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“I SUPPOSE THEREFORE THAT ALL THINGS | SEE ARE ILLUSIONS; | BELIEVE THAT NOTH-
ING HAS EVER EXISTED OF EVERYTHING MY LYING MEMORY TELLS ME. I THINK ] HAVE NO
SENSES. | BELIEVE THAT BODY, SHAPE, EXTENSION, MOTION, LOCATION ARE FUNCTIONS.
WHAT 1S THERE THEN THAT CAN BE TAKEN AS TRUE? PERHAPS ONLY THIS ONE THING,

THAT NOTHING AT ALL IS CERTAIN.”
— RENE DESCARTES
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Abstract

This master’s thesis focuses on predicting Galactic neutrino flux which provides valuable insights into the origin
of cosmic rays. Neutrinos and gamma rays are expected to be produced simultaneously in proton-proton (pp)
interactions. By establishing a correlation between their spectra, we aim to predict potential galactic neutrino
emission. We have developed a model that quantifies the relationship between the predicted neutrino fluxes and
gamma-ray fluxes with the assumption of a purely hadronic gamma-ray emission. We utilized a synthetic dataset
0f 3000 very high-energy (VHE) gamma-ray populations to predict neutrino sources in the Milky Way. The pop-
ulations were a combination of observed and simulated gamma ray sources. Applying our developed model to
these sources, we predicted the corresponding Galactic neutrino emissions.

To assess the accuracy of our predictions, we compared the calculated total expected neutrino flux with the
diffuse flux observed by IceCube and the upper limit established by ANTARES. Our results indicate that our
total predicted neutrino flux from galactic sources is lower than the overall neutrino flux observed by neutirno
detectors, as our model specifically focuses on neutrinos originating within our galaxy which is a subset of all the
possible sources of neutrinos. Furthermore, we generated sky maps using the Gammapy package in Python to
visualize the flux of the predicted sources and their spatial distribution across the galactic plane. Additionally,
a comparison with observed neutrino events from the ANTARES neutrino detector was conducted to investi-
gate the correspondence between the predicted sources and observed events. In average, our model predicted 54
counts for ANTARES and 222 counts for KM3NeT which are lower than the 747 actual event counts recorded
by ANTARES. This was consistent with our expectations since neutrino detectors, such as ANTARES, detect
both astrophysical and atmospheric neutrinos. Moreover, spatial positions of ANTARES events in the galactic
plane do not conclusively prove that these events originate from galactic sources.

In conclusion, this thesis centers on predicting Galactic neutrino flux, comparing it with data (e.g., spectrum
and Galactic Plane counts), and making projections for future experiments like KM3NeT. Further investigations,
including multi-wavelength correlations and advancements in neutrino telescopes, hold great potential for im-
proving our understanding of these sources and unraveling the mysteries of the universe.
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Introduction

In this thesis, our primary objective is to forecast Galactic neutrino flux, which holds the key to better understand-
ing the origins of cosmic rays. The origin of cosmic rays has yet remains a longstanding challenge, although they
have been a subject of scientific inquiry for over a century. This is due to the fact that their trajectory is influenced
by magnetic fields, making it more difficult to identify their sources. However, as they propagate through the uni-
verse, they produce neutrinos as well as gamma rays. By investigating the sources of neutrinos, we gain valuable

insights into potential cosmic ray accelerators and deepen our understanding of particle acceleration mechanisms.

Of particular interest is the phenomenon known as hadronic interaction wherein charged and neutral pions
are generated in proton-proton collisions. Charged pions subsequently decay into muons and neutrinos, while
neutral pions decay into gamma rays. This simultaneous production of gamma rays and neutrinos presents a
unique opportunity for us to probe the origins of cosmic rays. It is important to note that while gamma rays
can have both leptonic and hadronic origins, in the case of hadronic processes, they are invariably accompanied
by neutrinos. In cases where we can assume a purely hadronic origins for gamma rays, we can thereby study the

connections they have with neutrinos.

Building upon the groundbreaking work of Batzofin and Komin in their study titled "Predicting Neutrino
Emission for the Sources in the H.E.S.S. Galactic Plane Survey,” [1] we have developed a model that predicts neu-
trino fluxes in the galactic plane. Utilizing their neutrino flux predictions for the H.E.S.S. sources, we determined
the fraction of neutrino fluxes relative to gamma-ray fluxes. Through this, we have derived a novel parameteriza-

tion that establishes a relationship between gamma ray flux and neutrino flux.

To validate the accuracy of our predictions, we have compared our model results with observational data ob-
tained from the ANTARES and made prediction for KM3NeT neutrino telescopes. These telescopes, situated

in the Northern hemisphere, provide excellent visibility of the Galactic Plane, making them powerful tools for



studying astrophysical point sources, particularly of Galactic origin. We compared eleven years of ANTARES
data (recorded between 2007 and 2017) to compare with our predicted results. By employing the effective area
of the telescopes and integrating over the observation time, we have calculated the expected number of neutrino

counts for each source in the simulated very high energy (VHE) gamma ray populations.

In summary, this thesis endeavors to identify the sources of galactic neutrinos, a step towards unraveling the ori-
gins of cosmic rays. Through the development of a new parameterization linking gamma ray flux to neutrino flux,
we predicted potential neutrino sources within our galaxy. By comparing these predictions with data obtained
from ANTARES and those predicted for the KM3NeT telescope, we have successfully evaluated the spatial agree-
ment between our model and the observed neutrino events. These findings contribute to our understanding of
the astrophysical processes underlying cosmic ray acceleration and shed light on the elusive sources of galactic neu-

trinos.

The complex nature of cosmic rays and neutrinos calls for continued exploration and investigation. Further
analyses and cross-disciplinary collaborations, including multi-wavelength observations, will be instrumental in

unraveling the full extent of the cosmic puzzle.



Cosmic Rays, Gamma Rays, and Neutrinos

Cosmic rays, which consist mainly of protons and atomic nuclei, have puzzled scientists for decades due to their
mysterious origins. As these energetic particles propagate through the universe and interact with interstellar gas
and ambient radiation, they give rise to the production of gamma rays and neutrinos. By exploring the connection
between these three cosmic messengers, we can unravel the mysteries of the universe and gain deeper insights into

the underlying astrophysical mechanisms that drive their production.

In this chapter, I will provide a concise overview of the relevant concepts related to cosmic rays, neutrinos,
and gamma rays. I will begin by explaining what cosmic rays are and their significance in astrophysics. Next, I
will discuss the unique characteristics of neutrinos and their detection through neutrino telescopes. Following
that, I will shift the focus to gamma rays, which are another essential component in this research. I will intro-
duce gamma-ray telescopes and their capabilities in detecting, followed by gamma-ray emissions in leptonic and
hadronic scenarios. Building upon this foundation, I will explain how proton-proton (”pp”) interactions can give

rise to the production of both neutrinos and gamma rays, which form the cornerstone of this research.

2.1 COSMIC RAYS

Cosmic rays are high-energy radiation comprising charged particles originating in outer space. They continually
bombard the Earth from all directions at speeds nearing the speed of light. The majority of cosmic rays are atomic
nuclei, ranging from the lightest to the heaviest elements in the periodic table. Less common are high-energy
electrons and positrons, among other subatomic particles, and photons. One of the pioneering discoveries in this
field can be attributed to Victor Hess, an Austrian physicist, who in 1912 conducted a landmark experiment that

changed our understanding of the nature of cosmic rays.



Hess’s experiment involved ascending in a balloon equipped with an electroscope, a device used to detect the
presence of charged particles. As he climbed higher into the atmosphere, Hess observed that the electroscope
discharged more rapidly, indicating the presence of a source of radiation from above. This led him to conclude
that the radiation originated from outside the Earth’s atmosphere, thus opening up a new frontier of research into

the nature and origins of cosmic rays.

Figure 2.1: Historical photograph of Hess preparing for a balloon flight (American Physical Society)

The results by Hess were later confirmed by Kolhérster in a number of flights up to 9200 m. An increase in ion-
ization of up to ten times that at sea level was found (See Figure 2.2). This was a historic discovery in astrophysics

which was foundational also for many results in particle physics, such as the discovery of the positron. [7]

2.1.1 COSMIC RAY PROPERTIES

Initially, cosmic rays were believed to be a part of the electromagnetic spectrum; hence “rays”. However, it was
discovered in the 1930s that cosmic rays must be electrically charged because of their interaction with the Earth’s
magnetic field. The study of cosmic rays has since been a field of active research, providing valuable insights into
the structure and behavior of the universe, and serving as an important tool for the exploration of astrophysics

and cosmology.

The detection of cosmic rays across their wide energy spectrum requires the utilization of various types of
instruments, balloon-borne experiments like BESS [8], ATIC-2 [9], and CREAM [10], as well as space-based in-
struments such as PAMELA [11] and AMS [12], all employing direct measurement techniques to allow for highly

sensitive measurements of their energies and composition.

In contrast, ground-based experiments like KASCADE [13], the Telescope Array [14], and the Pierre Auger
Observatory [15] take advantage of indirect detection methods. They detect cosmic rays by studying the extensive
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Figure 2.2: Variation of ionization with altitude. Left panel: Final ascent by Hess (1912), carrying two ion chambers. Right
panel: Ascents by Kolhorster (1913, 1914). Original drawing by A. De Angelis.

air showers generated when primary cosmic rays interact with the Earth’s atmosphere. By observing the secondary
particles produced in these air showers, these experiments are able to infer the properties of the primary cosmic

rays.

The study of cosmic rays usually involves a detailed analysis of their energy spectrum. The flux of cosmic rays
(dp) is often expressed as the number of particles (4N) per area (dA), per second (dt), per solid angle (dQ), and

per energy interval (dE).
dN

W= I do db

Cosmic rays are typically observed to exhibit a power law energy spectrum. Figure 2.3 shows the all-particle

(2.1)

energy spectrum of cosmic rays obtained by different experiments.

The cosmic ray spectrum exhibits different features at distinct energy ranges (see Figure 2.4). The spectrum
can be approximated by a power law of approximately E2%7 up to the so-called "knee”, which occurs at an energy
of approximately 3 PeV. Beyond this energy, the spectrum changes to a steeper power law of approximately £ R
before reaching the “ankle” at approximately S EeV. Thereafter, the cosmic ray spectrum becomes progressively

more difficult to quantify, roughly approximated by the law £ —27,

There is a mixed consensus as to whether it is the knee that marks the transition to where cosmic rays produced
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Figure 2.3: All-particle energy spectrum obtained from different experiments. Figure extracted from [2]

by extra-galactic sources dominate over those of galactic and solar origin, or if it is the ankle. Either way, towards
the end of the cosmic ray spectrum, there is a significant suppression in the particle flux observed above an energy
of 4 x 10" eV. This observation aligns with the predictions made by Greisen [16] and Zatsepin & Kuz'min [17],
known as the GZK effect. According to these predictions, interactions between cosmic rays and photons from the
cosmic microwave background (CMB) result in a spectral cut-off at around 6 x 10" eV due to pion production.
However, recent measurements indicate a heavier composition of particles at the highest energies, suggesting that
the steepening of the spectrum is influenced by both the GZK effect and the maximum energy achievable in extra-
galactic sources. [18]

When primary cosmic rays interact with the particles present in the interstellar medium (ISM), the process
known as spallation occurs. Spallation refers to the fragmentation of the primary cosmic rays, leading to the
production of secondary cosmic ray particles. These secondary particles can include protons, neutrons, electrons,

positrons, and various types of nuclei.

2.1.2  COSMIC RAY ACCELERATORS

Finding the precise sources of cosmic rays has been a longstanding challenge owing to alterations to their paths
as they encounter turbulent magnetic fields between their source and Earth. The observed cosmic ray spectrum
suggests the presence of efficient accelerators, however, such that identifying potential acceleration mechanisms
could guide us to the potential sources of cosmic rays.

In the context of cosmic ray acceleration, we can categorize potential sources into two broad classes: Galactic

and extragalactic accelerators. Galactic accelerators primarily include supernova remnants (SNRs), which are con-
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Figure 2.4: Energy spectrum of the primary cosmic rays. The vertical band on the left indicates the energy region in which
the emission from the Sun is thought to be dominant; the central band represents the region in which most of the emission
is presumably of galactic origin; the band on the right that of extra-galactic origin. (De Angelis & Pimenta, Introduction to
Particle and Astroparticle Physics, 2018)

sidered prime sites for cosmic ray acceleration due to the strong shock waves generated during supernova events.
These shock waves can efficiently accelerate charged particles to high energies through a process known as diffu-

sive shock acceleration [19].

On the other hand, extragalactic sources of cosmic ray acceleration involve active galactic nuclei (AGNs) and
gamma-ray bursts (GRBs). AGNs are powered by supermassive black holes at the centers of galaxies and are
known to produce intense relativistic jets capable of accelerating particles to extremely high energies [20]. GRBs,
often associated with the collapse of massive stars, release a tremendous amount of energy in a short period of

time, potentially producing relativistic shock waves that can accelerate particles to ultra-high energies [21].

2.2 MULTI-MESSENGER ASTRONOMY

Traditionally, astronomy has relied heavily on the study of electromagnetic radiation across various wavelengths,

from radio waves to gamma rays. However, electromagnetic radiation alone provides only a partial view of the



universe. In addition to electromagnetic waves, we can observe cosmic rays, neutrinos, gravitational waves, and
other elusive particles or phenomena. Each of these cosmic messengers carries unique information about astro-
physical processes and sources, providing complementary insights into the nature and dynamics of the universe.
Multi-messenger astronomy is a rapidly evolving field of research that aims to study the universe using multiple
cosmic messengers. By analyzing and interpreting data from different messengers, scientists might glean new in-

sights into cosmic ray origins.

In a significant milestone for multi-messenger astronomy, a gravitational wave signal from a merging binary
neutron star system was found to be accompanied by a burst of gamma rays [22]. The observation of the gravita-
tional wave event, along with the associated gamma-ray burst, provides compelling evidence for the connection

between gravitational waves and gamma-ray bursts.

Furthermore, the IceCube Neutrino Observatory detected neutrino emissions from the direction of the blazar
TXS 0506+056 [23]. The correlation between the detected neutrinos and the gamma-ray emissions from the
blazar provides a compelling indication of high-energy astrophysical processes. These discoveries highlight the

importance of multi-messenger approaches in advancing our understanding of the universe.

2.3 PPINTERACTION

In the pursuit of uncovering the origins of cosmic rays, the Galactic plane offers a highly promising and dynamic
environment for investigating the nature and mechanisms of particle acceleration. Galactic cosmic ray accelera-
tors are generally believed to be responsible for producing cosmic rays up to the “knee” (around 3 PeV) in the
cosmic ray spectrum. SNRs and pulsars are widely recognized as the most favorable Galactic objects for produc-
ing cosmic rays of energies around PeV levels [24]. However, directly observing cosmic rays in the Galactic plane
is challenging due to their deflection by magnetic fields. As Cosmic ray propagate through the universe, they pro-
duce neutrinos and gamma rays. Therefore, neutrinos and gamma rays are excellent tracers for studying cosmic

rays.

When exploring the connection between high energy neutrino and gamma ray emission, proton-proton inter-
action is highly salient. This interaction gives rise to the production of charged and neutral pions. When these
pions decay, there is simultaneous generation of high-energy neutrinos and gamma rays, which retain approxi-

mately S % and 10 % respectively of the energy from the primary cosmic ray [25]. (See Figure 2.5)

Therefore, in the context of gamma rays produced through hadronic interactions, it is expected that high-
energy neutrinos should be inevitably generated and reach Earth simultaneously. This simultaneous production
of both gamma rays and neutrinos opens up exciting possibilities for multi-messenger searches aimed at uncover-

ing the origins of very high-energy cosmic rays [26].

Moreover, detection of gamma rays sources alone cannot reveal whether they are produced in hadronic pro-

cesses. This is because astrophysical processes can produce gamma rays through alternative mechanisms, such
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Figure 2.5: Diagram for p-p interaction

as Inverse Compton scattering and bremsstrahlung. The presence of neutrinos, however, serves as compelling

evidence for the existence of their hadronic origin [27].

2.4 NEUTRINOS

In the context of multimessenger astronomy, where various cosmic messengers provide crucial insights into astro-
physical phenomena, neutrinos are the focus of this work. In the following section, we will delve into the discovery,

properties, and detection of neutrinos.

Before 1930, an issue arose in the field of nuclear physics with regard to a particular type of nuclear decay
known as beta decay. This process appeared to lose energy, contradicting the conservation of energy. Wolfgang
Pauli proposed a revolutionary idea that an unknown lightweight, spin 1/2 particle was being produced in beta
decay, carrying away the missing energy. Initially, Pauli referred to this hypothetical particle as the “neutron,” but
it was later renamed as the neutrino. Neutrinos were first observed experimentally in 1956 by Clyde Cowan and
Frederick Reines, who detected neutrinos produced in a nuclear reactor. The first evidence for a neutrino emis-
sion from an astrophysical source was found in 2017 through a multi-messenger observation, revealing a blazar as

asource of a neutrino with energies ~ 300 TeV [23].

Neutrinos have several unique properties that make them particularly valuable for studying the universe. Un-
like charged particles such as protons and electrons, neutrinos are not deflected by magnetic fields, allowing them
to travel long distances without being influenced by galactic and extra-galactic magnetic fields. Neutrinos come

in three flavors, electron, muon, and tau, and oscillate between these flavors as they travel through space.



2.4.1  NEUTRINO DETECTION

The most widely exploited technique of detecting cosmic neutrinos is through the fascinating phenomenon wherein
charged particles, generated from interactions between neutrinos and a transparent medium, water or ice, emit
Cherenkov radiation when they exceed the speed of light in that medium[28]. Due to the small cross-section of

neutrino interactions and the low flux of astrophysical neutrinos expected to reach Earth, it is crucial to have a

large detection volume [29].

In order to capture the Cherenkov photons emitted by swiftly moving charged particles, an array of photomul-
tiplier tubes (PMTs) is strategically positioned within the water or ice. The arrangement of these PM Ts is carefully
designed to maximize the efficiency of photon detection [29]. The position of the events, along with their precise

arrival times and their charge, provides essential information to construct their energy and direction.
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Figure 2.6: Principle of detection of high energy neutrinos in an underwater neutrino telescope. Adopted from [3]

In a neutrino telescope, backgrounds only arise from two sources: muons or neutrinos produced from cosmic
ray interactions in the Earth’s atmosphere. These muons, known as “atmospheric muons,” can penetrate the
water above the detector and contribute to a reducible background. On the contrary, neutrinos, referred to as
“atmospheric neutrinos,” constitute an irreducible background [? ]. Below is a concise overview of how some of
the neutrino experiments operate.

In neutrino telescopes, two main event topologies can be distinguished: tracks and showers. These events arise
from different types of neutrino interaction within the detector medium.

Muon neutrinos and anti-neutrinos participate in charged current (CC) interactions, resulting in the produc-

I0



tion of relativistic muons. These muons can travel significant distances through the detector medium, emitting
Cherenkov light along their path. As a result, CC interactions leave a distinctive track-like signature in the de-
tector. On the other hand, both neutral current (NC) interactions and CC interactions involving electron and
tau neutrinos and antineutrinos produce shower-like events. In these events, the emission of Cherenkov light is

nearly spherically symmetric around the shower maximum.

The track topology, provided by the muon’s trajectory, offers advantages in terms of reconstructing the particle
direction. This leads to a higher median angular resolution, making tracks particularly suitable in the search for
point-like sources of neutrinos. On the other hand, showers offer advantages in terms of energy reconstruction,

as the topology allows for a calorimetric measurement of the particle’s energy. [29]

2.4.2 ANTARES

The ANTARES neutrino detector is situated in the Mediterranean Sea, 40 km south of Toulon, France. Com-
pleted on 29 May 2008, it is the largest neutrino telescope in the northern hemisphere, and the first to operate
in the deep sea [30]. The detector consists of 885 optical modules (OMs), each housing a 10” PMTs oriented at
a 45 degree downward angle to maximize the detection of Cherenkov photons from up-going charged particles
(those produced by neutrinos that travelled through the Earth). The OMs are arranged in a three-dimensional
array along 12 vertical lines spaced 60-75 m apart, with a total instrumented volume of approximately o.o1 kn2°.

(See Figure 2.7)

Figure 2.7: Artistic view of ANTARES telescope. Adopted from [3].
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2.4.3 ICcECUBE

The IceCube telescope is located at the South Pole and has a cubic-kilometer-sized detector that extends between
1450 and 2450 m below the surface of the Antarctic ice [28]. The South Pole ice cap, which is about three kilome-
ters thick, provides a large quantity of interaction material and a medium of excellent optical qualities, making it
an ideal location for the telescope. The detector comprises 5160 digital optical modules (DOMs), each consisting
of a10 PMTs facing downward [28]. These modules are attached to 86 vertical strings, spaced at a mean distance

of ~125 m. The construction of the IceCube detector began in 2005 and was completed six years later (see Figure

2.8).

Figure 2.8: IceCube Neutrino Observatory at the South Pole in 2023 by Christopher Michel.

2.4.4 KM3NEeT

The KM3NeT collaboration [31] is currently engaged in developing a future network of neutrino telescopes in
the Mediterranean Sea with an anticipated instrumented volume of approximately one cubic kilometer. It com-

prises two detectors, KM3NeT/ARCA and KM3NeT/ORCA, which both employ the same technology but have
distinct physics objectives [32][33].

KM3NeT/ARCA, located near the Sicilian coast, aims to study high-energy neutrinos from astrophysical
sources. On the other hand, KM3NeT/ORCA situated off the coast of Toulon, focuses on studying atmospheric
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neutrinos. Both detectors detect neutrinos by measuring the Cherenkov light produced from neutrino interac-
tions in the seawater. This is achieved through a network of DOMs housing PM Ts and their associated electronics.
The DOM:s are arranged on vertical string structures called Detection Units (DUs), anchored to the seafloor, and

kept vertical by buoyancy.

KM3NeT/ARCA consists of two building blocks, each containing 115 DUs with 18 DOMs per string. The
average horizontal spacing between strings is approximately 90 meters, while the vertical spacing is around 36 me-
ters. In contrast, KM3NeT/ORCA consists of a single block with an average horizontal spacing of approximately
20 meters and a vertical spacing of about 9 meters. The instrumented volume is approximately 1 cubic kilometer
for KM3NeT/ARCA and 7 x 10¢ cubic meters for KM3NeT/ORCA, making KM3NeT/ARCA more suitable
for studying TeV-PeV energy range phenomena and KM3NeT/ORCA for the GeV energy range.

Figure 2.9: Impression of the KM3NeT detector with the multi-PMT optical module. Taken from KM3NeT Collaboration
Website, https:/www.km3net.org

2.5 GAMMA RAYS

Gamma rays are a form of high-energy electromagnetic radiation with photon energies typically ranging from a
few hundred keV up to TeV energies and beyond. Gamma rays possess unique properties that make them im-
portant tools for studying the high-energy universe. They are highly penetrating and can traverse vast distances

without being significantly absorbed or deflected by intervening matter. Using the latest instruments, researchers
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have successfully identified many gamma-ray sources inside and outside of our galaxy. Gamma rays can be gener-
ated through different mechanisms, including both leptonic and hadronic processes. The astrophysical candidates

that can produce VHE gamma rays are pulsar wind nebulae, supernova remnants, and binary systems.

Gamma-ray detection is typically achieved using imaging atmospheric Cherenkov telescopes such as H.E.S.S
or space-based instruments, such as the Fermi Gamma-ray Space Telescope [34]. When high-energy gamma rays
interact with the Earth’s atmosphere, they initiate a cascade of secondary particles, resulting in an atmospheric
phenomenon known as an air shower. Within these air showers, charged particles emit Cherenkov radiation as
they move through the atmosphere. H.E.S.S, located in Namibia, is specifically designed to Cherenkov radiation
generated by the charged particles within the air shower within the energy range of 20 GeV to 100 TeV.

H.E.S.S consists of four identical telescopes with mirrors of 12 m diameter each and a fifth telescope with a
mirror of 28 m diameter (See Figure 2.10). This telescope array is instrumental in the H.E.S.S Galactic Plane

Survey, which will be discussed in more detail later in this thesis.

Figure 2.10: View of the full H.E.S.S. array with the four 12 m telescopes and the 28 m H.E.S.S. |l telescope in Namibia
(image credit: H.E.S.S. Collaboration, Clementina Medina)
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Simulating Galactic Neutrino Sources

In our study, we use Galactic gamma ray sources to predict neutrino emissions. The connection between gamma

rays and neutrinos arises from the production of both particles in high-energy hadronic interactions.

In this chapter, we present a methodology to estimate overall emission of neutrinos from the Milky Way stem-
ming from sources. We begin by providing an overview of the foundation on which our model is built, drawing
inspiration from the work of Batzofin and Komin [1]. Their research serves as a crucial starting point for our in-
vestigation and, using their results, we develop a model to quantify the relationship between neutrino and gamma
ray fluxes, ultimately paving the way for improved predictions of neutrino emissions. To carry out our analysis,
we utilize synthetic populations of VHE gamma-ray sources, obtained from [35]. Taking this dataset, we apply
our model to predict the corresponding neutrino emissions associated with these gamma-ray sources. Addition-
ally, we make use of the Python Gammapy package to generate skymaps, which offer a visual representation of
the spatial distribution of the predicted sources across the galactic plane as well as their fluxes. Furthermore, we

analyse the accuracy of our model by comparing it with observed neutrino events recorded by neutrino telescopes.

3.1 CORRELATING GAMMA RAY AND NEUTRINO FLUXES

The study was based on the work of Batzofin and Komin, titled "Predicting Neutrino Emission for the Sources
in the H.E.S.S. Galactic Plane Survey” [1], which aimed to make accurate calculation of the neutrino flux from

sources in the H.E.S.S. Galactic plane survey [36].
The sources detected by H.E.S.S. can be categorized into four different groups based on their potential origin:

SNRs, binary systems, pulsar wind nebulae (PWNe), and unidentified sources. The authors of the paper [1] de-

veloped a method for predicting possible neutrino emission from the H.E.S.S. Galactic plane survey. They used
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a parameterization of the proton spectrum for each source based on the model of Kelner etal [37] and Naima [38].

The Kelner model [37] is a parametrisation of the cross section determined from simulations, which is then
used to derive the spectrum of secondary particles like gamma-rays or neutrinos produced in proton-proton colli-
sions in the very high energy regime. The Naima package [38] is a Python software package that provides a toolkit
for modeling astrophysical non-thermal radiation from relativistic particle populations and is widely used in the
field of high-energy astrophysics. Specifically, for each of the sources in the H.E.S.S. Galactic Plane Survey, they
first obtained the proton spectrum, by implementing Naima and the Kelner model, and used this proton spec-

trum to predict the neutrino flux. The result of their study is shown in Figure 3.1.
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Figure 3.1: Predicted integrated neutrino flux map of the Milky Way for different energy bins. (Batzofin and Komin, 2021)

To simplify the process of predicting neutrino emissions from very-high-energy gamma-ray sources, we estab-
lished a conversion function, denoted as f(E),” that correlates gamma-ray spectra into neutrino spectra. We uti-
lized the results obtained by Batzofin et al. [1] to derive this conversion function. Instead of directly calculating
neutrino fluxes using the Kelner parametrisation [37], we opted for a more efficient approach. We divided the pre-
dicted neutrino fluxes, as determined by Batzofin et al., by the observed H.E.S.S. gamma-ray fluxes for each source.
These ratios were averaged over all sources, which allowed us to create a more representative conversion function
over the energy range of 0.1 to 100 TeV. This function is depicted in Figure 3.2. By fitting this conversion function
using Python, we established a correlation between the gamma-ray spectrum and the neutrino spectrum. This cor-
relation facilitates the direct estimation of the neutrino flux based on a given gamma-ray flux, obviating the need

for detailed proton distribution calculations using Naima and Kelner parametrisation. Namely, the neutrino flux
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corresponding to a given gamma ray flux can be computed with:

dN, dN,
AL, ~ [ (E) x diEy (3.1)

dN,
dE,

where f (E) is the function we aim to find, which co-relates neutrino differential flux

4N,
(Z£)-

) to gamma ray fluxes
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Figure 3.2: Fraction of Batzofin et al. (2019) predicted neutrino fluxes over the observed H.E.S.S. gamma ray
The fitted function, describing the fraction shown in figure 3.2, is then found through Python as:

fE) = ———=—=+d (3:2)

Where E is the energy and the constants are:

a ~1.67 x 10°
b ~1.42 x 10*
¢~ —3.00
dr~ —4.84 x1072
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Itis important to note that, in this modeling of the predicted neutrino spectra, several assumptions were made:

* No contribution of non-hadronic processes to the measured y-ray signal.

* No ssignificant y-ray absorption within the source.

* Charged pions decay before interacting.

* Muons decay without significant energy loss.

* The neutrino flux at earth is computed by assuming the flavour ratio (v, : vyive=1:1: 1). Thisisa

direct consequence of neutrino oscillation [39].

As mentioned in section 2.5, in the pp interaction, Y, and v, are produced. Therefore, the total neutrino flux
obtained will be a combination of both:
Ytoal dNV# dNVc

dN,
Total neutrino flux in pp interaction : = + (3-3)

dE, ' dE,

Veotal

Note that neutrinos and antineutrinos are treated as identical here. However, since we assumed a flavor ratio
of (v : v, : v, = 1:1: 1), (implying equal numbers of neutrinos of all three flavors) and we are interested in

detection of muon tracks with high-energy neutrino telescopes, the total muon flux is then calculated as:

dNV” dNmel

et (5.9
dE, 3 dE >

Veotal

This method offers a simpler way of predicting muon neutrino emissions from VHE gamma ray sources, which
could facilitate the study of these sources and their physical properties. It also has the advantage of being compu-

tationally faster than the approach used by Batzofin and Komin.

To validate the accuracy and validity of our proposed model, we performed a comparison between the expected
neutrino flux derived from our model and the model developed by Batzofin et al. (2019). This comparison in-
volved applying both parameterizations to the observed H.E.S.S. sources, allowing us to assess the differences in
the predicted neutrino spectra between the two models (refer to Figure 3.3 for an example of this comparison).
Notably, the results of this comparison demonstrated a high level of agreement between the two models, thereby
supporting the accuracy of our proposed model. It’s noteworthy that the derived spectra exhibit clear deviations

from the constant fraction between gamma-rays and neutrinos, which is occasionally assumed in the literature.

3.2  GAMMA RAY SOURCES

In our study, we employed a synthetic population of 3000 VHE gamma-ray sources obtained from the source
provided by [35]. This population consists of 831 sources, with 78 corresponding to observed sources from the
H.E.S.S. Galatic Plane Survey (HGPS) [36], and the remainder simulated. The modeling of these sources adopted
a 4-arm spiral structure, with each source characterized by Galactic coordinates, circular extent, distance, luminos-
ity, radius, and integrated flux. The energy spectrum of these sources was assumed to follow a power-law model
with a spectral index of 2.3, covering an energy range from 1 to 100 TeV. The following subsection outlines the

construction of these synthetic populations.
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Figure 3.3: Comparing the calculated neutrino flux of our new parameterization with Batzofin et al model for one of the
H.E.S.S sources

3.2.1 CONSTRUCTION OF SIMULATED 7-RAY SOURCES

The authors Steppa and Egberts set out to model the population of very high-energy gamma ray sources in the
Milky Way galaxy in their study [35]. To achieve this, they took observational data obtained from the H.E.S.S.
instrument and employed the Monte Carlo method to generate a large number of synthetic sources. By doing
so, they were able to make predictions about the overall population of VHE gamma ray sources in our galaxy.
Their model constituted two key components: the spatial distribution of the sources and the distribution of their

properties; luminosity and radius [35].

3.2.2 SPATIAL MODEL

In order to investigate the spatial distribution of VHE gamma ray sources in the Milky Way galaxy, the researchers
undertook analysis involving various models based on the assumed source class and underlying Galactic structure.

They then followed a data-driven approach to derive the distribution of the properties.

Since a significant proportion of the known sources are SNRs and PWNe, they employed these as templates

for constructing their models. In addition to utilizing the distribution of SNRs and PWNe as templates, the
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researchers explored various other models to account for distribution of gamma ray sources, namely the mSp4

model characterised by a four-arm spiral distribution (see Figure 3.4).
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Figure 3.4: Spatial distribution of the gamma ray sources used in this research, describing the four-arms spiral model in the

Galactic plane at z=0 kpc.

This model explicitly incorporates the azimuthal angle () as a critical factor in determining the source density.
The mathematical representation for this model is described by equation 3.5, which considers various parameters
including 7 (radius), z (vertical coordinate), and constants such as A4;, 4, 8,, and ;. The radial dependence is
determined by the scale length ¢, and exhibits a local maximum at R, while the azimuthal dependence is influenced

by the scale length 4, pitch angle constants j,, and orientation factors #;. Additionally, the vertical dependence is

governed by the scale height o, 5.

4 —12 In(Z) r—R 22

A pie) = 3 drexp( 5 )p = ) x enpl=— =) expl—3 ) (3:5)

ZJZ 2

r k)

For the determination of appropriate parameter values, the researchers adopted the best-fit values derived

from the Interstellar Medium (ISM) measurements associated with the CII cooling lines, as provided by Steiman-
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Cameron et al. (2010).

3.2.3 LUMINOSITY AND RADIUS DISTRIBUTION

Having obtained a spatial model for the distribution of VHE gamma ray sources, the next step is computation of
the distribution of their luminosity L and source radius R. To simplify the analysis, the luminosity and radius are
treated as independent variables, and it is assumed that both follow a simple power-law distribution. The joint
probability function for the luminosity and radius is defined as:

L R

P(L,R) = N(fo)” (RT)

) (3.6)

In equation 3.6, Ly and R are scaling factors, and /N is a normalization factor that depends on the predefined
boundaries of L and R. The parameters g and 2 are variable parameters that are determined based on the number
of detected sources Ny, in the H.E.S.S. Galactic Plane Survey (HGPS). The number of detected sources Ny, is

related to equation 3.6 through equation below as:

Niww = Nrow / dL / dR C(L,R)P(L,R) (3:7)

Here, the correction function C(Z, R) is applied to address observation biases, ensuring that the sample com-
prises sources that align with the detectability criteria, thus accurately representing those sources observable ac-
cording to HESS sensitivity. By incorporating this correction function, the analysis aims to compensate for any
systematic biases in the observed sample of sources and obtain a more accurate representation of the underlying
population. On the other hand, Ngoy represents the total number of sources that are expected to exist within the

field of view (FOV). The expected number of sources is approximated via

Afpred,z': C(LZ7R1)NFOV /dL /dR P(L7R) (38)

Nyed,; represents the number of detectable sources for each bin 7, which is characterized by a L x R space split

into 0.1 x 0.1 bins in log, , scale. Finally the variables 2z, e; and Nfoy are determined using the likelihood as:

logL = Z log(PNWd,, (Mme,z‘)) (3.9)

where PNW i (Nyyue,;) represents the Poissonian distribution where Ny, ; denotes the true number of detected
sources. The model parameters are obtained by maximising the likelihood function in equation 3.9 usinga Monte

Carlo simulation approach.

3.3 CALCULATING NEUTRINO EMISSION
With the parameterization derived in the previous section 3.1 we will now estimate the expected neutrino flux for
each of our simulated gamma ray sources. As an illustrative example, we present the results for one of our gamma

ray sources (See Figure 3.5).
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Figure 3.5: Simulated gamma ray flux and expected neutrino flux obtained for one the simulated gamma ray sources in this
study.

It is important to note that the gamma ray flux follows a power-law behavior, characterized by a spectral index
of 2.3. Additionally, our model (referenced as 3.1) for predicting the associated neutrino flux is valid only under

the assumption of an exclusively hadronic origin for the considered gamma ray sources.

3.4 IDENTIFYING GALACTIC NEUTRINO SOURCES

The model employed in this research enables us to make predictions for the neutrino emission from the Milky
Way. To effectively communicate the outcomes of our investigation, skymaps were created utilizing the Python
package Gammapy. Gammapy is a widely-used software toolkit specifically designed for analyzing high-energy

gamma ray data and conducting astrophysical studies [40].

In the process of creating our skymaps, the Gaussian Spatial model in Gammapy was employed to represent
the spatial distribution of the assumed neutrino sources within the galactic plane. The coordinates and extensions
of the gamma ray sources were used as inputs to determine the positions and sizes of the corresponding assumed
neutrino sources. This approach is based on the fundamental assumption that both gamma ray and neutrino
emissions originate from the same astrophysical hadronic sources, thereby sharing similar spatial characteristics.

In addition to spatial information, spectral considerations were incorporated into the skymap generation process.
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A template spectral model was applied to each assumed neutrino source using our proposed model, enabling the

calculation of the expected neutrino flux associated with each individual source.

Skymaps were generated for each gamma ray population to comprehensively analyze the potential neutrino
sources. The spatial range selected for this analysis spanned 0 to 360 degrees in galactic longitude and —5 to 5

degrees in galactic latitude, effectively covering the entire galactic plane.
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The Galactic Sky in Neutrinos

In this thesis, the simultaneous production of neutrinos and gamma rays through pp interactions helped us to
develop a Parametrization that corelates gamma ray and neutrino fluxes. Subsequently, we applied this model to
3000 populations of the VHE gamma-rays sources, comprising both simulated and observed sources within the
Milky Way, to predict potential galactic neutrino emissions. By using the Gammapy package in Python, we pro-
duced sky maps to visualize these predicted neutrino sources, highlighting their corresponding fluxes magnitudes
and position in the sky. Figure 4.1 exhibits a truncated view of 4 different skymaps. Additionally, Figure 4.2 and
Figure 4.3 display the full skymaps of two samples covering the whole galatic plane. The color intensity of the

pixels indicates the flux of neutrinos associated to each source.

Using the fluxes of the sources in our model, we conducted an average of the flux from all populations to obtain
the total predicted neutrino flux. This calculated flux was then compared to the diffuse flux observed by IceCube
and the upper limit established by ANTARES. The comparison results, depicted in Figure 4.4, highlight the fact
that our total predicted neutrino flux is expected to be lower than both the total IceCube flux and the upper limit
set by ANTARES. This is because our predicted galactic neutrino sources constitute a subset of the overall neutri-
nos coming from both Galactic and extra-galactic sources. Our model does not accounts for all possible sources

of neutrino events, but focuses specifically on those originating within our galaxy.

To validate the accuracy of our predictions, we compare our model with the data obtained from neutrino de-
tectors. IceCube and ANTARES are two prominent experiments designed to capture neutrino events. However,
their locations and detector designs result in variations in their observational capabilities. IceCube is situated at
the South Pole, while ANTARES is located in the Mediterranean Sea. This geographical distinction plays a cru-
cial role in their field of view, particularly regarding the observation of the galactic plane. It is important to note
that the galactic plane is better observed in the southern sky compared to the northern sky. Figure 4.5 clearly
demonstrates that ANTARES exhibits enhanced sensitivity in the southern sky [41]. This disparity arises due
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to the classification of events from the Southern Sky as down-going events in the case of IceCube, a significant
portion of which, prior to any selection criteria, are attributed to atmospheric muons. Conversely, ANTARES
faces a different scenario when observing the southern sky, with a lower presence of atmospheric muons owing
to the shielding effect of the Earth [29]. This distinction enhances the performance of ANTARES in terms of

detected events related to the galactic plane, making it an ideal choice for our project.

We made a comparison between our model and eleven years of data obtained from the neutrino detector
ANTARES. We utilize eleven years of ANTARES data recorded between 2007 and 2017, resulting in a total
lifetime of 3136 days. This dataset [42][43] encompasses a substantial number of track-like events, totaling 8754,
which are employed for comparison with our predicted results. For a better visualization of the spatial distribu-

tion of the data refer to Figure 4.6.

Since the ANTARES data covers the entire sky and our skymap focuses only on the galactic plane, we need
to determine how many ANTARES data points coincide spatially with the pixels in our skymap. To facilitate
the comparison, we generated a histogram that measures the spatial overlap between the ANTARES data and the

pixels in the skymaps. 747 events survived these criteria.

Furthermore, to facilitate the comparison between our predicted neutrino sources and the ANTARES data,
it was necessary to calculate the expected counts by our model. This involved taking into account various factors
such as the neutrino flux, the effective area of the telescope (Ac), and the observation time (T). The number of

counts is then obtained as:

N, =T fo AN, A(E) dE
v /E E ot (E) Vu (4.1)

Where Epin and Ep,y are 1 and 100 TeV, and T'is 27 x 107 seconds, encompassing the eleven-year data span
from 2007 to 2017. The effective area of the ANTARES neutrino telescope, which represents its detection ca-
pability, is energy-dependent and also varies with the declination of the source; it is adopted from [6] presented
in the figure 4.9. Finally, we repeated the same process for KM3NeT configuration 2. The only difference was
the use of a different effective area, which is shown in Figure 4.8. With this information, we calculated expected

counts for each source.

Using neutrino fluxes and solid angles derived from our maps, along with the effective area and observation
time of the telescope, we estimated the number of expected neutrino events for each source. We found that a sig-
nificant portion of the sources we predict do not yield any neutrino counts. However, for a subset of sources, we
obtained a count of one neutrino. The expected count distribution for ANTARES is illustrated in Figure 4.10,

as you see expect 54 counts for ANTARES in average.

It is important to note that as the rather homogeneous distribution of 747 recorded ANTARES counts sug-
gests, most of them are likely not associated with Galactic sources, since the number overshoots the predicted
counts of 54 derived from the simulations. In contrast to ANTARES predictions, 11 years of KM3NeT observa-

tions are shown to provide a much more detailed view of the Galactic sky, with several sources clearly identified
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with a larger number of neutrinos from the same direction. The predicted count distribution for KM3NeT ex-

hibits an average count of 222, as shown in Figure 4.11.

The count plot, depicted in Figure 4.13 and 4.12, illustrates the positions of the potential neutrino sources
and their corresponding expected numbers of neutrinos for one of two of our samples. Each data point in the
plot corresponds to a specific source, with the x-axis representing the spatial position and the y-axis indicating the

expected neutrino counts. We present more plots and sky maps in the appendix.
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Figure 4.1: Cutout of Sky maps for 4 different samples showing neutrino sources and their flux in the energy bin of 54.6 to
57.2 TeV
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Figure 4.2: sky map for one of the samples population showing neutrino sources and their flux in the energy bin of 95.5 to
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Figure 4.6: A flat projection of the observed neutrino events by ANTARES from 2007 to 2017, covering the entire sky.
The meridians on the plot represent galactic longitudes, from —180 to 180 degree, while the other lines represent galactic
latitudes, ranges from —90 to +90 degree
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Summary and Conclusion

This master thesis centered on predicting potential neutrino emission within our galaxy, offering valuable insights
into the origin of cosmic rays. Neutrinos and gamma rays can be produced simultaneously in pp interactions. This
implies that if gamma rays are of hadronic origin, they are undoubtedly accompanied by the production of neu-
trinos. By establishing a correlation between the gamma-ray and neutrino spectra, we aim to identify potential

neutrino sources in our galaxy.

We developed our model under the assumption of gamma rays to be purely hadronic in origin. We have utilized
3000 very high energy gamma ray populations. The populations consists of a total of 831 sources per population,
with 78 of them corresponding to sources in the H.E.S.S. galactic plane survey, while the remaining sources were
simulated. We assumed the energy spectrum for these sources follows a power-law model with a spectral index
of 2.3 within the energy range of 1 to 100 TeV. Subsequently, we applied our developed model to predict the

associated neutrino emissions.

Consequently, we generated skymaps to visualize the flux of the predicted sources and their spatial distribu-
tion across the galactic plane (see Figures 4.1, 4.2, 4.3). To validate the accuracy of our model and investigate
the spatial correspondence between the predicted sources and observed events, we conducted a comparison with
observed neutrino events from the ANTARES neutrino detector. We utilized eleven years of ANTARES data,
spanning January 2007 to December 2017, resulting in a total livetime of 3136 days. The dataset comprised a sub-
stantial number of track-like events, in total 8754 events. As the ANTARES data observes the entire sky, while
our skymaps focused solely on the galactic plane, we needed to establish the spatial correspondence between the
ANTARES data points and the pixels in our skymaps. A total of 747 events fulfilled the requirements for spatial
agreement between the ANTARES data and the skymap pixels.

In order to compare our predicted neutrino sources with the ANTARES data, we needed to estimate the ex-
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pected counts based on our model. The total observation time spanned 11 years, resulting in a combined integra-
tion time of 27 x 107 seconds. The solid angle, was determined from the skymaps, with each bin on the map
corresponding to 0.1 degrees. Utilizing this information, we calculated the expected counts for each source in
our model. The same process was repeated for KM3NeT, employing the same observation time and but different

effective area of this telescope.

We proceeded to generate count plots for each population to provide a visual representation of our results (see
Figures 4.12 and 4.13). The majority of our sources yielded no neutrino counts, while the remaining sources had
acount of one. In the case of KM3NeT, a few sources were expected to have two neutrino counts. On average, we
found a total of 54 predicted counts for ANTARES and 222 counts for KM3NeT. This aligns with our expecta-
tion that our model only accounts for astrophysical neutrinos, while neutrino telescopes such as ANTARES also
detect atmospheric neutrinos, resulting in a higher total count. Therefore, it was anticipated that our predictions

would be smaller than the actual event counts recorded by ANTARES, which amounted to 747.

Itis important to note that while the 747 events observed by ANTARES in the galactic plane provide valuable
insights into the spatial distribution of neutrino events, it is not conclusive evidence that they solely originate from
galactic sources based solely on their spatial positions. In fact, the lack of clustering among these events suggests
that there are hardly any Galactic neutrinos among them. To establish a concrete association between the observed

neutrino events and their source origins, further analysis and investigations are required.

The potential for improving the correspondence between the observed and predicted neutrino events lies in
the prospects of future neutrino telescopes with enhanced capabilities. Advancements in technology and the de-
velopment of more sensitive detectors offer promising opportunities to gather higher-quality data, can lead to

improved accuracy in discovering the sources of neutrinos.

Also, in our study we have primarily focused on the assumption of an exclusively hadronic origin for the ob-
served gamma-ray sources. However, it is crucial to acknowledge that some gamma-ray sources in the universe are
dominated by leptonic emission processes. This implies that in these cases, the correlation between gamma rays
and neutrinos may not hold to the same extent as in hadronic-dominated sources. Future investigations may need
to consider the interplay between these different emission mechanisms for a more comprehensive understanding
of the neutrino production in various astrophysical sources. Our analysis has primarily concentrated on predict-
ing neutrino emissions from discrete astrophysical sources. Nevertheless, it is essential to recognize that diffuse

emission also contributes to the overall neutrino flux.

Lastly, in the course of conducting this research, it is noteworthy to mention that a recent paper from the
IceCube Collaboration, titled ’[Observation of high-energy neutrinos from the Galactic plane] [44],” has been
published subsequent to the completion of this thesis. This paper represents the latest state-of-the-art research
about the galactic neutrinos. Regrettably, due to the timing of its release, we were unable to incorporate a de-
tailed comparison of our work with the insights presented in this new research. Nevertheless, this paper offers
a promising avenue for future investigations, as the findings therein may serve as a valuable reference point for

further studies in this domain.
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In conclusion, this thesis sets the stage for further exploration and advancements in the field of neutrino as-
trophysics. The pursuit of unraveling the mysteries surrounding the origin of neutrinos and their connections
to cosmic rays is an exciting and challenging journey that promises to unveil new insights into the nature of the

universe we inhabit.
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Appendix

This chapter presents a collection of plots and maps that complement the main body of the thesis. These visuals
provide additional insights into results and predictions discussed in earlier chapters. The description accompany-

ing each plot provides context.
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Figure 1: sky map for one of the sample populations showing neutrino sources and their flux in the energy bin of 95.5 to
100 TeV 48
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Figure 2: sky map for one of the sample populations showing neutrino sources and their flux in the energy bin of 95.5 to
100 TeV 49
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