenk and White (NFW [41]). The model results from N-body simula-
tions. The NFW-pro�le can be labelled as a cusped pro�le, which refers to a highly
dense centre region. Other models in the category are the Einasto-pro�le and the
Moore-pro�le.

In comparison to the cusped pro�le are pro�les with a �at density pro�le in
the centre. They are motivated by observations of dwarf galaxies, where a �at
density pro�le is expected. Examples for such models are the Burkert-pro�le and
Isothermal-pro�le.

The pro�les are shown in Figure 4.10. The pro�les are scaled to a density of
ρ = 0.3GeV cm−3, which is commonly used in literature as DM density in the
vicinity of our on solar system [42], at a distance of 8.33 kpc from the galactic
centre. The equations with their respective parameters are shown in Table 4.1. The
DM pro�le is referred to as DM halo. For further analysis a NFW-pro�le with
rs = 18.9 kpc and ρs = 2 ·106M⊙/kpc

3 and an Einasto-pro�le with rs = 178 kpc and
ρs = 8.12 · 103M⊙/kpc

3 for the Andromeda Galaxy are used [23]. The pro�les are
shown in Figure 4.11.
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Figure 4.10: SM pro�les for di�erent proposed DM pro�le functions. The pro�les are
normalized to ρ = 0.3GeV cm−3 at a distance equal to the distance from our galactic
centre to our sun (8.33 kpc), which is a DM density expected at the vicinity of our own
solar system. The exact values used are shown in Table 4.1.

Figure 4.11: Dark Matter pro�les used for further analysis (taken from [23]). The size
of M31 and other important distances to halo companents of M31 are shown.
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Chapter 5

Andromeda Galaxy Analysis

In this chapter, Fermi-LAT data of the region of interest (ROI), which includes the
SH, for the Andromeda Galaxy is analysed. Firstly, the statistical method used in
the analysis is introduced as well as the background models. After that, the analysis
chain with Fermipy and Gammapy is explained. Further, di�erent halo models with
di�erent spectral models are discussed and compared to the previously discussed
explanations: DM pro�les and CR Halos.

5.1 Binned Maximum Likelihood Analysis

In the case of Fermi-LAT, the data one receives are photon events with their asso-
ciated direction. These events are then processed into a 3D-histogramm, where the
region one observes is divided in spatial bins and energy bins with their correspond-
ing event count. This section is based on [43].

In the next step, one can de�ne several models, which predict gamma rays.
By �tting the models simultaneously to the map, one obtains the best-�t model
parameters. For this process the likelihood L(Ξ) which depends on model parameters
Ξ is de�ned as

L(Ξ) =
N∏
i=1

P (ni|λi(Ξ)), (5.1)

where the P (ni|λi(Ξ)) represents the Poisson distribution (see Equation 5.2). The
Poisson distribution gives the probability to measure ni counts for the model pre-
diction λi(Ξ) for the i-th pixel.

P (ni|λi(Ξ)) =
λi(Ξ)

ni

ni!
· e−λi(Ξ) (5.2)

With the likelihood, the total statistic TS value is de�ned as

TS = −2 ln(L(Ξ)) = −2
N∑
i=1

ln

(
λi(Ξ)

ni

ni!
· e−λi(Ξ)

)
. (5.3)

For the �tting, the TS is then minimized, or the likelihood is maximized.
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To compare two nested models (model parameters 1 are a subset of model pa-
rameters 2) one can calculate their total statistic di�erence ∆TS :

∆TS = TSmodel 1 − TSmodel 2. (5.4)

If Wilk's theorem applies, it states, that∆TS is distributed like χ2
k with k degrees

of freedom [44]. Wilk's theorem only holds true if

� the number of events is large

� parameters are not close to values at the boundary conditions

� no degenerate model parameters exist.

One can then estimate the signi�cance σ out of χ2
k. At �rst one can calculate the

result (p) of the survival function (SF) of χ2
k. The SF S(t) is de�ned as

S(t) =

∫ ∞

t

f(u)du = p (5.5)

where in our case t is ∆TS and f(u) is a probability density function (PDF) of χ2
k,

which is de�ned as

χ2
PDF(x, k) =

1

2
k
2Γ
(
k
2

)x k
2
−1e−

x
2 (5.6)

with

Γ(x) =

∫ ∞

0

tx−1e−tdt (5.7)

being the gamma function, which is an analytic continuation of the factorial function
Γ(n) = (n − 1)!. Then, by taking the inverse survival function, which has the
same form as the SF just with the limits from −∞ to t, with 0.5p and the normal
distribution (see Equation 5.9 with the parameters µ = 0, σ = 1 and A = 1) as
PDF, one gets an estimate for the signi�cance. If the number of free parameters is
one (k = 1), the estimation can be simpli�ed to

σ =
√
∆TS. (5.8)

One has to keep in mind that the signi�cance can only be used to test the null
hypothesis, by either reject or accept it. This does not mean that the null hypothesis
or the other model describe the phenomena accurately.

g(x|µ, σ,A) = A√
2πσ2

· exp
(
−1

2

(
x− µ

σ

))
(5.9)

5.2 Background Models

During the modelling, one has to take into account background events. These back-
ground events can be described by two background models, the galactic background
and the isotropic background. The galactic background describes the di�use gamma-
ray emission resulting from various processes from our own galaxy. The version
gll_iem_v07.fits is used and is explained in more detail in [45].

The isotropic background consists of extragalactic gamma rays and, as the name
suggests, is distributed isotropically over the sky (see [45] for more details). The
version used in this thesis is iso_P8R3_SOURCE_V3_v1.txt.
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5.3 Data Pre Fitting With Fermipy

At �rst, Fermipy is used to convert the Fermi-LAT data into a gamma astro data for-
mat (GADF). Fermipy is an open-source package adapted to be used for analysis of
data collected from Fermi-LAT [46]. The data is taken from the Fermi-LAT website1.
The sources used are taken from the LAT 12-year Source Catalogue (4FGL-DR3) [47].
The parameters used for data selection and reduction are shown in Table 5.1.

(a) Signi�cance map (correlation radius of 0.3◦). (b) Signi�cance distribution.

Figure 5.1: (a): LiMa Signi�cance map of the ROI after �tting all models in Fermipy

with a correlation radius of 0.3◦. The plus signs represent a source from the catalogue.
(b): Distribution of the signi�cance from the signi�cance map. Also shown is the normal
distribution (see Equation 5.9) �t to the data (orange line) with a normal distributed with
σ = 1 and µ = 0 for comparison (red dotted line).

For analysis of the SH of M31 only a ROI of 30◦ × 30◦ is needed, but since
the Fermi-LAT has a huge PSF (∼ 3◦ at energies around 1GeV) models outside
the ROI have to be modelled, due to leakage inside the ROI. In Gammapy an edge
cut is applied, as models outside the ROI are not included. The background models
discussed in the previous section are also needed for the data evaluation. In Fermipy

the ROI is optimized, where sources are frozen with minimal/maximal TS of -1/4 or
with a distance of the source bigger than 10◦. For the optimization, the amplitudes
of the free sources are �tted. The data are then exported for a more convenient use
to Gammapy. In Figure 5.1 the signi�cance map (a) and corresponding signi�cance
distribution (b) after the �t are shown. The signi�cance is calculated as in [48]
with a correlation radius of 0.3◦, which is referred to as LiMa signi�cance. If the
models were perfectly describing the ROI, only statistical �uctuations would a�ect
the signi�cance distribution. Thus, the signi�cance distribution adheres to a normal
distribution with mean at zero and a standard deviation of one. The resulting
standard deviation (see Figure 5.1 (b)) is ∼ 1.4, which is still in an acceptable
range. Furthermore, a mean of −0.2 ± 0.1 suggest no further excess counts that
are unaccounted for by the models. The �t is good enough to be used as a null
hypothesis.

1https://fermi.gsfc.nasa.gov/cgi-bin/ssc/LAT/LATDataQuery.cgi
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Con�guration parameter Value
Data selection

Object name Andromeda Galaxy (4FGL J0043.2+4114)
Observation time [MET] 239557417 - 710670377
Observation time [yr-m-d] 2008-08-04 - 2023-07-10
Energy range [GeV] 0.74989 - 133.35214
LAT data type Photon
ROI 40◦ × 40◦

Data reduction
IRF P8R3_SOURCE_V3

Source catalogue gll_psc_v28.xml

Spacial bin size 0.1◦

Energy bins per decade 8

Table 5.1: Most important parameters used for data selection from the Fermi-LAT web-
site1 (Data selection) and for generating the data with Fermipy (Data reduction).

5.4 Data Analysis With Gammapy

The data cubes and IRF's from Fermipy are imported to Gammapy. Gammapy is
an open-source python package for high level analysis of gamma-ray data [49, 50].
In Figure 5.2 the count map of the data imported from Fermipy is shown. The
projection of the data is not considered and, therefore, the edge cut does not resemble
a 5◦ cut at the edges. The edge cut includes most of the ROI, even though the data is
not projected correctly on the 2-dimensional space. Since the projection is neglected,
the circle, representing the SH, around M31 is not skewed. The di�erences resulting
from the lack of projection can be neglected.

Models located within the SH and those which are uncategorized are both con-
sidered in the modelling process, since they have the potential to be part of the SH.
For further �tting, these following models are considered:

� Background models:
Two background models are used, the galactic and isotropic background (see
section 5.2 for more details).

� Source galaxy:
The Andromeda Galaxy model from Fermipy is adapted.

� Uncategorized sources:
The uncategorized sources, located inside the SH, models are adapted from
Fermipy. In the case of the Andromeda Galaxy, four sources are included with
the following catalogue names 4FGL J0026.2+3926, 4FGL J0039.7+4203,
4FGL J0042.3+3509 and 4FGL J0112.0+3442.

� Remainder sources in the ROI:
All other sources, which aren't the source galaxy or uncategorized inside the
SH, are modelled as a template model. This means the models are adapted
from Fermipy and put together into a single background source. This model
is then �xed during further �tting.
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� SH model:
The model describing the SH of the source galaxy. The speci�c SH model will
be discussed in greater detail later in this section.

Figure 5.2: Counts Map from Fermipy with a 40◦ × 40◦ ROI with the important sources
shown. For Gammapy only a 30◦ × 30◦ ROI is needed (white dotted line). Therefore, a
spatial cut is applied (orange line), which is similar to the 30◦ × 30◦. The source galaxy
(M31) is shown in cyan with the SH in green. Also shown are the unknown sources in the
SH (pink plusses).

Firstly, all the models except the SH model are �tted to get a �at signi�cance
map, which can be used as the null hypothesis. The resulting signi�cance map
(smoothing of 0.3◦) and the associated spectral residual points are shown in Fig-
ure 5.3a and Figure 5.3b. The signi�cance is fairly �at over the ROI, and the
residuals �uctuate strongly for lower energies, but �atten for higher energies. The
residuals are grouped in four energy bins (indicated by the black dotted lines) for
better statistics in further analysis. In Table 5.5 the resulting normal distribution
�t values are shown for the energy bins de�ned in Figure 5.3b. The �t in Gammapy

improves the signi�cance distribution yielded from Fermipy. The lower energy bin
deviates the most from the normal distribution, but is still in an acceptable range.
The resulting residuals are in an agreeable range and one can start to add the model
for the SH.

For the SH, three di�erent spectral models are considered: power law model
(PWL-model), exponential cuto� power law model (EXP-model) and log parabola
model (LOG-model). The corresponding equations are shown in Table 5.3.

The morphology of the halo is modelled as a �at disk with the radius r and
centred around the position of the source galaxy, which is referred to as disk spatial
model. This model is chosen since the �ux is expected to be emitted uniformly in
the disk. The edges are smoothed by the error function (see Equation 3.3).
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(a) Signi�cance map (correlation radius of 0.3◦). (b) Spectral residual points.

Figure 5.3: (a): Signi�cance map of the ROI with correlation radius of 0.3◦. The signif-
icance represents the LiMa signi�cance. (b): Spectral residual points for the signi�cance
map. There are eight bins per magnitude, which are evenly distribution in log scale. The
dashed black lines show the borders for the newly chosen energy bins (see Table 5.2).

Energy bin [GeV] µ σ
1 - 2.37 −0.016± 0.015 1.267± 0.015
2.37 - 4.22 0.252± 0.005 1.103± 0.005
4.22 - 10 −0.419± 0.005 1.046± 0.005
10 - 100 0.036± 0.005 1.060± 0.005

Table 5.2: Distribution of the LiMa signi�cance in four di�erent energy, chosen for better
statistics (see Figure 5.3b). The expected distribution is a normal distribution with µ = 0
and σ = 1.

The initial parameters for the spectral EXP-model are [6]:

ϕ(E) = 9.8× 10−11

(
E

1GeV

)−1.9

· exp

(
−
(

1

11.6GeV
E

)1
)

·3.42× 10−2 sr ·GeV cm−2 s−1 sr−1 · 2,
(5.10)

where the factor 2 takes into account that the whole SH is observed and not only the
southern part, and 3.42× 10−2 sr is the solid angle of the SH. For the PWL-model,
the same function is used without the exponential term. The same amplitude is also
used for the LOG-model, and the parameters are set to α = 2.3 and β = 0.5. For
the spatial model, the radius r = 8.86◦ from Karwin et al. 2019 is adapted.

Six di�erent cases are examined, using one of the three models with either a
�xed spatial model radius (8.86◦) or the radius as a free parameter. The resulting
signi�cances are presented in Table 5.3.
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For spectral comparison, each best-�t spectral model is shown in Figure 5.4.
The PWL-model matches the model from Karwin et al. 2019 for lower energies
(see Figure 5.4), but is unable to match higher energies. This outcome aligns with
expectations, because the PWL-model is too simplistic to describe the SH. The
two other models predict overall lower �ux and also earlier cuto� energies. In the
following part, the best-�t model (LOG-model with �xed radius) is discussed in
greater detail.

Figure 5.4: Spectral shape comparison of the di�erent models to the best-�t model from
Karwin et al. 2019. The shaded regions give the 1σ error band and downward pointing
triangles give upper limits.
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Parameter Initial Value Fit (�xed radius) Fit (free radius)
Spectral Log Parabola Model

ϕ0 [MeV cm−2 s−1] 6.7032× 10−12 (2.5± 0.7)× 10−12 (2.7± 0.8)× 10−12

E0 [GeV] 1 - -
α 2.3 2.71± 0.28 2.93± 0.28
β 0.5 1.0000± 0.0006 1.0000± 0.0002

Disk Spatial Model
longitude (icrs) 10◦49′22′′ - -
latitude (icrs) 41◦14′29′′ - -
radius [◦] 8.86 8.86 9.09± 0.18

Galactic Background
norm 0.8972 0.972± 0.006 0.972± 0.006
tilt [10−2] 1.353 4.8± 0.6 4.8± 0.6
E0 [GeV] 1 - -

Isotropic Background
norm 1.224 1.07± 0.08 1.07± 0.07
tilt [10−2] 0 1.8± 1.3 1.7± 1.1
E0 [TeV] 1 - -

Table 5.4: Model parameter values for the spectral LOG-model, the disk spatial model
and the two background models. Given are the initial values, the values after the �t with
a �xed radius (8.86◦) and after the �t with the radius as a free parameter.

5.4.1 Log Parabola Spectral Model and Disk Spatial Model

The log parabola spectral model with �xed disk spatial model proved to be the
best-�t model (see Table 5.3). Therefore, the analysis chain is discussed in greater
detail in this section.

The initial parameters used and resulting best-�t model parameters are shown
in Table 5.4. Also shown, are the normalization value, tilt value and the reference
energy E0 for both background models. One expects the normalization value to be
located close to 1 and for the spectral tilt around 0. The background models are
�tted to the entire ROI, and bigger deviations indicate some errors in the modelling
process. All other models, which are not mentioned, have their amplitude as a free
parameter, except the remainder sources in the ROI. No discrepancies are seen in
the other free parameters, which indicate some problem in the �tting process.

In Figure 5.5 the signi�cance map and the spectral residual points are shown.
The distribution values for the four energy bins are shown in Table 5.5. The signif-
icance map and distribution values remain relatively similar to the results from the
null hypothesis, but de�nitely don't worsen.

To get a measure of quality of the �t, one can examine the residual before
and after the �t. The residual should be �attened after the �t. In Figure 5.5b a
comparison of the residual before and after the �t in the area of the SH are shown.
The residuals improve on average.

Another aspect to consider are the predicted counts from di�erent sources. In
this case, the counts from M31 and the SH are predicted. In Figure 5.6 a counts map
of only the prediction of the corresponding source over all energy bins are shown. A
ratio of 1:10 can be seen for predicted counts from galaxy to predicted counts from
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(a) Signi�cance map (correlation radius of 0.3◦). (b) Spectral residual points.

Figure 5.5: (a): Signi�cance map of the ROI with correlation radius of 0.3◦. The
signi�cance represents the LiMa signi�cance. (b): Spectral residual points inside the SH
(r = 8.86◦) region for the signi�cance map before (without SH model) and after the �t
(with SH model).

Energy bin [GeV] µ σ
1 - 2.37 −0.026± 0.015 1.250± 0.015
2.37 - 4.22 0.198± 0.005 1.091± 0.005
4.22 - 10 −0.408± 0.004 1.038± 0.004
10 - 100 0.065± 0.005 1.060± 0.005

Table 5.5: Distribution of the LiMa signi�cance in four di�erent energy, chosen for better
statistics (see Figure 5.3b). The expected distribution is a normal distribution with µ = 0
and σ = 1.

SH.
To further investigate the in�uence of the uncategorized sources, one can compare

their �uxes. In Figure 5.7 are the �uxes shown for the di�use background, the
uncategorized sources, the source galaxy and the SH model. In the lower energy
range (1GeV to 10GeV) all uncategorized models are insigni�cant in comparison to
the SH model. Whereas, at high energies (10GeV to 100GeV) it is the other way
around. This leads to the conclusion, that the uncategorized sources are not part of
the SH.

Lastly, the �ux points are calculated for six di�erent energy bins, which were
chosen for better statistics. The result is shown in Figure 5.8 with the best-�t
model. For the lower energies (below 10GeV) the �ux points agree with the model
from Karwin et al. 2019. At higher energies, the �ux points visible deviate from
the model. The �ux points rather match a PWL-model. Another feature to be
noticeable is that the �ux points in the middle of the spectrum are less signi�cant.
This is referred to as dip and has been observed in di�erent models resulting from
analysis of Fermi-LAT data [51]. One possible explanation is that the dip results
from some internal systematic errors in the Fermipy package. Another possibility
is that the spectrum consists of two parts. The �rst one could dominate the lower
energies, and the second one the higher ones. The �rst model drops before the
second signi�cantly rises, thus creating the dip. Overall, the results don't match
with Karwin et al. 2019 and the LOG-model is preferred against the EXP-model
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(a) Source galaxy (M31) (b) SH (LOG-model with spatial disk model)

Figure 5.6: Predicted counts for the Andromeda Galaxy (a) and the corresponding SH
(b) after the �rst SH model �t to the data. The �rst number resembles the predicted
counts from the source the second the total predicted gamma-ray count.

Figure 5.7: Gamma-ray spectra for the isotropic background model, the four uncate-
gorized sources, the Andromeda Galaxy (4FGL J0043.2+4114) and the SH log parabola
spectral model (LOG-model) are shown.

used in Karwin et al. 2019.
In the following two sections two possible explanations of the SH are investigated

with the best-�t model and �ux points.
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Figure 5.8: Best-�t LOG-model with the corresponding �ux points. The �ux points are
calculated for six energy bins, which where chosen for better statistics. The spectrum plus
�ux points are compared to the spectrum from Karwin et al. 2019. Also, a visible dip in
signi�cance for the �ux points is indicated (red arrow).

5.4.2 Cosmic Ray Halo

As discussed in subsection 3.3.2 and subsection 3.3.3, the spectrum observed in the
SH region can be described by either a leptonic or hadronic source spectrum. For
the M31, the source spectra are �tted to the �ux points calculated in last section.

In the case of a leptonic source spectrum, errors are an order of magnitudes
higher than the resulting �ux and therefore is not discussed in greater detail.

The hadronic case yields useful results. In Figure 5.9 the resulting best-�t spec-
trum is shown on the right side with the source spectrum from Recchia et al. 2021
on the left side for comparison. The source spectrum is shown in Figure 5.10 with
the source spectrum from Recchia et al. 2021 for comparison. The �t results in a
high energy cuto� value (∼ 23TeV). Hence, the exponential cuto� source spectrum
can be approximated by a simple power law spectrum for the energy range from
1GeV to 100GeV. A PWL-model would match the �ux points better. This can also
be seen in Figure 5.10.
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(a) Initial parameters from Recchia et al. 2021. (b) Best-�t parameters.

Figure 5.9: Resulting gamma-ray spectrum from LOG-model with its �ux points. The
spectrum plus �ux points are compared. The shaded region shows the 1σ error band.
The spectrum is compared to a: Resulting gamma-ray spectrum from a hadronic source
spectrum simulated with the initial parameters given in Recchia et al. 2021. b: Re-
sulting gamma-ray spectrum from a hadronic source spectrum simulated with the best-�t
parameters resulting from a �t to the �ux points.

5.4.3 Dark Matter

Lastly, the LOG-model and the �ux points are compared to the Dm halo models
de�ned in section 4.6. For simple systematic estimations, the annihilation cross-
section and DM mass are varied. For the cross-section the region (2−4)·10−26 cm3/s
and for the mass 99 − 101GeV are investigated. A qualitative comparison of the
spectral shapes for the DM models and the LOG-model is shown in Figure 5.11. This
looks promising and therefore, this can be seen as hint for DM gamma-ray origin
but a more intricate DM models analysis has to be performed. If the phenomenon
of the dip is a result of a two component spectrum, the DM models are unable to
explain it.
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Figure 5.10: Source spectra for the parameters from Recchia et al. 2021 and the source
spectrum resulting from �tting it to �ux points of the best-�t LOG-model calculated in
last section. The error band for the proton spectrum after �t are too small to be visible.

Figure 5.11: Spectral shape comparison of the two pro�les (de�ned in section 4.6) to the
best-�t LOG-model and the corresponding �ux points. The error bands of the DM models
are estimated by doing the simulation with the upper or lower errors of the annihilation
cross-section σ and DM mass MDM.
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Chapter 6

Nearby Spiral Galaxies

The analysis of the SH is applied to other potential galaxies. In the �rst section,
potential spiral galaxies are identi�ed, and simple prediction about the expected
�uxes and SH sizes are made. Afterwards, the potential candidates are discussed.

6.1 Prediction of Nearby Spiral Galaxies Candidates

The sensitivity curves discussed in section 2.2 only apply to point sources. The halo
examined in the thesis is a hugely extended source (in the case of M31). For this
reason, the sensitivity has to be adjusted by a scaling factor k for extended sources.
The SH model from Karwin et al. 2019 give only upper limits after ∼ 10GeV and
hence one expects an intersection of the model with the sensitivity curve at that
point. A simple assumption for the scaling factor would be ∝

√
σ2
source + σ2

PSF/σPSF

[52], but this would overestimate the sensitivity curve. Therefore, scaling the pro-
portionality by a factor smaller 1 would solve the problem. Yet, this would lead the
scaling factor to be smaller than 1 and therefore better than a point source. That's
why, following equation is used:

κ =

√
(0.2 · σsource)2 + σPSF(E)2

σPSF(E)
. (6.1)

To get a simple value de�ning detectability, the fraction of source model �ux to
sensitivity curve is calculated. A value of over 1 signi�es a detectable �ux. For the
source model, the exponential cuto� power law from [6] gets adapted to

dN(E)

dE
=

(
9.8× 10−11 ·

(
E

1GeV

)−1.9

· e−
E

11.6GeV

)
×(2 · 3.42× 10−2 sr)MeV cm−2 s−1 sr−1.

(6.2)

The equation can be simpli�ed to

dN(E)

dE
=

(
6.7× 10−12 ·

(
E

1GeV

)−1.9

· e−
E

11.6GeVMeV−1 cm−1 s−1

)
. (6.3)
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In Figure 6.1 the exponential cuto� power law (labelled Power Law) with the sensi-
tivity curve for the point source and the extended source (scaled with κ) for Fermi-
LAT and the model from Karwin et al. 2019 is shown on the left side. On the right
side is the resulting fraction shown. The same is shown for CTA in Figure 6.3. The
expected spectrum is far below the sensitivity for CTA, and therefore CTA won't
be considered any more. In the case of Fermi-LAT, the modelled spectrum is partly
above the sensitivity as de�ned.

Figure 6.1: Left: The power law de�ned in Equation 6.3 is shown with the sensitivity
for point sources and extended source, which is calculated by multiplying the sensitivity
for point sources with κ (see Equation 6.1), for Fermi-LAT and the model from Karwin et
al. 2019. The crosspoint of the power law with the extended source sensitivity is marked
(red dotted line). Right: The fraction of the power law to the extended source sensitivity
is shown.

To estimate the possibility of detecting SH for other galaxies, the spectrum gets
scaled by two parameters depending on the galaxy's distance and the galaxy's size.
In the �rst case, a proportionality of ∝ 1/d2 is assumed (see Equation 6.4). If the
galaxy emits its �ux isotropically, the proportionality should arise. In the second
case, a proportionality of ∝ s2 is assumed (Equation 6.5).

kdistance =

(
dgalaxy
dM31

)2

(6.4)

ksize =

(
sM31

sgalaxy

)2

(6.5)

By applying the two scaling factor for all galaxies, the fractions are calculated.
The results for Fermi-LAT and CTA are shown in Figure 6.3. For the CTA case, no
possible candidates can be identi�ed. In the Fermi-LAT case, one candidate reaches
values over 1. This candidate is Messier 33 (M33) better known as Triangulum
Galaxy. All other galaxies are below the value of 1 and are therefore not detectable.
In Table 6.1 the six most promising candidates and the Andromeda Galaxy are
shown with the most important NEARGALCAT data and some predicted values. In
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Figure 6.2: Left: The power law de�ned in Equation 6.3 is shown with the sensitivity for
point sources and extended source, which is calculated by multiplying the sensitivity for
point sources with κ (see Equation 6.1), for CTA and the model from Karwin et al. 2019.
The crosspoint of the power law with the extended source sensitivity is marked (red dotted
line). Right: The fraction of the power law to the extended source sensitivity is shown.

the next section, the candidates are analysed. Beforehand, some simple predictions
are made.

Figure 6.3: Resulting fraction of the expected spectrum, which is represented by Equa-
tion 6.3 and scaled by Equation 6.4 or Equation 6.5 for each galaxy, to the sensitivity
of extended sources, which is calculated by multiplying the sensitivity for point sources
with κ (see Equation 6.1), for the �nal galaxy selection (see section 3.2) for Fermi-LAT
(right side) and CTA (left side). The horizontal at 1 is marked, which indicates a possible
detection. The colour bar indicates the distance of the galaxy.
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For the modelling the SH radius is needed. The SH radius for M31 is 8.86◦ and
can be scaled with the distance by kdistance and for the galaxy size with ksize. In Fig-
ure 6.4 a heatmap for di�erent distances and radii is shown. Also indicated are the
contour lines for the PSF of Fermi-LAT at 1GeV (white dotted line labelled 0.80◦)
and for 10GeV (white dotted line labelled 0.15◦). The candidates from Table 6.1
also shown in Figure 6.4. Galaxies, which are positioned in the area of the PSF, are
indistinguishable to a point source and therefore the spatial feature of the SH can
not be examined. Moreover, it will be shown that modelling of these candidates is
not achievable.

Figure 6.4: Predicted SH size for di�erent distances and galaxy radii. The two white
dotted lines, labelled 0.80◦ and 0.15◦, mark the size of the PSF at and 1GeV and 10GeV.
The cyan crosses represent the galaxies from table Table 6.1. The galaxies positioned in
the area of the PSF are not labelled for better clarity.
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6.2 Nearby Spiral Galaxies Candidates

Potential candidates from Table 6.1 are investigated, and the same analysis chain is
used as shown in last chapter.

6.2.1 Triangulum Galaxy (M33)

Firstly, the models in the ROI are �tted in Fermipy. The resulting signi�cance
map is shown in Figure 6.5a with the corresponding signi�cance distribution in
Figure 6.5b. The resulting mean is −0.11± 0.01 and the standard deviation 1.31±
0.01. Both are in an acceptable range, and one can start with further analysis in
Gammapy.

(a) Signi�cance map (correlation radius of 0.3◦). (b) Signi�cance distribution.

Figure 6.5: (a): LiMa Signi�cance map of the ROI after �tting all models in Fermipy

with a correlation radius of 0.3◦. The plus signs represent a source from the catalogue.
(b): Distribution of the signi�cance from the signi�cance map. Also shown is the normal
distribution (see Equation 5.9) �t to the data (orange line) with a normal distributed with
σ = 1 and µ = 0 for comparison (red dotted line).

In Figure 6.6 the counts map of the ROI is shown. As already discussed, an edge
cut is applied (orange dotted line in Figure 6.6). The resulting ROI is approximately
20◦ × 20◦. The exact values are not needed, because the area is much bigger than
the examined SH (green circle in Figure 6.6). Also shown is the source galaxy
(Triangulum Galaxy or M33) as cyan cross in Figure 6.6. M33 is not listed in the
provided source catalogue and is therefore not modelled.

After loading the data into Gammapy and �tting all models, the two background
models and the template background models consisting of all other remaining sources
in the ROI, except the SH to the ROI, the signi�cance map (see Figure 6.7a), spec-
tral residual points (see Figure 6.7b) and normal distribution �t to the signi�cance
distribution (see Table 6.2) are calculated. The ROI is �attened, and the results
are an improvement to the Fermipy results. This is used as the null hypothesis to
compare the SH model to.

As in the case for M31, the six di�erent models are modelled. In Table 6.3 are
the resulting signi�cance shown. The EXP-model and LOG-model have very similar
results, but the LOG-model is still more signi�cance by a small margin of 0.01 for
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Figure 6.6: Counts Map from Fermipy with a 30◦ × 30◦ ROI with the source galaxy
shown. For Gammapy only a ≈ 20◦ × 20◦ is needed. Therefore, a spatial cut is applied
(orange line), which is similar to the 20◦ × 20◦. The source galaxy (M33) is shown in cyan
with the SH in green.

(a) Signi�cance map (correlation radius of 0.3◦). (b) Spectral residual points.

Figure 6.7: (a): LiMa Signi�cance map of the ROI with correlation radius of 0.3◦. (b):
Spectral residual points for the signi�cance map.

both cases. The spectra are compared to the spectrum from Karwin et al. 2019,
which is scaled by 0.13 resulting from applying Equation 6.4 and Equation 6.5. In
Figure 6.8 a comparison of all models for their best-�t result is show. The spectra
are in the same order of magnitude as the scaled spectrum from Karwin et al. 2019.
Still, the 1σ error range is visibly broader, which is most likely a result of the lower
gamma-ray count. In the following the best-�t model, LOG-model with �xed radius,
is discussed in greater detail.

In Table 6.4 are the most important model parameters with their initial value
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Energy bin µ σ
1GeV - 2.37GeV −0.045± 0.005 1.025± 0.005
2.37GeV - 4.22GeV 0.012± 0.005 1.018± 0.005
4.22GeV - 10GeV −0.170± 0.007 1.047± 0.007
10GeV - 100GeV −0.095± 0.030 1.030± 0.030

Table 6.2: Distribution of the LiMa signi�cance in four di�erent energy, chosen for better
statistics (see Figure 5.3b). The expected distribution is a normal distribution with µ = 0
and σ = 1.

Spectral Model Signi�cance σ for radius
r = 1.0◦ (k = 3) free (k = 4)

PWL-model 4.26 4.00
EXP-model 4.43 4.16
LOG-model 4.44 4.17

Table 6.3: Resulting signi�cances (see section 5.1 for more details) for di�erent spectral
models with a disk spatial model either with a �xed radius to 1.0◦ or a free radius. The
models examined are power law model (PWL-model), exponential cuto� power law model
(EXP-model), and log parabola model (LOG-model).

Figure 6.8: Spectral shape comparison of the di�erent models to the best-�t EXP-model
from Karwin et al. 2019, which is scaled (×0.13) by distance and size (see Equation 6.4
and Equation 6.5). The shaded regions give the 1σ error and downward pointing triangles
give upper limits.

and the resulting values after a �t with �xed or free radius are shown. The same
spectral model parameters are chosen as in the case of M31. The amplitude ϕ0

wasn't adapted, even though one expects a smaller �ux, because the �t would still
converge to the same values. The radius was set to r0 = 1.0◦, which is in the same
order as the expected radius rpred. = 1.16◦ (see Figure 6.4). The spectral model
comparison will be discussed later in this section.

In Figure 6.9a is the signi�cance map and in Figure 6.9b spectral residual points
shown. The �t results for the signi�cance distribution are shown in Table 6.5. No
signi�cant di�erent can be seen by comparing the signi�cance and the distribution
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Parameter Initial Value Fit (�xed radius) Fit (free radius)
Log Parabola Spectral Model

ϕ0 [MeV cm−2 s−1] 6.7032× 10−12 (0.26± 0.10)× 10−12 (0.26± 0.10)× 10−12

E0 [GeV] 1 - -
α 2.3 1.0± 0.4 1.0± 0.4
β 0.5 0.50± 0.15 0.50± 0.15

Disk Spatial Model
longitude (icrs) 23◦27′43′′ - -
latitude (icrs) 30◦39′37′′ - -
radius [◦] 1.0 1.0 1.00± 0.05
E0 [GeV] 1 - -

Galactic Background
isotropic norm 0.9216 1.024± 0.020 1.0241± 0.0200
isotropic tilt [10−2] −1.112 7.0± 1.3 7.0± 2.0

Isotropic Background
galactic norm 1.175 1.00± 0.01 1.00± 0.09
galactic tilt [10−2] 0 2.4± 1.7 2.4± 1.7
E0 [TeV] 1 - -

Table 6.4: Model parameter values for the spectral LOG-model, the disk spatial model
and the two background models. Given are the initial values, the values after the �t with
a �xed radius (1.0◦) and after the �t with the radius as a free parameter.

before and after the �t with �xed radius. By comparing the spectral residual points
(see Figure 6.9b), an improvement can be seen over the whole energy range.

(a) Signi�cance map (correlation radius of 0.3◦). (b) Spectral residual points.

Figure 6.9: (a): LiMa Signi�cance map of the ROI with correlation radius of 0.3◦. (b):
Spectral residual points inside the SH (r = 1.0◦) for the signi�cance map before and after
the �t.

Another thing to investigated, is the predicted count rate. In Figure 6.10a the
predicted count map for the SH of M33 is shown. Because the source galaxy is not
shown, one excepts the count rate to be partly from the source galaxies. In the case
of M31, a ratio of 1:10 was derived. This results in 209 counts from the SH and 21
counts from M33.

In Figure 6.10b the spectra for the isotropic background and the LOG-model are
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Energy bin µ σ
1GeV - 2.37GeV −0.042± 0.005 1.023± 0.005
2.37GeV - 4.22GeV 0.011± 0.005 1.018± 0.005
4.22GeV - 10GeV −0.167± 0.007 1.047± 0.007
10GeV - 100GeV −0.093± 0.030 1.031± 0.030

Table 6.5: Distribution of the LiMa signi�cance in four di�erent energy for the best-�t
LOG-model. The expected distribution is a normal distribution with µ = 0 and σ = 1.

(a) Predicted counts from the SH of M33. (b) Gamma-ray spectra for all models.

Figure 6.10: (a): Predicted counts for the SH of M33 after the �rst �t with the LOG-
model. The �rst number resembles the predicted counts from the source the second the
total predicted gamma-ray count. (b): Gamma-ray spectra for the isotropic background
model and the SH model (LOG-model) for the best-�t LOG-model.

shown. The best-�t model is in an order of 10−3 smaller than the background.

Lastly, the �ux points are calculated and compared to the spectrum from Karwin
et al. 2019 scaled with the factors de�ned in Equation 6.5 and Equation 6.4 (see
Figure 6.11). Last section in the case for the Andromeda Galaxy a dip has been seen,
this feature is not visible. Model and �ux points in the same order of magnitude as
predicted.

Cosmic ray halo model �t results in unreasonable error bands, which spans from
(0− 1× 10−8)GeV s−1 cm−2 and is therefore not pursued further.

Lastly, the second source origin is examined. The DM pro�le is adapted by
scaling the di�erent parameters of the pro�les with the size and distance of the
galaxy (see Equation 6.4 and Equation 6.5). The results are shown in Figure 6.12,
where a qualitative comparison to the previously discussed best-�t model and its
corresponding �ux points is performed. The shape is promising, but a more detailed
DM analysis has to be performed.

6.2.2 IC 0342

The same analysis chain was used for IC 0342 as for both previous galaxies. The
LOG-model with a �xed radius (set to 1◦), which was the best-�t model in the
previous cases, predicts no counts (see Figure 6.13). For this reason further, analysis
is not pursued. As expected, modelling of galaxies with further distance than M33,
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Figure 6.11: Best-�t LOG-model with the corresponding �ux points. The �ux points
are calculated for six energy bins, which where chosen for better statistics. The spectrum
plus �ux points are compared to the spectrum from Karwin et al. 2019, which is scaled
(×0.13) by distance and size (see Equation 6.4 and Equation 6.5). Also, a visible dip in
signi�cance for the �ux points is indicated (red arrow).

Figure 6.12: Spectral shape comparison of the two pro�les (de�ned in section 4.6) to the
best-�t LOG-model and the corresponding �ux points. The error band is estimated by
doing the simulation with the upper or lower errors of the annihilation cross-section σ and
DM mass MDM.

yields no useful results.

6.2.3 Comparison to the Andromeda Galaxy

In the end the results from the analysis of the M31-like galaxies, only M33 in this
case, are compared to the Andromeda Galaxy. In Figure 6.14 the LOG-models and
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Figure 6.13: Predicted counts for the SH of IC 0342 after the �rst �t with the LOG-
model. The �rst number resembles the predicted counts from the source the second the
total predicted gamma-ray count.

�ux points of M33 and M31 are shown. Both spectra follow a similar shape in the
lower energy range (below 5GeV). At higher energies, the uncertainties are too high
to make some con�dent statements.

Figure 6.14: Spectral LOG-model and �ux point comparison for M31 and M33.
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Chapter 7

Summary and Outlook

In this work I have examined the SH of the Andromeda Galaxy, modelled it with
di�erent spectral models and compared it to two potential models for the origin of
the gamma-ray emission, DM and CRs. The data analysed in the work is detected
by Fermi-LAT. Afterwards, potential M31-like galaxy candidates are selected and
checked whether the same SH phenomenon exists.

Firstly, the CR scenario is simulated following Recchia et al. 2021, where they
describe the hadronic or leptonic source models with a power law with an exponential
cuto�. It was not possible to reproduce the results and own best-�t sources were
determined, by �tting the source spectra to the SH spectral model used in Karwin
et al. 2019, which uses Fermi-LAT data. The resulting values for the power p
and energy cuto� o changes in the hadronic case from p = 2 to p = 0.10 ± 0.17
and o = 110GeV to o = (18.3 ± 1.8)GeV and in leptonic case from p = 2 to
p = 0.50 ± 0.06 and o = 500GeV to o = (250 ± 11)GeV. Afterwards, DM models
were adapted from Karwin et al. 2021, where they describe the gamma-ray emission
from the area surrounding M31 with NFW-pro�le or an Einasto-pro�le (α = 0.17).
These simulated are used for further analysis.

The next step is to develop the analysis chain that is used to analyse Fermi-LAT
data of the region around M31. Data from the Fermi-LAT detector is processed
with Fermipy and �rst source optimizations are carried out. Thereafter, the data
is converted into a GADF, which is a processable format for Gammapy. Gammapy is
used to model the SH with three distinct spectral models, a power law, a power law
with exponential cuto� and a log parabola. The morphology of the SH is modelled
as a uniform disk with a radius r and centred around the source galaxy. The log
parabola spectral model with a spatial disk model (r = 8.86◦) turns out to describe
the SH the best with a signi�cance of σ = 5.61, which was not considered in the
analyses carried out in Karwin et al. 2019. On the basis of the best-�t model,
several steps of the analysis chain are shown. Lastly, in the analysis chain, the �ux
points are calculated. Then, the model plus the �ux points are compared to the two
previously mentioned models for the origin of the gamma-ray emission.

In the next part, potential M31-like galaxy candidates are determined from the
NEARGALCAT, by applying three selection cuts on the galaxy parameters, di-
ameter, mass and absolute magnitude. The selection cuts are chosen so that only
M31-like galaxy remain. By making rough sensitivity estimation for Fermi-LAT and
CTA, the candidates are sorted by likelihood of measurement. CTA leads to no can-
didates, and therefore only the candidates from the Fermi-LAT sensitivity study are
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considered. The six most promising candidates are considered and their SH sizes are
predicted. The �rst candidate, the Triangulum Galaxy, is analysed with the same
chain as before, and results in a LOG-model with σ = 4.44. The CR source model
was unable to describe the SH, whereas the DM could possibly explain it. Also,
the best-�t model resulting from the M31 analysis is compared to the one obtained
for M33. In the end, the galaxy IC 342 is analysed with the chain. The predicted
gamma-rays from the best-�t model are below 1 and therefore further analysis is no
longer pursued.

In the case of the M31, the �ux points match the spectral model at lower energies
(< 20GeV) but at higher energies they deviate from the model. This suggests,
that a PWL-model would describe the �ux points better. The CR hadronic source
model supports that idea, because it also predicts a PWL-model and the resulting
spectrum follows the source spectrum. A qualitative comparison with DM model
and the LOG-model was performed. The DM model shape looks promising, but a
more detailed DM analysis has to be done. Another feature that can be recognized
is a dip in the medium energy range (∼ 10GeV) of the source �ux. This has been
seen in other spectra resulting from analysis of Fermi-LAT data [51]. It could be
either a result of some internal systematics in Fermipy or could be a hint for a two
component spectrum. A detailed study about this dip is out of scope for this work.
Both gamma-ray origin models discussed aren't able to explain a two component
spectrum. The chance to detect the SH structures at other SGs is currently not
possible, but a detector with a ten times lower sensitivity would resolve in potential
candidate in the double-digit range. The predicted size is currently in the order
of a point-source, and therefore analysis of the spatial structure is not feasible.
However, this was the �rst analysis of the SH of M33 with data taken by Fermi.
Once again, the LOG-model with a proved to be the most signi�cant, albeit at a
very small margin to the EXP-model (0.01). Fitting the CR model to the data was
not possible, because the errors were orders of magnitude higher than the expected
�ux. The DM models looks again promising, but a more detailed DM analysis has
to be carried out. However, the models display considerable uncertainties and no
�nal conclusions should be drawn.

For the future, a more detailed analysis for the gamma-ray origin could be done.
In the case of DM, the simulations were done with commonly used parameters (σ
and MDM) in the literature. The CR scenario used a simple source spectrum with
an EXP-model, which could also be modelled in more detail. For the data analysis
of the Fermi data, a systematic study could be carried, because for hugely extended
sources with low �ux one expects high systematics.
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Appendix A

Cut Criteria for the Nearby Spiral

Galaxies

Three cut criteria are applied on the SGs from NEARGALCAT to get galaxies
which are similar to the Andromeda Galaxy. The criteria are chosen in such a way
to exclude most dwarf SGs, because some SGs are not labelled as dwarf galaxies.
More precise cuts are not applied, because the Andromeda Galaxy is an outlier in
the three categories and therefore this would result in almost no remainder galaxies.

The distribution of the parameter on which the cut is applied in reference to
the galaxy's distance are shown in Figure A.1, Figure A.2 and Figure A.3 for the
absolute magnitude, linear diameter and mass, respectively.

Figure A.1: Distribution of the absolute magnitude values in reference to the galaxy's
distance are shown. Shown are all SGs in blue the SGs labelled as dwarf galaxies in green
and the Andromeda Galaxy as a reference in orange. The cut criterium for the absolute
magnitude is shown as a red dotted line. Every galaxy above the line is excluded.
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Figure A.2: Distribution of the linear diameter values in reference to the galaxy's distance
are shown. Shown are all SGs in blue the SGs labelled as dwarf galaxies in green and the
Andromeda Galaxy as a reference in orange. The cut criterium for the linear diameter is
shown as a red dotted line. Every galaxy below the line is excluded.

Figure A.3: Distribution of the mass values in reference to the galaxy's distance are
shown. Shown are all SGs in blue the SGs labelled as dwarf galaxies in green and the
Andromeda Galaxy as a reference in orange. The cut criterium for the mass is shown as a
red dotted line. Every galaxy below the line is excluded.
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Appendix B

Leptonic Source Spectrum

Components

As discussed in subsection 2.1.2 can a leptonic source produce gamma rays with
three di�erent mechanism. The simulation with Gamera can calculate the portion
each mechanism has on the total �ux. In Figure B.1 the �ux for the SH is calculated
for the leptonic case with the singular �uxes resulting from the distinct production
mechanism. The �ux resulting from synchrotron radiation is not shown, because it
falls o� at lower energies and therefore contributes nothing to the total �ux. One
can see that in the energy range from 1GeV to 100GeV the ICS is dominant.

Figure B.1: Gamma-ray spectra resulting from a leptonic source, where the resulting
spectra for each distinct production mechanism and the total is shown. The synchrotron
radiation is not shown, because the �ux drop too much at lower energies.
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Appendix C

Fit Results for Remainder Models

C.1 M31

In the following section resulting �t parameter for the SH of M31 with a PWL-model
(see Table C.1) and EXP-model (see Table C.2) are shown.
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C.2 M33

In the following section resulting �t parameter for the SH of M33 with a PWL-model
(see Table C.3) and EXP-model (see Table C.4) are shown.
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