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Summary

The origin of the diffuse high-energy neutrino flux observed in the TeV-PeV range
by the IceCube Neutrino Observatory at the South Pole remains a central unresolved
question in high-energy astrophysics. This thesis investigates (ultra)luminous infrared
galaxies (U/LIRGS) as potential sources of this flux. U/LIRGs exhibit infrared luminosi-
ties exceeding 10! solar luminosities, powered by intense star formation (  10-100
solar masses per year) and accreting supermassive black holes (& 10° solar masses),
commonly identified as active galactic nuclei (AGN). These energetic environments
provide promising conditions for hadronic acceleration, potentially leading to high-
energy neutrino production through interactions with dense matter and radiation
fields within the source region.

Leveraging multi-wavelength data from NASA’s Great Observatories All-Sky LIRG
Survey (GOALS), which includes over 200 local U/LIRGs (redshift z < 0:09), we de-
velop a novel phenomenological framework for steady-state, starburst-driven high-
energy neutrino production via proton-proton interactions.

The model connects a galaxy’s infrared luminosity to its expected high-energy neu-
trino flux, with its parameters constrained by electromagnetic observations. As a case
study, we first apply the model to one of the brightest LIRGs in the GOALS sample, NGC
3690. We then extend the analysis to the full GOALS sample and compare the result-
ing neutrino flux predictions to the per-source sensitivities of IceCube and its planned
extension, IceCube-Gen2. The results indicate that a high-energy neutrino signal orig-
inating from steady-state starburst activity in individual GOALS U/LIRGs among the
most intensely star-forming systems in the local Universe is unlikely to be detectable
by IceCube. However, IceCube-Gen2 is expected to be sensitive to more optimistic
emission scenarios, potentially offering new insights into the mechanisms of high-
energy neutrino production.

We further show that the neutrino signal from the LIRG NGC 1068 the first steady
IceCube point source reported with statistical evidence cannot be explained by star-
burst activity alone. This points to additional high-energy neutrino-production mech-
anisms, likely linked to its obscured AGN.

Beyond individual galaxies, we estimate the diffuse, starburst-driven high-energy
neutrino flux from U/LIRGs across cosmic time using analytic methods. While our pro-
jections indicate that ULIRGs likely contribute only a subdominant fraction, consistent
with existing upper limits, the results suggest that LIRGs may account for a significant
portion of the diffuse astrophysical neutrino flux. This contribution is, however, con-
strained by the extragalactic gamma-ray background.

These modeling efforts culminate in foundational work in which we integrate the
neutrino-production framework into cosmological hydrodynamic simulations. Once fi-
nalized, this novel approach will enable a redshift-dependent study of starburst-driven
neutrino production across cosmic time, going beyond the simplified population mod-
els used in analytic methods. This will enable a more realistic estimation of the high-
energy neutrino emission from starburst activity, as well as tighter constraints on the
physical parameters governing high-energy neutrino production in these regions.

Complementing our modeling efforts, we perform a correlation analysis using 13
years of up-going muon-track data from IceCube to search for high-energy neutrino
emission from 113 GOALS U/LIRGs located in the Northern Sky, specifically those with
declinations > 3 . This analysis includes both individual source investigations and
a search for a cumulative signal from a subset of extremely compact, energetic, and
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heavily obscured U/LIRGs. The 113 sources excluding NGC 1068, for which indepen-
dent evidence of neutrino emission was already reported in a previous analysis consist
primarily of starburst-dominated systems, but also include AGN-dominated and com-
posite (starburst+AGN) systems.

We adopt a model-agnostic approach in our searches, assuming a generic power-
law neutrino spectrum. Although no significant signals are detected in any of the
searches, we establish the most stringent upper limits to date on steady high-energy
neutrino emission from nearby U/LIRGs. When combined with electromagnetic data
from GOALS, this yields a valuable multi-messenger dataset for future modeling of
high-energy processes in the nearby Universe. Furthermore, the null results from the
numerous starburst-dominated systems in the sample provide important context for
the growing body of evidence linking high-energy neutrino emission to AGN-dominated
sources (e.g., NGC 1068).

Notably, while not statistically significant, we observe a 2:3 excess from the direc-
tion of NGC 7469 a nearby LIRG hosting both a luminous AGN and vigorous starburst
activity. Intriguingly, this excess is spatially coincident with two 100 TeV IceCube
alert events, highlighting NGC 7469 as a novel compelling candidate neutrino source.
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Samenvatting

Het IceCube Neutrino Observatorium op de Zuidpool detecteert een diffuse flux
van hoogenergetische neutrino’s in het TeV-PeV-bereik. De oorsprong van deze flux
vormt echter nog altijd een open vraag binnen de hoogenergetische astrofysica. Deze
thesis onderzoekt (ultra)luminieuze infraroodstelsels (U/LIRGs) als mogelijke bron-
nen van deze neutrino’s. U/LIRGs zijn sterrenstelsels met een infraroodhelderheid
van meer dan 10! keer de lichtkracht van de zon, voornamelijk veroorzaakt door
het opwarmen van stof in compacte regio’s van intense stervorming (10-100 zons-
massa’s per jaar) en accretie van materie op supermassieve zwarte gaten (& 108 zon-
smassa’s), ook wel actieve galactische kernen (AGN) genoemd. Deze energetische
omgevingen bieden gunstige omstandigheden voor de versnelling van hadronische
deeltjes tot hoge energieén, wat kan leiden tot de productie van hoogenergetische
neutrino’s via interacties met materie- en stralingsvelden in de bronregio.

Op basis van NASA’s Great Observatories All-Sky LIRG Survey (GOALS), een studie
die meer dan 200 nabije U/LIRGs beschrijft (roodverschuiving z < 0:09), ontwikkelen
we een nieuw model om de productie van hoog-energetische neutrino’s in deze stelsels
te kwantificeren. De focus ligt op neutrino’s die ontstaan door interactie van sterex-
plosies met hun omgeving. Dit is gemotiveerd door GOALS-data die aantonen dat
de infraroodemissie van de meeste U/LIRGs voornamelijk aangedreven wordt door
stervorming. Het model legt een kwantitatief verband tussen de infraroodhelderheid
van een U/LIRG en de verwachte neutrino-flux, waarbij de modelparameters worden
afgeleid uit de rijke GOALS-dataset.

Als casestudy passen we dit model toe op de krachtige LIRG NGC 3690, waarna het
wordt uitgebreid naar de volledige GOALS-catalogus. De resulterende voorspellingen
voor de neutrino-flux worden vergeleken met de gevoeligheid van IceCube en diens
geplande uitbreiding, IceCube-Gen2. Onze resultaten tonen aan dat IceCube naar
verwachting geen detecteerbaar signaal zal opvangen van dit specifieke emissieproces,
terwijl IceCube-Gen2 wél gevoelig kan zijn om optimistische scenario’s te testen.

Daarnaast tonen we aan dat het neutrinosignaal van NGC 1068 de eerste continu
gedetecteerde puntbron van hoog-energetische neutrino’s niet kan worden verklaard
door activiteit die uitsluitend verband houdt met sterexplosies. Dit wijst op een bi-
jkomende, dominante productiecomponent, mogelijks gerelateerd aan het sterk ver-
duisterde supermassieve zwarte gat in dit stelsel.

Naast individuele schattingen ramen we met analytische methoden de geaccu-
muleerde diffuse neutrino-flux afkomstig van sterexplosies binnen de bredere U/LIRG-
populatie doorheen de kosmische geschiedenis. Hoewel ULIRGs slechts een beperkte
bijdrage leveren, in overeenstemming met bestaande limieten voor deze bronklasse,
suggereren onze resultaten dat LIRGs een substantieel deel van de diffuse astrofy-
sische neutrino-flux kunnen verklaren. Hun bijdrage wordt echter begrensd door de
cumulatieve extragalactische gammastralingsachtergrond.

Tot slot zijn de eerste substanti€le stappen gezet om het model te integreren in
een bestaande hydrodynamische simulatie van de kosmos. Deze integratie maakt het,
eenmaal voltooid, mogelijk om de neutrino-emissie uit steruitbarstingsregio’s doel-
gericht te bestuderen doorheen de kosmische tijd, zonder terug te vallen op de ve-
ralgemeniseringen die kenmerkend zijn voor analytische methoden. Een belangrijk
voorbeeld daarvan is de aanname dat lokale omstandigheden representatief zijn voor
gelijkaardige bronnen in het volledige kosmische verleden een veronderstelling die,
zoals aangetoond voor U/LIRGs, niet volledig opgaat. Dit vernieuwende kader biedt
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uitzicht op robuustere voorspellingen van de diffuse astrofysische neutrino-flux en di-
ens oorsprong, evenals op strengere beperkingen van modelparameters dan haalbaar
is met analytische benaderingen.

Als aanvulling op onze modellering voeren we een correlatieanalyse uit met be-
hulp van 13 jaar aan interne IceCube-data, waarbij we nagaan of er een ruimtelijke
correlatie bestaat tussen de richtingen van gedetecteerde neutrino’s en de posities van
113 GOALS-U/LIRGs op het noordelijk halfrond, specifiek met declinaties > 3 . De
geselecteerde bronnen omvatten voornamelijk steruitbarstingsstelsels, aangevuld met
AGN-gedomineerde en hybride systemen, die allemaal beschikken over rijke multi-
golflengtegegevens dankzij hun opname in GOALS.

Onze model onafhankelijke benadering vertrekt van een generiek neutrinospec-
trum dat afvalt volgens een machtswet, in contrast met het fysisch gemotiveerde model
gebruikt in het eerste deel van deze studie. Hoewel geen statistisch significant signaal
werd gevonden, stellen we de tot dusver strengste bovengrenzen vast op continue
neutrino-emissie door deze 113 nabije U/LIRGs. In combinatie met de elektromag-
netische gegevens uit GOALS vormt dit een waardevolle dataset voor toekomstig on-
derzoek naar de meest energetische processen in het nabije heelal. De nulresultaten
voor de steruitbarstingsgedomineerde U/LIRGs bieden bovendien belangrijke context
bij de groeiende consensus dat hoog-energetische neutrino’s voornamelijk afkomstig
zijn van AGN-gedomineerde puntbronnen op vergelijkbare afstanden.

Opmerkelijk is dat we, hoewel de statistische significantie beperkt is, een cluster-
ing van hoog-energetische neutrino’s waarnemen die de afwezigheid van een punt-
bron van neutrinos met een betrouwbaarheid van 2:3 tegenspreekt. Deze clustering
bevindt zich in de richting van de nabije LIRG NGC 7469, een sterrenstelsel met zowel
een lumineuze AGN als intense stervorming. Intrigerend genoeg valt deze overschri-
jding samen met twee 100 TeV-neutrino’s die eerder en onafhankelijk werden gede-
tecteerd door het waarschuwingssysteem van IceCube voor astrofysisch interessante
gebeurtenissen die snelle opvolging vereisen. Dit maakt NGC 7469 tot een nieuwe
veelbelovende kandidaat voor een neutrinobron.
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Introduction

Until the early 20" century, the study of outer space relied solely on electromagnetic
radiation. However, an unexpected discovery in 1912 transformed our understanding
of the cosmos and opened up a new eld of astronomy. That year, Victor Hess demon-
strated, using a hot air balloon, that the Earth is bombarded by charged atomic nuclei
of extraordinary high energy, now known as cosmic rays [1]. These patrticles, reach-
ing energies of about 10?° electronvolts (eV), equivalent to a macroscopic energy of

16 joules, are the most energetic subatomic particles ever detected. Identifying the
sources of cosmic rays is of great interest, as they are associated with the most power-
ful particle accelerators in the Universe, capable of achieving energies far beyond the
reach of terrestrial accelerators. Despite more than a century of research, however,
their origin remains largely unknown.

Tracing cosmic rays back to their sources presents a signi cant challenge due to the
distortion of their trajectories by interactions with galactic and intergalactic magnetic
elds. Consequently, the reconstructed arrival directions of cosmic rays do not reliably
indicate their origin. However, a fraction of cosmic rays could interact with matter or
radiation within the source environment before escaping. These interactions produce
predominantly charged and neutral pions. The neutral pions decay into gamma rays
(high-energy photons), while the charged pions decay, among other particles, into
high-energy neutrinos.

Gamma rays, being electrically neutral, are una ected by magnetic elds, making
them valuable potential tracers of cosmic-ray sources. However, the Universe is opaque
to high-energy photons due to their interactions with dust and background radiation
elds, which limit their propagation range. Additionally, gamma rays can be e ciently
produced by leptonic processes, such as inverse Compton scattering, making them am-
biguous indicators of hadronic acceleration. In contrast, high-energy neutrinos o er
a unigue advantage. As electrically neutral, fundamental particles that interact solely
via the weak force and gravity, neutrinos can travel vast cosmological distances without
de ection or signi cant attenuation. Moreover, high-energy neutrinos are produced
uniquely through hadronic interactions involving cosmic rays. These characteristics
position high-energy neutrinos as ideal cosmic messengers for identifying hadronic
accelerators in the Universe, particularly when analyzed in conjunction with gamma-
ray observations.

In recent years, gravitational waves have emerged as a powerful new probe in
astrophysics [2, 3]. However, their study and connection to other messengers are
beyond the scope of this work, which focuses exclusively on high-energy neutrinos
and their relation to cosmic-ray acceleration and gamma-ray emission.

The interconnection between cosmic rays, gamma rays, neutrinos, and gravita-
tional waves originating from a common astrophysical source is illustrated in Figure 1.

In 2013, the IceCube Neutrino Observatory at the South Pole discovered for the
rsttime a di use and isotropic ux of high-energy neutrinos from astrophysical origin
[4, 5], nearly a century after the rst detection of cosmic rays. Over a decade later,
this di use ux has been con rmed through multiple independent analyses spanning
a broad energy range, from approximately 102 eV (TeV) to 10 eV (PeV) [6 11].
Identifying the astrophysical accelerators responsible for these neutrinos has been a
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Figure 1: Visualisation of the propagation of di erent subatomic par-
ticles from the same source. Unlike cosmic rays, which are de ected
by magnetic elds, gamma rays and neutrinos travel in a straight line
towards the Earth. However, gamma rays may interact with matter or
radiation on their way to the Earth, while neutrinos reach the Earth
nearly una ected. Gravitational waves, also shown for completeness,
are not discussed in this work. Edited with courtesy of J. A. Aguilar.

major focus of high-energy astrophysics. As such, numerous studies have investigated
correlations between IceCube data and potential (extra)galactic sources. While many
of these searches have returned null results, they have placed signi cant constraints
on various astrophysical processes (e.g. [12]).

Recently, however, the IceCube Collaboration reported compelling evidence of high-
energy neutrino emission from the Galactic plane [13]. Despite its relative proximity,
the Galactic plane accounts for only about10% of the observed di use neutrino ux,
implying that the majority of this ux originates from extragalactic sources.

Currently, the IceCube data have identi ed only two extragalactic active galax-
ies, TXS 0506+056 [14, 15] and NGC 1068 [16], that show tentative evidence of
high-energy neutrino emission. However, neither has reached the statistical threshold
required to claim a discovery. Even if these sources are con rmed as genuine neutrino
emitters, they would collectively contribute less than about 1% of the di use neutrino

ux within their respective sensitive energy ranges. This leaves the vast majority of
the di use high-energy neutrino ux unaccounted for, as well as the identity of the
corresponding hadronic accelerators.

In addition to correlation studies, multi-wavelength modeling using the results of
these studies has provided important insights into the characteristics of potential neu-
trino sources. For example, studies of NGC 1068 suggest that high-energy neutrinos
are likely produced near the galaxy's central supermassive black hole, where simulta-
neously produced gamma rays are signi cantly attenuated. These ndings align with
di use neutrino and gamma-ray observations, which indicate that at least a portion
of bright neutrino sources must appear dim in gamma rays [17, 18].

This thesis explores(ultra)luminous infrared galaxies  (U/LIRGs) as candidate
sources of high-energy neutrinos. U/LIRGs are distinguished by their extraordinary
infrared (IR) luminosities, de nedas Lir  Lirp 1000 m), With values exceeding10™
solar luminosities. Such luminosities surpass the total electromagnetic output of the
Milky Way by more than an order of magnitude.
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The bright IR emission originates primarily from compact regions harboring in-
tense star formation (10 100 solar masses per year) and actively accreting super-
massive black holes & 10° solar masses), both obscured by dense dust and gas. Such
energetic and dynamic environments are promising sites for hadronic particle accel-
eration, where abundant target material can facilitate the production of secondary
particles such as high-energy neutrinos and gamma rays. Additionally, the dense bary-
onic matter and radiation elds within U/LIRGs can signi cantly attenuate the gamma
rays, making these galaxies promising gamma-ray dim neutrino sources.

In this thesis we focus speci cally on characterizing high-energy neutrino emis-
sion from local U/LIRGs (z < 0:09) in NASA's Great Observatories All-Sky LIRG Sur-
vey (GOALS [19]). This is done by developing, in close collaboration with the GOALS
team, a phenomenological framewaork for high-energy neutrino production at the source.
Furthermore, we perform a correlation study between experimental high-energy neu-
trino data from the IceCube Neutrino Observatory at the South Pole and GOALS U/LI-
GRs in the Northern Hemisphere.

Overview of Chapters

The following provides an overview of the chapters of this thesis, highlighting the
key contributions and main ndings of each. This research was conducted under a
personal PhD Fellowship awarded by the Research Foundation Flanders (FWO).

Chapter 1

We outline the current understanding of the high-energy Universe through observa-

tions of cosmic rays, gamma rays, and high-energy neutrinos. This chapter motivates
the search for high-energy neutrino sources to help resolve the standing mystery of
cosmic-ray origins.

Contributions & Achievements:

" Co-supervised two bachelor theses focused on high-energy neutrino source iden-
ti cation [20] and modeling [21].

Chapter 2

We explore the properties of U/LIRGS, including their IR luminosities, morphologies,
nuclear activity, and redshift evolution. These characteristics are examined to estab-
lish U/LIRGs as promising sources of high-energy neutrinos. Additionally, the Great
Observatories All-Sky LIRG Survey (GOALS) is introduced, along with the subpopula-
tions of GOALS that will be used for source modeling in Chapter 3 and a correlation
study using IceCube data in Chapters 5 and 6.

Contributions & Achievements:

Further developed a collaborative partnership with the GOALS team, originally
established during my master's research.

Led the compilation of relevant archival electromagnetic data required to char-
acterize the high-energy neutrino production in individual U/LIRGs. | combined
this information into a comprehensive table, provided in Table D, alongside the
corresponding source-speci ¢ neutrino ux predictions obtained in Chapter 3.



XViii

Chapter 3

We present a novel framework, developed in this thesis, for modeling steady high-
energy neutrino production in starburst regions, using multi-wavelength observations
from GOALS. As a case study, we rst apply the framework to NGC 3690 the most
luminous LIRG within 50 megaparsecs (Mpc). We then extend the analysis to the
GOALS sample, providing the rst high-energy neutrino ux predictions for the ma-
jority of these galaxies. These predictions are compared with the current sensitivity of
IceCube and future neutrino observatories. By extrapolating local uxes across cosmic
history, we derive a di use high-energy neutrino ux from the global LIRG and ULIRG
populations. For LIRGs in particular, this represents the rst extrapolation to a large
sample based on local multi-wavelength data. Finally, we explore the integration of
this model into cosmological hydrodynamical simulations to assess the contribution of
starburst activity to the di use astrophysical heutrino ux over cosmic time.

Contributions & Achievements:

~

This chapter (excluding the framework on cosmological hydrodynamical simu-
lations) is largely based on my rst-author publication: Investigating Starburst-
Driven Neutrino Emission from Galaxies in the Great Observatories All-Sky LIRG
Survey[22], published in Physical Review D

| presented this work orally at the 2023 International Cosmic Ray Conference
(ICRC 2023) in Nagoya, Japan [23], the premier conference in astroparticle
physics. Additionally, | showcased a poster on this topic at the Netherlands
Astronomy Conference (2022), the Belgian Physical Society General Scientic
Meeting (2024), and the International School of Cosmic Ray Astrophysics (2024).

Co-supervised a bachelor's thesis on supernova rate calculations and their impact
on neutrino production in U/LIRGs [24], within the context of my model.

Initiated a novel framework that integrates cosmological hydrodynamical sim-
ulations with the neutrino production model developed in this chapter. This
was done in collaboration with Romeel Dave, maintainer of the SIMBA simula-
tions [25] and Chair of Physics at the University of Edinburgh.

Co-supervised a master's thesis that expanded on the framework combining hy-
drodynamical simulations and starburst-neutrino framework [26] and will be
presented at ICRC 2025 in Geneva, Switserland.

Chapter 4

We provide an overview of the IceCube detector, including its detection principles,
instrumentation, data acquisition, and event processing. Emphasis is placed on the
selection of muon neutrinos coming form the Northern Hemisphere, which form the
dataset used in the point-source searches of Chapters 5 and 6.

Chapter 5

This chapter introduces the statistical framework used by IceCube for time-integrated
point-source and stacking searches, along with performance tests of the analysis. Using
the event selection from Chapter 4 and source selection from Chapter 2, we examine
biases, estimate backgrounds, and evaluate sensitivity and discovery potential.
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Contributions & Achievements:

Regularly presented the statistical framework, source selection criteria, dataset
choices, and performance metrics for the IceCube Collaboration. | also authored
internal documentation detailing this work on the IceCube Wiki *.

Developed and maintained reproducible analysis scripts hosted on GitHuB, uti-
lizing the internal IceCube software i3SkyLLHand the open-sourcePython frame-
work SkyLLHZ27, 28] that provide building blocks for point-source searches. My
scripts include tools for background estimation, analysis-speci ¢ performance
evaluations such as sensitivity and discovery potential calculations, as well as
neutrino ux and signi cance computations. | optimized the scripts for execu-
tion on high-throughput computing systems.

Through interaction with the software and in-depth data analysis, | identi ed
software bugs. These issues were resolved through collaboration with the main-
tainers of SkyLLHand i3SkyLLH.

Chapter 6

We report on a search for high-energy neutrino emission from GOALS U/LIRGs in the
Northern Hemisphere. While no statistically signi cant signal was found, an intriguing
excess was observed from the nearby LIRG NGC 7469, driven by two events indepen-
dently agged by IceCube's realtime alert system. This excess is especially notable
given the galaxy's energy output, close distance, and multiple potential neutrino pro-
duction sites. Furthermore, our results underscore the non-detection of high-energy
neutrino emission from a population of starburst-dominated galaxies in the nearby uni-
verse, contrasting with independent hints of such emission from AGN-driven sources.

Contributions & Achievements:

" The most stringent upper limits to date on high-energy neutrino emission from a
population of powerful nearby sources (z < 0:09) in the Northern Hemisphere.
The results are presented in Table F.1. Combined with GOALS data, this yields
a multi-wavelength dataset that lays the groundwork for future studies of high-
energy processes in the local Universe.

First-time hints of high-energy neutrino emission from the LIRG NGC 7469.

Recommendations for future targeted neutrino searches using current and next-
generation observatories.

Chapter 7

We summarize our investigation of U/LIRGs as potential neutrino sources. Data-driven
analyses disfavor nearby starburst-dominated galaxies as detectable point sources of
high-energy neutrinos, while systems with combined starburst and AGN activity emerge
as more plausible contributors. This supports the growing evidence for AGN neutrino
connections. We further suggest that starburst activity in dense environments over cos-
mic time may signi cantly contribute to the di use astrophysical neutrino ux. These
ndings motivate continued exploration of starburst and AGN processes through cos-
mological hydrodynamical simulations and targeted studies of local hybrid sources.

wiki.icecube.wisc.edu/index.php/Search_for_neutrino_emission_from_LIRGs_and_ULIRGs
2github.com/icecube/wg-nu-sources/tree/main/2024_GOALS_Analysis






CHAPTERL1

The High-Energy Universe Seen Through
Subatomic Particles

This chapter provides an overview of the high-energy Universe from the perspective
of subatomic particles, focusing in particular on high-energy charged atomic nuclei
(cosmic rays), gamma rays, and high-energy neutrinos. We discuss acceleration mech-
anisms, potential sources, and the interrelation between these di erent messengers.
The chapter concludes by emphasizing that solving the century-old mystery of cosmic
accelerators may hinge on identifying the sources of high-energy neutrinos, which,
based on recent observations, appear to be (partially) dim in gamma rays.

Overview & Context  Sections 1.1 and 1.2 review the current observational status
of cosmic rays and how these particles can generate gamma rays and high-energy
neutrinos at their sources. Sections 1.3 and 1.4 then discuss the di use observations
of gamma rays and high-energy neutrinos, respectively. In Section 1.5, we combine
the information from these di erent messengers to infer common source properties.
Finally, in Section 1.6, we examine the current observational status of point sources
of high-energy neutrinos, setting the stage for a focus on (ultra)luminous infrared
galaxies as potential sources of high-energy neutrinos, which is the central theme of
this work.

1.1 Cosmic Rays

1.1.1 Energy spectrum

Cosmic rays (CRs) are charged subatomic particles of extraterrestrial origin that per-
meate the Universe. At the lowest energies, below aboutl®® eV (GeV), CRs are primar-
ily sourced from within the heliosphere, the region in uenced by the Sun's magnetic
eld. In contrast, CRs with energies exceeding 10 GeV originate outside the Solar
System and are observed by a variety of observatories across a broad energy range,
from approximately 10 GeV to300 EeV[29], where 1 EeV = 10'® eV. Over this range,
the particle ux decreases by more than 30 orders of magnitude. The least energetic
particles are detected at a rate of one particle per square meter per second, while the
most energetic particles are observed at a rate of one particle per square kilometer per
century. This vast variation in ux necessitates di erent detection techniques.

At the lower end of the CR spectrum, where the particle ux is high, CRs can
be directly detected using balloon- and space-based experiments, such as the Alpha
Magnetic Spectrometer (AMS) [30] aboard the International Space Station (ISS) and
the Dark Matter Particle Explorer (DAMPE) [31]. However, such direct detection is
practical only for energies below about 100 TeV. At higher energies, where the ux
is extremely low, ground-based observatories with large detection areas are required.
These observatories take advantage of the fact that CRs interact with the nucleons of
molecules in the Earth's atmosphere, creating a hadronic particle cascade with a large
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Figure 1.1: The all-particle CR energy spectrum abovelO TeV ob-

served by a non-exhaustive list of CR observatories. The CR spectrum

is scaled by a factorEZS, with Ecr the energy of the CR, to highlight

the various features in the CR spectrum. Data for this plot was obtained
from: Ipsc.in2p3.fr/crdb/

footprint (illustrated in Figure 1). By detecting the particles in this footprint at ground
level it is possible to estimate the energy, direction, and composition of the primary
CR.

Examples of such ground-based observatories include the High Altitude Water
Cherenkov Observatory (HAWC) on the anks of the Sierra Negra volcano in Mexico,
IceTop at the South Pole [32], the Pierre Auger Observatory covering approximately
3000km? in Argentina's Pampa Amarilla [33], and the Telescope Array (TA) in Utah's
high desert [34]. The latter two use uorescence detectors in conjunction with sur-
face detectors to track the longitudinal development of the particle shower [33, 35],
providing more accurate measurements of the primary CR's properties. Additionally,
the properties of the primary CR can be studied through the radio emission gener-
ated as the shower progresses through air. This is done by observatories such as the
Low-Frequency Array (LOFAR) [36].

1.1.2 Features of the spectrum

Figure 1.1 shows the all-particle CR energy spectrum ( cr, see Appendix A for the
implied notation) above 10 TeV as observed by a non-exhaustive list of ground-based
CR observatories. A remarkable feature of the CR spectrum is the simplicity of its
shape over many orders of magnitude. To emphasize the distinct features in the CR
spectrum, the steeply falling ux has been scaled by a factor ofE%S, where Ecr
denotes the CR energy.

The CR particle ux above 10 TeV and up to a few PeV is well described by a
single power law in energy, ( Ecr) / Eg, with 2:7. Beyond this energy, the
CR spectrum undergoes a rst steepening ( 3:1), termed the rst knee, followed
by a second steepening at a few hundred PeV (  3:3), known as the second knee
Interestingly, the spectrum hardens at a few EeV ( 2:5), forming the ankle, and
then steeply declines at energies of several tens of EeV. CRs with energies exceeding 1
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EeV are classi ed asultra-high energy cosmic rays (UHECRS). To date, the highest-
energy UHECR recorded is the so-called "Oh-My-God" particle, with an energy of about
320EeV [37].

The broken power-law structure of the CR spectrum is incompatible with a black-
body distribution, indicating that CRs are not produced by thermal processes but rather
by non-thermal mechanisms in astrophysical sources. These sources are extraordinary
accelerators, capable of achieving energies far beyond those reached by terrestrial
particle accelerators. Unfortunately, tracing CRs back to their origins is hindered by
de ections in magnetic elds due to their electromagnetic charge. Nevertheless, the
features observed in the CR spectrum provide insights, as described below.

First knee, second knee, and ankle  Due to their charge, CRs gyrate around mag-
netic eld lines. When the gyroradius exceeds the Milky Way's size approximated
here by the scale height of the galactic disk the CR escapes. The gyroradiusr() is
determined by balancing the Lorentz force with the centrifugal force

o= p> .
97 ezB’

where p- is the particle's momentum perpendicular to the eld, e is the elementary
charge, Z is the particle's atomic number, and B is the magnetic eld strength. Note
that for relativistic particles, which are of interest here, the energy of the particle scales
with its momentum, E  pc.

Assuming a scale height of approximately300 pcand a mean magnetic eld strength
of 3 G (noting that these parameters remain uncertain), protons with energies ex-
ceeding 1EeV cannot be con ned within the Milky Way [38]. Consequently, the
spectral hardening observed at a few EeV, referred to as the ankle of the CR spectrum,
likely signi es the transition from galactic to extragalactic CR sources. Note that the
extragalactic source class could become signi cant somewhat before the ankle, but
the exact transition region remains under active debate [39].

In contrast, the rstand second knees in the CR spectrum are generally interpreted
as the result of galactic CRs reaching the maximum energies achievable by galactic ac-
celerators. Since the maximum energy depends on the particle's chargg , as discussed
later in this chapter, the rst knee is thought to correspond to protons ( Z = 1) reach-
ing their con nement limit, while the second knee is attributed to heavier nuclei, such
as iron (Z = 26). This interpretation is supported by studies of the CR mass composi-
tion, which show a trend toward heavier elements between the rst and second knees
[40].

There is broad consensus that CRs up to the rst knee could originate from non-
thermal acceleration in supernova remnants (SNRs) within the Milky Way, which are
expanding shells of exploded massive stars& 8 M ). Energy budget considerations
suggest that the locally observed CR energy density can be explained if, on average,
approximately 10% of the kinetic energy released in stellar explosions is converted
into CR acceleration [41 43]. More sophisticated simulations of hadron acceleration
in Galactic supernova remnants have demonstrated that the CR spectrum up to ap-
proximately 10'® 108 eV can be reasonably well reproduced [44]. However, it has
also been argued that a single galactic component with energy cuto s applied to the
individual spectra of di erent elements can adequately describe lower energy mea-
surements below approximately 1 PeV, but fails to simultaneously account for both
the knee and the second knee in the all-particle CR spectrum [45].
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GZK e ect During propagation, UHECRs with energies above 60EeV are expected
to interact with the cosmic microwave background (CMB), the relic radiation from the
Big Bang. Such interactions reduce the energy of the corresponding reaction products,
suppressing the ux unless the UHECRs originate within a few tens of Mpc. This
attenuation is known as the GZK e ect, named after Greisen [46] and Zatsepin &
Kuz'min [47]. However, it remains unclear whether the observed steep ux decline at
the highest energies shown in Figure 1.1 is solely due to the GZK e ect or also re ects
a limit on the maximum energies attainable by cosmic accelerators.

1.1.3 Acceleration mechanisms

The exact acceleration mechanisms that give rise to the CRs remain unknown. In any
case, the mechanism should be able to transform particles from a thermal population
into a non-thermal distribution following a power-law spectrum (see Figure 1.1).

Direct acceleration by electric elds is largely ine ective in most astrophysical set-
tings, because highly conductive, ionized plasmas quickly rearrange free charges to
short out any large-scale electric elds. Instead, the electric elds required for par-
ticle acceleration arise from the bulk motions of magnetized plasmas [48]. In par-
ticular, when a shock front a sharp discontinuity propagating faster than the local
sound speed forms in the interstellar medium, charged particles can scatter repeat-
edly across it and gain energy on each crossing. This process, known as di usive shock
acceleration (DSA), implements the rst-order Fermi mechanism [49 51] and natu-
rally produces the observed power-law spectrum of CRs. Although a full treatment of
DSA's microphysics is beyond the scope of this work, we outline its key principles and
highlight the features relevant for further discussions.

In DSA, particles gain energy by repeatedly crossing the shock front, interacting
with moving magnetic elds. The relative energy gain per crossing is proportional to
the shock velocity , leadingto E=E / . Since the energy gain is independent of
the particle's energy and the escape probability from the acceleration region remains
constant, the system exhibits scale invariancé, naturally producing a power-law en-

ergy spectrum [52]. For non-relativistic shocks ( 1) this mechanism yields [53]
dN 2.
aE /| E < (1.1)

Interestingly, the predicted spectral index at strong, non-relativistic shocks (

2) coincides with the injection spectrum required to explain galactic CRs up to the
knee. After propagation through the Galaxy, di usive losses soften the source spectrum
to approximately E %7 (see Figure 1.1) [54]. In practice, however, deviations from the
idealized 2 source spectrum can arise due to variations in the shock compression
ratio, obliquity, and the underlying magnetic-turbulence spectrum.

UHECRSs, believed to be of extragalactic origin, are likely accelerated in relativistic
shocks ( 1). In such environments, rst-order Fermi acceleration remains viable,
though the resulting spectral index may di er from = 2. Additionally, alternative
acceleration mechanisms have been proposed for UHECRS, including unipolar induc-
tion, magnetic reconnection, wake eld acceleration, and shear or one-shot accelera-
tion (see, e.g., [48] and references therein).

In conclusion, there are multiple possible mechanisms that could lead to particle
acceleration. These mechanisms range from di usive shock acceleration to entirely

1The system has no inherent energy scale to favor speci c particle energies
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di erent processes. Each mechanism is supported by observational evidence or theo-
retical modeling e orts.

1.1.4 Source candidates

Although CRs with energies up to the knee, around a few PeV, are generally attributed
to galactic sources, the origins of UHECRs remain far less understood. The popula-
tion of sources responsible for the observed UHECR ux must satisfy at least two key
conditions. First, the sources must not only be capable of accelerating particles, but
also con ne them up to ultra-high energies (greater than 1 EeV). This requirement
is commonly quanti ed by the Hillas criterion, which relates the maximum energy
of accelerated particles to the size and magnetic eld strength of the acceleration re-
gion. Second, the energy budget of the source population must be su ciently large
to account for the observed UHECR ux. In the following, we delve into these two
conditions.

Hillas criterion: To accelerate a CR, the magnetic eld within an accelerator
must con ne the particle. For a uniform magnetic eld B, the maximum CR
energy (Ecr:max) is reached when the gyroradius of the CR is comparable to
the characteristic size of the accelerator. This relationship forms the basis of the
Hillas criterion [55]. For a CR with charge q = Ze, where e is the elementary
charge and Z is the atomic number, the maximum energy for a (relativistic)
shock moving at velocity gpCis [48, 56]

Ecr:max ! shCUBR ; (1.2)

where R is the comoving size of the accelerator, and is the bulk Lorentz factor
accounting for relativistic ows. 2 The parameter 1 represents the acceler-
ation e ciency, with = 1 corresponding to the Bohm di usion limit. Since
Ecr:max depends onZ, heavier nuclei can achieve higher maximum energies
than lighter ones within the same accelerator.

It is important to note that the Hillas criterion provides an upper limit on the
achievable energy, assuming acceleration is feasible. Additional constraints, such
as the lifetime of the accelerator and energy losses due to interactions, further
limit the maximum energy attainable by CRs.

By applying Eqg. (1.2) to (extra)galactic sources with known or estimated mag-
netic elds and sizes, one can evaluate their potential to accelerate UHECRS to
particular energies. Figure 1.2 illustrates the capability of various astrophysical
objects to con ne CRs with energies up to 10?° eV. Objects located to the left of

a given line cannot accelerate particles to such energies under the assumed con-
ditions. For instance, Wolf-Rayet stars, despite their strong magnetized winds,
are unlikely to be UHECR sources. In contrast, subclasses of gamma-ray bursts
(GRBs), active galactic nuclei (AGN), and starburst galaxies satisfy the Hillas
criterion, with AGN and starburst galaxies being particularly relevant for this
work.

Required energy budget: To contribute signi cantly to the observed UHECR
ux, a source population must possess a su ciently large cumulative energy
budget. This energy budget can be derived from the observed UHECR ux but

2The original formulation by Hillas did not include the e ciency factor and the bulk Lorentz factor
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Figure 1.2: Hillas diagram presenting various known astrophysical
objects, characterized by their magnetic eld strength (B) and charac-
teristic size (R) in the comoving frame. The extended regions repre-
sent uncertainties in these parameters. Solid diagonal lines indicate the
minimum product of magnetic eld strength ( B) and accelerator radius
(R) required to accelerate protons (red) and iron nuclei (blue) to an
energy of 10?° eV, assuming an extreme shock velocity of s, = 1 and
maximum acceleration e ciency (= 1). Dashed lines represent the
same requirement for protons and iron but with a much slower shock
velocity of ¢, = 0:01 Source classes occupying parameter space to
the left of the diagonal lines cannot satisfy the conditions necessary to
accelerate particles to10?° eV for the respective shock velocities and
e ciency. The diagram demonstrates that slower shocks necessitate a
higher B R product to achieve the same particle energy. Figure taken
from [56].
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depends on several model-dependent factors, including the injected CR spec-
trum per source, the composition of the UHECRSs, the e ciency of CR acceler-
ation, and the evolution of the source populations over cosmic time. Despite
these dependencies, estimates converge t& 5 10* erg Mpc 2 yr 1, which
corresponds to the energy generation rate of the sources required to sustain the
observed UHECR ux at Earth [48, 56].

Below, we present an overview of promising candidate source classes that satisfy
the Hillas criterion, although they may not meet the energy requirements necessary to
account for the observed UHECR ux. The aim is not to o er a comprehensive review
of each class in the context of UHECR production but to highlight their general char-
acteristics and relevance as potential sources of high-energy radiation. For detailed
discussions on these source classes as UHECR sources, see, for example, the reviews
in [48, 56].

Gamma-ray bursts

Gamma-ray bursts (GRBs) are brief yet extraordinary luminous explosions, character-
ized by an isotropic bolometric luminosity of approximately Ly, 10°' erg s 1, and
lasting anywhere from a few milliseconds to several minutes. GRBs are typically di-
vided into two populations based on the duration of the ash [57]: short GRBs, which
last less than two seconds, and long GRBs, which persist for more than two seconds.
These categories are linked to distinct progenitor systems. Short GRBs are likely the
result of the merger of compact objects, such as neutron stars or black holes, while
long GRBs are thought to originate from the direct collapse of a massive star into a
black hole.

GRBs have long been proposed as potential sources of UHECRs [58], supported
by their ability to satisfy the Hillas criterion. In particular, low luminosity (LL) GRBs
have been suggested as compelling candidates. This is due to their signi cant number
density, which compensates for their lower relativistic out ow compared to the more
classical high luminosity (HL) GRBs [48].

Starburst Galaxies

Starburst galaxies are characterized by elevated star formation rates, particularly in-
side their central kiloparsec (kpc) regions, reaching approximately 10 100M yr 1
[19, 59]. This contrasts with more quiescent star-forming galaxies, such as the Milky
Way, where the star formation rate is only about 1 5M yr 1 [60]. The enhanced
star formation in starburst galaxies leads to a higher rate of massive stars undergoing
supernova explosions, which drive strong shock waves that serve as potential sites for
particle acceleration (see Section 1.1.3). Although supernova remnants in starburst
galaxies where magnetic elds can far exceed those in the Milky Way can accelerate
particles to higher energies, they are unlikely to do so e ciently into the ultra-high-
energy regime [61 64].

At the center of a supernova remnant, a dense, rapidly rotating neutron star often
remains. Depending on their observable properties, neutron stars are classi ed into
various types. Magnetars possess exceptionally strong magnetic elds, approximately
three orders of magnitude stronger than typical neutron stars. Pulsars, on the other
hand, are neutron stars that emit beams of electromagnetic radiation from their mag-
netic poles, observed as periodic signals. These neutron star varieties are considered
promising candidates for UHECR acceleration [65].



8 Chapter 1. The High-Energy Universe Seen Through Subatomic Particles

The dense environments and strong magnetic elds in starburst galaxies pose sig-
ni cant challenges for CR escape. CRs may undergo interactions with the surrounding
medium before escaping, resulting in substantial energy losses. Regions where inter-
action timescales are much shorter than the CR escape times are referred to as CR
reservoirs or CR calorimeters (e.g. [66]; see also Chapter 3). Despite these constraints,
starburst galaxies also produce powerful, magnetized galactic-scale winds with veloc-
ities ranging from hundreds to thousands of kilometers per second [67]. These winds,
driven by the combined e ects of supernova feedback, stellar winds, and intense radi-
ation pressure, o er an alternative environment for particle acceleration, potentially
allowing UHECRSs to escape more e ciently (see e.g. [68]).

The term starburst galaxy encompasses a broad spectrum of physical conditions
and classi cations. Some notable subtypes include: Wolf-Rayet galaxies, characterized
by a large fraction of their bright stars being Wolf-Rayet stars; blue compact galaxies,
which are low in mass, metallicity, and dust content; and (ultra)luminous infrared
galaxies (U/LIRGS), distinguished by their intense infrared emission, indicative of the
most vigorous star-formation environments in the local Universe. However, not all
galaxies exhibiting signi cant starburst activity fall neatly into these subtypes. For
instance, prominent nearby starburst systems such as Messier 82 (M82) and NGC 253
do not belong to any of these speci ¢ categories.

In this thesis, our focus is speci cally on U/LIRGs, which are formally introduced
in Chapter 2.

Active Galactic Nuclei (AGN)

There is growing evidence that every massive galaxy contains a spinning supermas-
sive black hole (SMBH) with a mass& 10° M at its center [69]. When gas accretes
onto the SMBH, it can create an enhanced state of activity known as an active galactic
nucleus (AGN). This phenomenon is characterized by strong electromagnetic emission
over twenty orders of magnitude in frequency, emanating from a compact region on
the order of milliparsecs (see for example [70] for a review). Over the years, many
observatories have targeted these fascinating astrophysical objects, and the rich obser-
vational history of AGN has led to a complex classi cation scheme. However, it is now
clear that this classi cation is only partly due to intrinsic di erences between AGN.
Rather, the observed di erences arise from variations in a few key parameters such as
the orientation, accretion rate, and the presence/absence of particle jets [71]. Several
components commonly found in AGN are listed below in order of their proximity to
the central SMBH (for further details, see e.g., [70] and references therein). These
components are also illustrated in Figure 1.3.

" A hot accretion disksurrounds SMBH at sub-pc scales, emitting radiation across
a broad spectrum, from optical to X-ray wavelengths. The intense gravitational
and dynamic interactions within the disk, combined with magnetic dissipation,
can lead to the formation of a hot, turbulent, and magnetized plasma in the disk’s
vicinity known as the corona. This plasma interacts with photons emitted by the
accretion disk. Through inverse Compton scattering, electrons in the plasma
can transfer energy to these lower-energy photons, boosting their energies to
the X-ray regime. This process contributes to the high-energy X-ray emission
commonly observed from AGN.

A broad-line regionlocated at 0:1 1 pc, consisting of high-density clouds moving
at approximately Keplerian velocities.
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Figure 1.3: lllustration of various components found in active galactic
nuclei as well as the types of AGN blazar, Seyfert 1 and 2 that are
relevant to this work. Credit to: E. Alexander

" A dusty toruslike structure extending from  0:1 10 pc. This structure, heated

by the accretion disk, is a source of infrared emission.

A narrow-line region, consisting of ionized clouds with lower density and velocity
than those in the broad-line region. This region extends from just outside the
torus up to hundreds or thousands of pc along the opening of the torus.

A relativistic particle jet perpendicular to the accretion disk can be present and
can extenduptothe Mpc scale, re ecting the immense power of these systems.
These jets are known to emit powerful gamma rays.

Historically, AGN have been classi ed into two main groups: radio-loud and radio-
quiet (each with multiple subclassi cations). However, as these labels stem from ob-
servational di erences rather than intrinsic physical distinctions, an alternative clas-
si cation scheme has been proposed. The proposition is to replace radio-loud and
radio-quiet with jetted and non-jetted respectively [72]. Using this classi cation, we
highlight some AGN types that are relevant to this work:

~

Jetted AGN: When the relativistic jet of an AGN is closely aligned with the ob-
server's line of sight, the AGN is classi ed as ablazar. If the jet is observed at
an angle from the side, the AGN falls into the Fanaro -Riley (FR) classi cation,
with FR-I and FR-II types distinguished based on the morphology and brightness
distribution of the jets. Speci cally, FR-I AGN exhibit jets that gradually become
fainter with increasing distance from the core, while FR-11 AGN display bright
terminal hotspots where the jets interact with the surrounding medium. Notably,
only a minority of AGN, less than about 10%, exhibit prominent relativistic jets
[73].

These large-scale relativitsitc jets are considered prime candidates for accelerat-
ing hadrons to ultra-high energies. Despite their relatively low occurrence rate,
they remain compelling candidates for contributing a (signi cant) fraction of
the observed UHECR ux (see, e.g., [74] for a review).



10

Chapter 1. The High-Energy Universe Seen Through Subatomic Particles

~ Non-jetted AGN: The most common subclass of AGN without prominent rela-

tivistic jets is comprised of Seyfert galaxies. These AGN were initially divided
into Type | (or Seyfert 1) and Type Il (or Seyfert 2) based on di erences in their
optical spectra [75]. It is now understood that these spectral di erences arise
primarily from the observer's viewing angle, speci cally whether or not the line
of sight is obscured by the dusty torus surrounding the central region.

A guantity relevant for this work related to the classi cation of Seyfert | and Il
galaxies is thecolumn density , representing the amount of obscuring matter
along the observer's line of sight when observing the galaxy. This parameter is
typically expressed as the hydrogen column density Ny), de ned as the number
of hydrogen atoms per unit area along the line of sight. A source is per de nition
classi ed as Compton thickif Ny~ 1.5 10°4cm 2, corresponding to an optical
depth of unity for Compton scattering [76].

In contrast to jetted AGN, Seyfert galaxies are expected to reach comparatively
lower maximum CR energies. It is unclear whether UHECR energies can be
e ciently produced in such sources. However, their greater abundance makes
them noteworthy in discussions of high-energy sources [56].

Tidal Disruption Events

When a star passes close to a SMBH, it can be disrupted if the tidal forces exceed
the self-gravity of the star. This process, known as a tidal disruption event (TDE),
leads to the disintegration of the star into debris. If the disruption occurs outside the
event horizon of the SMBH, the stellar debris can be gravitationally bound to the black
hole, forming an accretion disk. The accretion process results in a luminous are of
electromagnetic radiation, often observed across multiple wavelengths (see e.g. [77]
for a review of TDES).

In a fraction of these events, a relativistic jet of particles is expected to be formed,

likely driven by the rapid accretion onto the SMBH and associated magnetic processes.
These relativistic jets could accelerate particles to ultra-high energies, potentially mak-
ing TDEs a source of UHECRs [78, 79]. Over time, as the SMBH gradually accretes the
stellar debris, the emission fades, with typical timescales ranging from several months
to a year.

TDEs are rare transient phenomena, with only about10 # per galaxy per year

[80], and only about four con rmed to exhibit relativistic jets [77, 81]. This low oc-
currence rate limits their ability to supply a dominant fraction of the observed UHECR
ux. However, TDEs remain compelling candidates for UHECR production due to their
ability to reach the required ultra-high energies and the extreme physical conditions
present during jet formation.
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1.2 Neutrinos & Gamma Rays from Cosmic Rays

As discussed in Section 1.1, cosmic rays (CRs) are extensively observed; however, their
origins remain largely unkown. Due to their electric charge, CRs are de ected by mag-
netic elds during propagation, which prevents them from pointing directly back to
their sources. Nonetheless, not all CRs escape their sources unaltered. A fraction of
CRs may undergo interactions either within the source environment or during their
propagation through space. If the energy of a CR is su ciently high, it can experience
inelastic collisions with baryonic matter or ambient radiation elds through hadronu-
clear or photohadronic interactions, respectively.

These interactions produce, among others, charged and neutral pions. The decay
products of these pions electrons, positrons, gamma rays, and neutrinos are related
and provide a unique opportunity to identify and study cosmic accelerators.

In the following sections, we will explore photohadronic and hadronuclear interac-
tions in greater detail, followed by a discussion of the relationships between the three
cosmic messengers: CRs, gamma rays, and neutrinos.

1.2.1 Hadronic interactions

In the remainder of this work, we assume, for the sake of simplicity, that both CRs and
the target material consist of protons (p).2 Under this assumption, photohadronic in-
teractions reduce to p interactions, and hadronuclear interactions to pp interactions.

Both p and pp-interactions are inelastic collisions that produce an avalanche of
new particles, including baryons and mesons. Among the mesons, the charged pions
() and neutral pions ( °) are the most abundant.* Pion decay yields neutrinos and
gamma rays which can leave the source environment with a fraction of the CR energy.
However, both interactions are di erent in terms of energy threshold, cross section,
and pion production.

p -interactions

Energy threshold: The cross section for p -interactions peaks at the so-called

resonance, which occurs when the CR energy surpasses the threshold re-
quired to produce a * baryon. This threshold energy (Ep.i) can be derived
using four-vector kinematics and is expressed as

m?  m3

Here, E is the energy of the target radiation eld, m is the mass of the *
baryon, and mp, is the mass of the proton [29]. This calculation assumes a head-
on collision between the photon and the proton.

For example, when considering the cosmic microwave background (CMB) as the
target radiation eld with E 0:6 meV, the threshold energy required forap -
interactionis Ep.tny 6 10° eV. This is known as the GZK limit, as discussed in
Section 1.1.2. For higher-energy target photons, such as ultraviolet photons with
E 10eV, the energy threshold decreases signi cantly toE ., 1016 eV.

3Extrapolation to heavier nuclei is relatively straightforward, as they undergo similar interactions at
the energies of interest.

“In pp-interactions roughly 80% of the newly produced mesons are pions and the remaining mesons
consist mostly of kaons [82]. However, for p -interactions, the kaons contribute about one or two orders
of magnitude less to the total meson uxes [83].
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~

Total cross section: The total cross section for p -interactions, illustrated in
Figure 1.4, can be approximated as a two-step function. Near the resonance,
the cross section reaches p 340 b, while at higher energies, it plateaus at
P 120 b. However, a comprehensive model of p -interactions must also
account for higher-order processes, such as multi-pion production, direct pion
production, and contributions from additional baryon resonances [83].

Pion production: Atthe resonance, p -interactions predominantly produce
charged and neutral pions as

(
.+, b+ 0 (fraction 2=3)

14
n+ * (fraction 1=3) ; (14

p+

where the relative fractions are dictated by isospin conservation. This gives rise
to a charged-to-neutral pion number ratio de ned as

K

;  where N N++N ; (1.5)
N o

with N the number of mesons. At the the resonance, K = 0:5. How-

ever, when higher-order processes, such as multi-pion production, are taken into
account, this ratio shiftsto 1. K . 3=2for p -interactions [33].

Finally, numerical studies of the interaction phase space indicate that approxi-
mately 20% of the initial CR energy is transferred to the pion during a photo-
hadronic interaction [84].

pp-interactions

Energy threshold: Unlike p -interactions, the energy threshold for hadronu-
clear (pp) interactions is trivially satis ed in most astrophysical environments.
A pp-interaction can occur whenever the center-of-mass energy is su cient to
produce a pion. Using four-vector kinematics, the threshold energy for the CR
proton (Ep:r) in the rest frame of the target matter is given by

m2+4m mp

> ;
2mp

which corresponds toEp.inr & 1:22 GeV.

Total cross section: The cross section for pp-interactions, pp, shown in Fig-
ure 1.4, begins at pp 30 mb near the interaction threshold and rises to
pp  80mb at around 100PeV. This makes the cross section of pp-interactions

about two orders of magnitude larger than that of p -interactions. However, for
pp-interactions to occur e ciently, the astrophysical environment must have suf-
ciently dense regions of target matter, which may not be trivial for all sources.
This topic is discussed in detail in the context of starburst galaxies in Chapter 3,
and is also relevant for active galactic nuclei (e.g., [85]).



1.2. Neutrinos & Gamma Rays from Cosmic Rays 13

Figure 1.4: Left: Interaction cross section for inelastic pp-interactions

as a function of proton energy in a xed target frame. This plot uses

the cross section parameterization in [87], constructed from accelera-

tor and simulation data. Right: Total interaction cross section of p -

interactions as a function of the required photon energy in the rest
frame of the proton. Figure adapted from [84].

Pion production: In the simplest case of single-pion production, pp-interactions
produce charged and neutral pions as

(
p+p+ O (fraction 2=3);

_ 1.7)
p+n+ * (fraction 1=3);

p+p!

where the relative fractions are determined by isospin conservation. Unlike p -
interactions, pp-interactions do not have a signi cant energy threshold, meaning
that protons of virtually all energies can interact. This is expected in astrophysi-
cal environments where CR acceleration is possible. Thus, for increasing proton
energy, multi-pion production becomes more signi cant. Due to isospin conser-
vation, an approximately equal number of charged and neutral pions is expected,
resulting in a charged-to-neutral pion ratio, de ned in Eq. (1.5), of K 2 for
pp-interactions [36].

Finally, numerical simulations indicate that approximately 17% of the initial ki-
netic energy of the CR proton is transferred to each pion [87].

1.2.2 A powerful connection

The pions produced in p and pp interactions are unstable, decaying rapidly with
lifetimes of 8:4 10 7 sfor neutral pions and 2:6 10 8 sfor charged pions [29].°
Regardless of the hadronic interaction that produced them, the pions decay as

oty et + 7 + o+
! +7 1 e + 4+ T+ (2.8)
0 +

®Note that these decay timescales di er signi cantly, as the former proceeds via an electromagnetic
decay, whereas the latter proceeds via a weak decay.
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where the decay products consist of electrons, positrons, gamma rays, and high-energy
neutrinos.®
As discussed in Section 1.2.1, approximatel\20% of the parent CR energy is trans-
ferred to each pion in both pp and p interactions. Since the nal pion-decay products
are signi cantly lighter than the pions themselves, they share the pion energy approxi-
mately equally. From the decay chains in Eq. (1.8), it then follows that roughly 10% of
the initial CR energy is transferred to each gamma ray, while about5% is transferred
to each lepton. This provides a direct connection between the average energies of CRs
(Ecr), gammarays (E ), and high-energy neutrinos (E ), which can be expressed as
(e.g., [88, 89)]) . -
CR .
= 2 20 °
Consequently, the energy generation rates of gamma rays and neutrinos at the
source each with dimensions of energy per unit volume per unit time are related
(e.g., [90]; see also Appendix A for notation):

(1.9)

4
E QE ?[E QE ]E -E :2; (110)

where K is the charged-to-neutral pion ratio de ned in Eq. (1.5).

Itis crucial to exercise caution when applying the relation in Eg. (1.10), as gamma
rays are also e ciently produced via other processes that are not related to hadronic
interactions (e.g. inverse Compton scattering). Moreover, gamma rays may be attenu-
ated by dust and gas within the Universe.

The relationship between the decay products of pions provides a framework for
identifying and studying cosmic accelerators through the secondary particles gener-
ated by CR interactions, rather than relying solely on direct observations of the CRs
themselves.

Electrons and positrons, due to their rapid energy losses via mechanisms such as
synchrotron radiation in magnetic elds and electromagnetic cascades in the surround-
ing medium, cannot escape their astrophysical environments. In contrast, gamma rays
and neutrinos possess the critical property of being electrically neutral, allowing them
to propagate in straight lines from their source to Earth, una ected by magnetic elds.
Gamma rays, however, face limitations as a fraction of gamma rays produced at the
source may be absorbed by dust and gas in the Universe. Additionally, gamma-ray
production is not unique to hadronic interactions, as leptonic processes can also con-
tribute signi cantly. Despite these challenges, gamma rays remain valuable probes of
cosmic accelerators, especially for those relatively close to the Earth.

High-energy neutrinos, in contrast, are uniquely’ produced by CR interactions and
interact only via the weak force and gravity, making them unique and powerful cos-
mic messengers. The shared origin of CRs, hadronic gamma rays, and neutrinos is
illustrated in Figure 1. Coordinated observations of these messengers enable insights

5Neutrons produced in p and pp-interactions also contribute an additional ux of electron antineu-
trinos through beta decay,n! p+ e + . Unlike the high-energy neutrinos from charged-pion decay,
these electron antineutrinos are generally lower in energy.

"High-energy neutrino production via leptonic processes is possible but unlikely. For example, [91] in-
vestigated a leptonic scenario where di-muon production results from di-photon scattering and concluded
it is unlikely to account for most of IceCube's di use ux, particularly at the highest energies. Similarly,
[92] excluded this model for IceCube's most signi cant high-energy neutrino source (see Section 1.6.2).
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into processes within the same astrophysical source, forming the foundation ofmulti-
messenger astronomy .

Combining information from di erent messengers is crucial for advancing our un-
derstanding of the extraordinary cosmic accelerators that produce them. Before ex-
ploring some insights gained from multi-messenger astronomy, we rst discuss the
state-of-the-art of gamma-ray and high-energy neutrino astronomy individually.

1.3 Diuse Gamma-Ray Astronomy

Gamma rays, the most energetic form of electromagnetic radiation, have energiesg )
exceeding 100 keV. The closest extraterrestrial gamma-ray source is the Sun, which
typically emits gamma rays in the MeV energy range during solar ares. Extrasolar
gamma rays originate both from sources within the Milky Way and from extragalactic
objects. As discussed in Section 1.2, gamma rays can be produced through neutral pion
decay, °! + ,where the pions are generated via hadronic processes. Additionally,
astrophysical environments rich in plasmas consisting of free electrons and ions give
rise to various leptonic processes that also contribute to gamma-ray production. These
processes include:

Bremsstrahlung Emission occurs when an electron € ) is de ected in the elec-
tric eld of a nucleus ( N). The energy lost during deceleration is emitted as a
photon ( ), describedbye + N! e + N +

" Synchrotron Radiation Electromagnetic radiation emitted by charged particles
gyrating in magnetic elds.

Inverse Compton ScatteringThis occurs when a high-energy charged particle
(e.g. an electron) collides with a photon, transferring kinetic energy to the pho-
ton and increasing its energy,e, + ! € + ,with Eei > Eef andE , >E ..

Figure 1.5 presents a sky map in galactic coordinates showing gamma-ray emission
between 10 GeV and2 TeV observed over7 years by the Fermi Large Area Telescope
(LAT) [93]. The map reveals that most gamma rays in this energy range originate from
within the Milky Way, with the galactic plane being a dominant feature. In the Milky
Way, gamma rays are produced by point sources such as pulsars and by extended
sources like supernova remnants and pulsar wind nebulae. Additionally, there is a
di use contribution from cosmic rays (CRs) interacting with interstellar gas in the
Milky Way.

In addition to the galactic component, Figure 1.5 shows an extragalactic gamma-
ray component. The cumulative ux of all extragalactic gamma-ray emission is termed
the extragalactic gamma-ray background (EGB), which consists of two primary com-
ponents:

Resolved gamma-ray sources: The dominant contributors to the resolved EGB
are blazars, which are AGN with relativistic jets directed towards Earth (see Sec-
tion 1.1.4). Blazars account for approximately 86'5% of the resolved EGB, with
secondary contributions from objects such as radio galaxies and star-forming
galaxies [94]. Among the latter, starburst galaxies characterized by exception-
ally high star formation rates (Section 1.1.4) are of particular interest for this
work.
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Figure 1.5: All-sky gamma-ray map betweenl0 GeVand 2 TeV based

on 7 years of FermiLAT data [93]. The color scale is logarithmic and

represents counts per pixel with a resolution of 0:1  0:1 . The map

highlights the prominence of the galactic plane and the existence of
extragalactic point sources.

The FermiLAT collaboration identi ed 14 star-forming galaxies as gamma-ray
point sources overl0years of observations [95]. A more recent analysis of nearly
15 years of public FermiLAT data reported evidence for two additional point

sources while questioning the signi cance of one previously identi ed source [96].

Di use isotropic gamma-ray background  (IGRB):

The IGRB includes contributions from unresolved point sources, such as
lower- ux blazars, misaligned AGN, and star-forming galaxies. The pop-

ulation of unresolved sources depends on detector sensitivity, with more

sensitive instruments identifying fainter sources.

A di use component arises from gamma rays cascading down in energy
through interactions with radiation elds in the Universe.

The energy threshold for producing an electron-paositron pair is given by
E > (mec®)?, whereE is the energy of the gammaray, isthe energy of the
target radiation eld, and me is the mass of the electron/positron. Gamma
rays above 100 GeV (the upper limit of FermiLAT's energy range) can
interact with the extragalactic background light (EBL), which is composed
of cumulative radiation from star formation and AGN activity spanning
infrared to ultraviolet wavelengths. For example, at around 1TeV, the
gamma-ray horizon due to EBL interactions corresponds to a distance of
a few 100 Mpc. Observing gamma rays from sources beyond this distance
requires long exposure times. At even higher energies, gamma rays with
energies of severall100 TeV will predominantly interact with the cosmic
microwave background (CMB), restricting the gamma-ray horizon to the
kpc scale. This interaction makes gamma-ray astronomy infeasible at such
extreme energies [97].

Figure 1.6 illustrates the EGB, IGRB, and resolved gamma-ray sources (for galactic
latitude jj > 20 ) as functions of photon energy [94]. The observed di use gamma-
ray energy spectrum ( , see Appendix A) of both the EGB and IGRB can be modeled
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as a single power law with spectral index and an exponential cuto ( E¢yt)

E E

I Toomev ®° EL

(1.11)

The best- t parameters are ggg =2:32 0:02, Ecyi:ece = (279  59) GeV for the
EGB, and grg =2:31 0:02 Ecyicre = (362  64) GeV for the IGRB [94].2 The
power-law behavior re ects the non-thermal origin of gamma rays, while the exponen-
tial cuto arises from  -interactions with the CMB and EBL [98]. The consistency of
spectral indices between the EGB and IGRB suggests a potentially common origin.

Figure 1.6: The energy-squared scaled extragalactic gamma-ray ux
as a function of photon energy, derived from 50 months of FermiLAT
data [94]. Yellow open circles represent the total extragalactic gamma-
ray background (EGB), while red lled circles indicate the isotropic
gamma-ray background (IGRB). Shaded bands re ect uncertainties
from the Galactic Foreground model. The grey shaded band corre-
sponds to resolved gamma-ray sources withjj > 20 , and the dashed
blue bands show results from an earlier analysis using10 months of
FermiLAT data for comparison.

Although space-borne gamma-ray observatories, such aBermiLAT, successfully
observe the GeV gamma-ray sky, the direct detection technique becomes increasingly
ine cient for very-high-energy gamma ray$> 100 GeV to 100 TeV). Similar to CRs,
the Earth's atmosphere can be utilized to detect these gamma rays more e ciently.
When a primary gamma ray enters the atmosphere, it undergoes pair production, con-
verting into an electron-positron pair. These secondary particles, in turn, emit gamma
rays through Bremsstrahlung processes, initiating an electromagnetic cascade. This
cascade can be observed using two primary approaches. The rst involves directly
detecting the surviving particles that reach the ground with surface arrays or wa-
ter Cherenkov detectors. Observatories such as HAWC on the slopes of the Sierra
Negra volcano in Mexico [99] and the Large High Altitude Air Shower Observatory
(LHAASO) in China [100] e ectively utilize these techniques. The second approach

8These values correspond to Galactic Foreground model A, one of three models presented by the
FermiLAT collaboration [94]. Variations between the models are negligible for the purposes of this
analysis.
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involves studying the Cherenkov light emitted as the cascade develops in the atmo-
sphere, using imaging atmospheric Cherenkov telescopes (IACTs). Notable observato-
ries employing this method include the High Energy Stereoscopic System (H.E.S.S.) in
the Khomas Highlands of Namibia [101], the Major Atmospheric Imaging Cherenkov
(MAGIC) in the Canary Islands of Spain [102], and the Very Energetic Radiation Imag-
ing Telescope Array System (VERITAS) in Arizona, USA [103].

The existence ofultra-high-energy gamma rayg> 100 TeV) was con rmed in 2019
[104]. In 2021, LHAASO reported the detection of multiple photons exceeding 1 PeV
[105]. Most recently, in 2024, LHAASO announced the detection of a 2:5 PeV gamma
ray from the Cygnus star-forming region in the plane of the Milky Way [106]. This
represents the highest-energy gamma ray ever observed, highlighting the immense
range of gamma-ray astronomy, spanning approximatelyl2 orders of magnitude.

1.4 Di use High-Energy Neutrino Astronomy

Neutrinos are electrically neutral fermions produced via the weak force, existing in
three avors: electron ( ¢), muon (), and tau (). Unlike cosmic rays (CRs) and
gamma rays, neutrinos interact only through the weak force and gravity, allowing them
to traverse cosmic distances without de ection or signi cant attenuation. This makes
them ideal messengers for astronomy, o ering unique insights into CR accelerators,
though their weak interactions also make detection challenging.

Extraterrestrial neutrinos were rst detected in the late 1960s, attributed to solar
nuclear reactions [107], followed by the detection of extragalactic neutrinos from su-
pernova SN1987a [108, 109]. These early detections spannedkeV to MeV energies.
In 2013, the IceCube Neutrino Observatory (IceCube hereafter) reported the rst de-
tection of a di use high-energy neutrino ux of astrophysical origin, extending the
energy range to a fewTeV PeV [4, 5].

While strong evidence has emerged for high-energy neutrino sources from lceCube
data such as TXS 0506+056, a blazar detected in spatial and temporal coincidence
with a high-energy neutrino [14, 15], NGC 1068, a Seyfert Il galaxy identi ed as a
promising neutrino emitter [16], and the Galactic plane, where evidence for neutrino
production in the Milky Way has been observed [13] the origins of the di use ux
remain largely unresolved.

Current e orts to expand neutrino astronomy include the development of large-
scale observatories, such as KM3NeT in the Mediterranean [110], Baikal-GVD in Rus-
sia [111], and P-ONE in the Paci c Ocean [112]. These facilities aim to signi cantly
increase detection rates of astrophysical neutrinos and provide a more complete view
of the neutrino sky.

The future next-generation IceCube-Gen2 [113] detector aims to enlarge the de-
tection volume by an order of magnitude compared to the current IceCube array. More-
over, next-generation experiments like the Radio Neutrino Observatory in Greenland
(RNO-G) [114], the Radio Echo Telescope for Neutrinos (RET-N) [115], and the Giant
Radio Array for Neutrino Detection (GRAND) will incorporate novel detection tech-
nologies. These experiments utilize radio detection technigues to observe neutrinos
with energies in excess of& 10 PeV.

The combination of these observatories will provide complementary coverage across
a wide energy range, signi cantly advancing our understanding of neutrino astro-
physics and the origins of the di use neutrino ux.
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At present, however, IceCube remains the only detector to observe a di use high-
energy neutrino ux at the discovery ° level, providing the most detailed measure-
ments. Furthermore, data from IceCube will be used in Chapters 5 and 6. Therefore,
the following sections focus primarily on the IceCube results. Although technical de-
tails of the IceCube detector will be discussed in detail in Chapter 4, some detector
concepts need to be introduced here.

IceCube in a nutshell  IceCube is a neutrino telescope that instruments al-km? vol-
ume of Antarctic ice at depths of about1450to 2450meters. The detector consists 0B6
vertical strings, each equipped with 60 digital optical modules (DOMSs) [116]. High-
energy neutrinos interacting with nucleons in the ice or bedrock via charged-current
(exchange of W  boson) or neutral-current (exchange of Z° boson) interactions pro-
duce an avalanche of relativistic particles. These particles generate Cherenkov light as
they travel faster than the speed of light in the South-Pole ice, which is detected by
the DOMs.

Cherenkov signals in IceCube are classi ed adracks or cascades Tracks, re-
sulting from charged-current interactions of muon neutrinos (), o er good angular
resolution (. 1 for E & 1 TeV)[117], making them ideal for point-source searches.
However, tracks are often poorly contained, leading to limited energy resolution. Cas-
cades, produced by charged-current interactions of electron (¢) or tau neutrinos ()
and neutral-current interactions of all avors, exhibit more spherical geometries. This
ensures good containment and as such good energy resolution [118] but poorer an-
gular resolution (& 8 ) [119]. At the highest energies, tau neutrinos can also create
unique double-cascade events. Notably, IceCube cannot distinguish neutrinos from
antineutrinos, except in the speci c case of the Glashow resonance (Section 1.4.2).

IceCube faces signi cant background noise from CR-induced atmospheric muons
mainly from the Southern Hemisphere ( 3000 per second) [120] and atmospheric
neutrinos from both hemispheres (one every few minutes). Advanced techniques are
employed to isolate astrophysical neutrinos from these backgrounds.

Finally we note that promising events of astrophysical environments can be com-
municated in realtime to the multi-messenger community via the Global Coordinates
Network (GCN19).

1.4.1 Energy spectrum

The use of multiple detection channels is crucial for properly characterizing the di use
high-energy neutrino ux observed by IceCube, as each channel has its own advan-
tages and limitations. Below, we outline the latest measurements from the detection
channels investigated by IceCube.

HESE [6]: The High-Energy Starting Event (HESE) sample isolates high-energy
neutrinos from atmospheric muons by using the detector's outer regions as a veto
layer, selecting events with vertices contained within the detector volume. This
approach reduces the detector's e ective volume but ensures a highly pure sam-
ple. To focus on astrophysical rather than atmospheric neutrinos, a60 TeV en-
ergy threshold is applied, enhancing the measurement of the di use ux. Span-
ning 7.5 years of data (2010 2017), the sample is predominantly composed of

°In (astro)particle physics, evidencds claimed with a p-value 1:35 10 ® (correspondingto 3
for half of a two-sided Gaussian), while a discoveryrequires a p-value 2:87 10 7 (corresponding to

5 for half of a two-sided Gaussian). The p-value re ects the probability that the observed result is
consistent with the background hypothesis, as discussed in Chapter 5.

Ohttps://gcn.nasa.gov/
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cascades, withl7%track events. The initial HESE analysis, based on three years
of data, achieved the rst discovery of the di use astrophysical neutrino ux
with 5:7 signi cance [5].

Upgoing Through-going Tracks [7] : In contrast to the HESE analysis, this ap-
proach utilizes the full detector volume without a veto layer and focuses exclu-
sively on muon-neutrino-induced tracks. The use of the entire detector volume
enables IceCube to detect muons produced by muon-neutrino interactions oc-
curring well outside the detector. However, this also leads to an increased back-
ground from atmospheric muon neutrinos. To mitigate this, an angular restric-
tion is applied, selecting only events originating from the Northern Hemisphere.
This leverages the Earth as a natural shield, e ectively Itering out muons from
the southern hemisphere. The result is a high-purity dataset comprisingg50.000
muon-neutrino-induced tracks.* This analysis excludes the background-only
scenario (i.e., only contributions from atmospheric processes) with a signi cance
of 5:6 .

Cascades [38]: This measurement focuses exclusively on cascade-like events,
which are predominantly produced by electron and tau neutrinos ( 90%). Cas-
cades are particularly valuable due to their excellent neutrino energy resolu-
tion and the possibility of being partially contained within the detector, signi -
cantly boosting the statistical sample. The study utilizes6 years of cascade data
(2010 2015) from all directions in the sky, extending IceCube's sensitivity to
the di use ux down to about 16 TeV. This analysis achieves a rejection of the
background-only scenario with a signi cance of 9:9 .

Inelasticity [9] : This analysis, targeting all neutrino avors, was constructed
to measure the inelasticity, i.e., the energy transferred from the neutrino to the
hadrons in inelastic collisions, of multi-TeV neutrinos. The event selection con-
sists of contained neutrino interactions with both tracks and cascades.

ESTES [10]: This diuse ux measurement is based on 10.3 years of data
(2011 2022) comprising track-like events with interaction vertices inside the de-
tector and energies abovel TeV. This dataset, known as the Enhanced Starting
Tracks Event Selection (ESTES), leverages dynamic veto techniques and machine
learning to identify starting tracks even in energy regions heavily dominated by
atmospheric background, across both hemispheres.

Combined (or Global) [11] : The analysis combines event selections selected
from six di erent studies designed to measure the astrophysical neutrino ux
with IceCube. The combined data sample (2008-2013) contains events from all
avors. A global tis performed to the combined dataset. Recently an updated
measurement was presented with more than10years of data [121].

To date, all measurements of the di use high-energy neutrino ux are well de-
scribed by anisotropic, unbroken power law  of the form (see Appendix A for nota-

tion):

E

18 1 2o 1gp 1.
100 TeV 10 *°*GeV *cm “s “sr - (1.12)

+—(E)= o

1 For comparison, the 7:5-year HESE analysis includes onlyl02 events, with just 60 exceeding60 TeV
in energy
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Analysis 0 E [TeV] Coverage Flavors
HESE ¢:5yrs)[6]  2:87°%:25 2:12'0°32 60 2500  N+S e ,
Tracks (:5yrs) [7]  2:37°Q%5 144932 40 3500 N
Cascades6yrs) [8] 25347 1:66'%35 16 2600  N+S e;

Inelasticity (5yrs) [9] 2:62'%7  2:.04'%23 35 2600 N+S e; ;
ESTES (0:3yrs) [10] 2:58% 39 168935 3 550 N+S
Combined (5yrs) [11] 2:50'%58 2:23'037 2.5 2800  N+S e; ;

Table 1.1: IceCube measurements of the astrophysical di use neutrino
ux across multiple detection channels. For each analysis, assuming
a single power-law spectrum, the normalization of the neutrino ux
atE =100TeV ( o[10 ¥ GeVv ' cm 2 s ! sr 1)) and the spectral
index ( ) are shown. The table also lists the sensitive neutrino energy
range (E ), sky coverage (with 'S' and 'N' denoting the Southern and
Northern Hemispheres, respectively), and the neutrino avors to wich
each analysis is sensitive. See the text for the corresponding references.

where ~ 2 fe; ; g denotes the neutrino avor. This parameterization provides the
best t to the current observational data. The two free parameters in this expression
are the ux normalization at 100 TeV ( o) and the spectral index ( ). Table 1.1
presents the values of the best- t parameters for various of the latest measurements
of the di use ux described above, along with the sensitive neutrino energy range,
sky coverage (Northern and/or Southern Hemisphere), and the neutrino avors to
which each analysis is sensitive. Taking into account that the analyses are sensitive
in di erent energy ranges, the obtained results for the best-t parameters present,
within uncertainties, a roughly consistent picture of the di use high-energy neutrino
UX.

More complex models, such as broken power laws with or without exponential
cuto s, have also been tested in these measurements. Although some indications of
spectral structure have been observed, they are not yet statistically signi cant [7, 8].

1.4.2 Flavor composition

The Standard Model of particle physics [29] originally predicted that neutrinos are
massless. However, experimental evidence has demonstrated that neutrinos possess
a very small, nonzero mass. This conclusion arises primarily from studies of neutrino
oscillations, a phenomenon in which neutrino avor eigenstates are superpositions
of mass eigenstates. This mixing enables avor transitions during propagation over
su ciently large distances. Large-scale neutrino observatories such as IceCube provide
a unique opportunity to study neutrino oscillations across a wide range of energies.
Particularly due to IceCube's component DeepCore a region in the detector with an
enhanced string density (see also Chapter 4) it is possible to study oscillations in the
GeV-PeV energy range.

First, a brief overview of the theoretical framework underpinning neutrino oscilla-
tions is provided. Then, this framework will be used to interpret the avor composition
of the IceCube data. This introduction is needed as the results will be directly used in
calculations in Chapters 3, 5, and 6.
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Neutrino mixing

Neutrinos are produced in particle decays mediated by the weak force. During such
decays, the neutrino emerges with a avor matching the associated lepton produced
in the process, denoted as -, where ~ 2 fe; ; ¢. These avor states are referred to
as the weak eigenstates of the neutrino. However, there is no fundamental reason to
assume that these avor eigenstates correspond directly to the mass eigenstates;,

which are the physical states with well-de ned masses, wherei 2 f 1;2;3g. In fact,

the avor and mass eigenstates are related through a unitary transformation,

0 1 0 1

e 1
@ A = Upyns @ A ; (1.13)
3

with Upuns the Pontecorvo Maki Nakagawa Sakata (PMNS) matrix. This is a non-
diagonal 3 3 unitary matrix that can be described by four free parameters. Most
commonly, the PMNS matrix is parameterized by three mixing angles (12; 23, 13)
and a complex phase angle related to charge-parity (CP) violations (cp) [122].

The probability that a neutrino originally produced with avor ~ and energy E
will interact as avor Cafter traveling a distance L is given by

|
X m2 L 3
P(! L)= o 4 Re UjUqUgUq sin? E“‘ .
>k |
! 1.14
y miLe (1.14)
+2 Im Uy UgUgUqe sin o
>k E 2

Here -ois the Kronecker delta, mj ~ m/ mj represents the mass-squared di er-
ence of two neutrino mass eigenstates, and the operatord®ke and Im denote the real
and imaginary parts of the expression, respectively.

If cp = 0, the second term vanishes. To date, oscillation experiments have not
found conclusive evidence of CP violation in neutrino oscillations [123, 124]. These
experiments, however, have established that neutrinos possess non-zero masses. As
evident from Eq. (1.14), these experiments measure only the mass-squared di erences

between the mass eigenstates. The derived values are [125]
m3, 7:4 10°eV:=c¢*; j m3j 25 10 3evi=¢h:

The precise mass hierarchy and ordering remain unresolved. Two possibilities
exist: the normal ordering, with m1 <m, < m 3 and m3 signi cantly larger than my,
and the inverted ordering, with m3 <m 1 <m », where ms is the smallest.

Laboratory-based experiments aim to determine the absolute neutrino mass scale,
primarily by measuring the electron neutrino mass in beta decay. The KATRIN ex-
periment currently sets an upper limit of m _ < 0:8 eV=c [126]. Nevertheless, the
most stringent constraints come from cosmological observations. In 2018, thePlanck
Collaboration placed a bound on the sum of the three neutrino masses >, m , .

0:120 eV=E [127].

Oscillation e ects are, however, only signi cant if the oscillation length is su -
ciently smaller than the propagation length. To estimate the oscillation length for
observed astrophysical neutrinos, consider that in Eq. (1.14) the mixing-angle values
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determine the amplitude of the oscillation, while the neutrino energy ( E ), propaga-
tion length (L), and mass-squared di erence ( m?) de ne its frequency. Rewriting
the argument of the sin? term in Eq. (1.14) in units commonly used in astroparticle
physics gives,
22 22
(mc)Li 39 107(mc) LPeV:

E 4~c evZ pc E (1.15)

For a neutrino energy of E = 1 PeV and a mass-squared di erence of m? =
10 4 eV2=¢, the oscillation length, L osc, is

L 2
°¢ 309 107 10 4

2 mpc: (1.16)

Given that this oscillation length is signi cantly smaller than the distances to prac-
tically all astrophysical sources of interest in the high-energy sky, oscillation e ects
will signi cantly a ect the avor ratio of the high-energy neutrino beam. This can be
tested by studying the avor composition of the observed high-energy neutrinos, as
discussed in the following.

Flavor measurements

In the idealized scenario where neutrinos are produced solely via pion and muon de-
cays, theinitial avor ratio atthesourceis ( ¢: : )=(1:2:0). Asthese neutrinos
propagate and undergo avor mixing, this ratio evolves to an approximately equal dis-
tributionof (¢: : ) (1:1:1)bythe time they reach Earth [128]. However,
alternative production mechanisms predict di erent initial avor ratios, which may
lead to variations in the observed spectrum.

For example, in environments with su ciently strong magnetic elds, muons lose
energy through synchrotron radiation and bremsstrahlung on timescales much shorter
than their decay timescale. Consequently, high-energy neutrinos are not produced via
muon decay. The high-energy neutrinos would, however, still arise through the pion-
to-muon decay channel. In suchmuon-dampedscenarios, the resulting neutrino avor

ratio at the source isgivenby( ¢: : )=(0:1:0) [129]. Conversely, in neutron-
beamsources, where neutrinos originate solely from the beta decay of neutrons, the
source avor ratio becomes( ¢: : )=(1:0:0) [130].

Direct production of tau neutrinos at the source could occur via charmed-meson
production. However, such processes have a low cross section and a high energy thresh-
old, resulting in a charmed meson-to-pion production of 10 4 [131]. Note that this
does not exclude the observations of astrophysical tau neutrinos at the Earth as they
could still be observed due to mixing e ects during propagation.

By measuring the avor ratio of the observed high-energy neutrino ux at the
Earth, theoretical models including exotic scenarios can be tested, o ering valuable
insights into the neutrino production mechanisms and the astrophysical environments
in which they occur. Deviations from the expected avor ratios may further signal the
presence of physics beyond the Standard Model, but this is outside the scope of this
work. Below we discuss some important avor measurements in more detail.

Astrophysical tau neutrinos ~ When a tau neutrino of su ciently high energy inter-
acts in the IceCube detector via a charged-current interaction, there are two distinct
energy depositions: the neutrino interaction vertex and the tau decay vertex. This can
be observed as a double-cascade structure or double-pulse waveform. By analyzing
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this signature in the HESE sample, the IceCube Collaboration initially identi ed two
astrophysical tau neutrino candidates, rejecting the null hypothesis of no astrophysical
tau neutrinos with a 2:8 signi cance [132]. More recently, using convolutional neu-
ral networks, seven candidate events were identi ed with deposited energies ranging
from 20 TeV to 1 PeV. The background-only hypothesis was rejected at a5 sig-
ni cance, considering contributions from astrophysical and atmospheric neutrinos, as
well as muons originating from and K decays [133].

Flavor triangle  Figure 4.2 illustrates the neutrino avor ratios for physically moti-
vated compositions at the source, alongside the3 contour of allowed ratios based on
observed neutrino mixing angles. Additionally, it displays the measured avor ratios
from three di use IceCube analyses. Among these, the HESE measurement included
the rst candidate astrophysical tau neutrino event, breaking the degeneracy between
e and  observed in the inelasticity and global- t analyses. The best-t HESE a-
vor ratio falls within the 3 region allowed by neutrino mixing angles. However, due
to limited statistics, the uncertainties remain signi cant, and the measurements are
consistent at the 95% con dence level with all theoretical avor ratio models. Conse-
quently, following the general IceCube approach, we assume aavor compaosition at
Earth of ( ¢: )= :1:1) inthe remainder of this work. This assumption
implies that to obtain the single- avor neutrino ux at Earth, the all- avor neutrino
ux at the source must be divided by a factor of three. This results will be explicitly
used in Chapter 3.

Glashow resonance When an electron antineutrino (~¢) interacts with an electron
(e ), the Standard Model predicts the s-channel production of a W -boson via —¢ +
e ! W I X, wher%x denotes the nal state. At a center-of-mass energy equal
to the W-boson mass, s = My = 80:38 GeV [29], this interaction is resonantly
enhanced, known as the Glashow resonance.

The threshold energy for this process derived using four-vector kinematics in the
electron rest frame isE-, Mg c?=2m. 6:3 PeV. Such extreme energies, well be-
yond the reach of terrestrial accelerators, can arise in astrophysical environments and
are detectable by large-volume neutrino observatories. In 2020, the IceCube Collab-
oration reported a cascade event consistent withW -boson production at the Glashow
resonance [134]. The event deposited6:05 0:72 PeV the highest-energy cascade
event recorded by IceCube and showed a signi cance of approximately 5 for an
astrophysical origin.

1.5 Multi-Messenger Constraints & Insights

In previous sections we discussed observations of ultra-high-energy cosmic rays (UHE-
CRs), gamma rays, and high-energy neutrinos. Figure 1.8 shows the diuse ux ( )
of these messengers, scaled by the energy squared, which provides a measure of the
energy density of the sources producing these particles (see Appendix A). The gamma
rays span theGeV TeV range observed by Fermi-LAT, high-energy neutrinos are ob-
served intheTeV PeV range through various measurements by IceCube, and UHECRs
shown here are detected in the EeV ZeV range by the Pierre Auger Observatory and
Telescope Array (TA).

Interestingly, the energy density of the three messengers is comparable, which
may suggest a common origin and allows for deeper investigation. Note, however,
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Figure 1.7: Flavor constraints on the di use astrophysical neutrino
ux observed with IceCube. The solid black lines represent the 68%
and 95% con dence level intervals for the best- t measurement from
the High-Energy Starting Track (HESE) sample [6]. The shaded re-
gions, outlined by solid and dashed lines, indicate the 68% and 95%
con dence level intervals derived from the combined t [11] and in-
elasticity analysis [9]. Markers (excluding the black star) denote ex-
pected avor ratios based on avor ratios at the source and oscillation
e ects. The grey dotted line shows the range of possible avor compo-
sitions under Standard Model avor mixing. Figure from [132].
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that based on the relationship between the average energies of the di erent messen-
gers alone, E E =2 Ecr=20(see Section 1.2.2), it is not immediately evident
that the observed UHECRSs are the origin of the observed high-energy neutrinos. Fu-
ture observatories targeting high-energy neutrinos with E > 100 PeV will be crucial
for determining the origin of the UHECR sources. Notably, KM3NeT detected a muon
with a reconstructed energy of 120"%s PeV [135]. Given its extreme energy and near-
horizontal trajectory, this muon was very likely produced by a neutrino of even higher
energy interacting in the vicinity of the detector. Simulations indicate that the median
energy of neutrinos producing such muons is approximately220PeV. If this event is in-
deed the result of a cosmic neutrino interaction, it would represent the highest-energy
neutrino-induced muon ever detected; however, its astrophysical origin remains un-
con rmed [136 138].

In the following, we present two key insights obtained by comparing di erent
types of observed cosmic messengers. In Section 1.5.1, we derive a somewhat loose
upper bound on the di use high-energy neutrino ux based on the observed ux of
UHECRSs. This bound will later serve as a consistency check in Chapter 3. In Sec-
tion 1.5.2, we contrast di use gamma-ray and high-energy neutrino observations to
argue that at least a subset of bright neutrino sources must be faint in gamma rays.

Figure 1.8: Diuse ux of high-energy gamma rays observed with

Fermi-LAT, high-energy neutrinos observed by IceCube using three in-

dependent detection channels (see Section 1.4), and high-energy CRs

observed by the Pierre Auger Observatory and TA. Each of the uxes is
scaled with the energy squared. Figure taken from [139].

1.5.1 Waxman-Bahcall bound

If the observed high-energy neutrino ux originates from UHECR sources that are
optically thin to pp and p interactions, a theoretical upper bound on the high-energy
neutrino ux can be derived. This bound was rst derived by Waxman and Bahcall [88,
140].

We derive this upper limit by rst obtaining the di erential energy generation
rate of CRs at the source, assuming they are protons, from the observed UHECR ux.
This result is then translated into a di use high-energy neutrino ux. Throughout
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this derivation, we adopt the notations, dimensions, and relations introduced in Ap-
pendix A.

The total energy generation rate of CR protons in the energy range10X eV to
10?1 eV at the source, denoted bngglg;lozl], can be estimated by integrating the
observed di use UHECR ux over this interval. Converting the integrated ux to an
energy density by dividing by c=4 , and then dividing by the Hubble time (ty = H, L
with Hg the Hubble parameter), yields

QUE®I™] 5 10% erg Mpc Syr 1: (1.17)

From this integrated rate, the di erential energy generation rate, Ecr Qg , Which
19.1021

carries the same units asQ[Cl,g 1071 can be derived (See Appendix A for the deriva-
tion). Assuming a source spectrum proportional to E 2, motivated both by observa-
tional ts and by theoretical expectations from rst-order Fermi acceleration, it follows
that 10 1071)

Qcr
In(10%1=10%9)

Due to the assumedE 2 spectrum, the di erential energy generation rate is ap-
proximately energy-independent, as discussed in Appendix A.

To estimate the corresponding di use high-energy neutrino ux, we assume that
UHECR sources are optically thin to both pp and p interactions. In this regime, only
a fraction of the proton energy is converted into pions. The resulting di use neutrino
ux is given by [140]

EcrRQE, = 10* erg Mpc 3yr 1 (1.18)

c

E2 ,-' LEf
YT 4H

Ecr Qeck (1.19)
where the energy-squared scaled ux has dimensions of energy per unit area, per unit
time, per unit solid angle. The parameter E represents the average fraction of pion
energy transferred to neutrinos, which depends on the charged-to-neutral pion ratio
K denedinEqg. (1.5) inthe dominantinteraction channel. The meson production
eciency f re ectsthe probability of pion production and is governed by the interac-
tion mean free path of CRs within the source environment. The factor , (typically of
order unity) accounts for the cosmological evolution of the source population.'? Note
that f < 1due to the assumption that UHECR sources are optically thin to pp and p
interactions.

An upper bound on the di use high-energy neutrino ux is obtained by assuming
maximal meson production e ciency ( f =1). For , = 3, consistent with the star-
formation rate history, and a avor ratio ( ¢ : ) (1:1:1)at Earth due to
neutrino mixing, the Waxman-Bahcall bound on the single- avor di use neutrino ux
is

E2 - . (2 3) 108%Gevem?stlsrl; “2fe;; g (1.20)

The limit applies to both pp and p interaction scenarios and should be interpreted
as an optimistic benchmark rather than a strict upper bound.

Remarkably, this upper limit is close to the di use high-energy neutrino ux ob-
served by IceCube (see e.g. Figure 1.8).

12|n Section 3.4.2 a concrete example is discussed.
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Before the formulation of the Waxman-Bahcall bound, theoretical predictions of
high-energy neutrino uxes from sources such as gamma-ray bursts (GRBs) and active
galactic nuclei (AGN) often exceeded what would later be recognized as a realistic
upper limit by several orders of magnitude. As a result, it was initially believed that
detectors with volumes smaller than a gigaton might be su cient for the detection of
such neutrinos. The Waxman-Bahcall bound, however, established that observatories
on the gigaton scale would be necessary for successful detection [140].

The rst observatory to achieve this scale and to detect the di use astrophysical
high-energy neutrinos was IceCube, as discussed in Section 1.4 (see also Chapter 4 for
a detailed technical overview of the detector).

1.5.2 Hidden sources

Hadronic gamma rays and neutrinos produced via pion decay are expected to be
closely correlated, as discussed in Section 1.2.1. This connection can be probed by
comparing the extragalactic gamma-ray background (EGB) measured byFermiLAT
(Section 1.3) with the di use high-energy neutrino ux detected by IceCube (Sec-
tion 1.4). Deviations from theoretical expectations may provide insights into the phys-
ical conditions within the source environments.

A key aspect of this comparison is the role of blazars, which contribute 86%
of the extragalactic gamma-ray background (EGB) above50 GeV (Section 1.3) but
only marginally to the high-energy neutrino ux. An IceCube search for cumulative
neutrino emission from blazars in the Fermi-2LAC catalog found no signi cant ex-
cess, allowing upper limits on their contribution to the di use neutrino ux in the
10 TeV 2 PeVrange. Assuming an unbroken power-law spectrumE | this contribu-
tion is constrained to . 27%for =2:5and. 50%for 2:2 [141].

Here, we summarize a key conclusion from the analysis in [142], which compares
the EGB and the high-energy neutrino ux observed by IceCube under the assumption
that both originate from pp-interactions.

The black data points in Figure 1.9 show the di use neutrino ux observed by
IceCube, based on a combined- t analysis of ve years of data [11]. The red points
represent the EGB measured byermiLAT. The solid red curve denotes the non-blazar
EGB, comprising two components: gamma rays arriving directly at Earth (dashed line)
and secondary gamma rays produced via interactions with the cosmic microwave back-
ground (CMB) and extragalactic background light (EBL) (dotted line). The solid black
curve represents the predicted neutrino ux, inferred from the observed non-blazar
EGB. This prediction falls below the high-energy neutrino ux measured by IceCube.
In other words, if one were to estimate the non-blazar contribution to the EGB based
on the observed IceCube ux, it would exceed the actual observed non-blazar EGB.

In particular, under a generic CR calorimeter scenario, the lceCube neutrino ux
exhibits tension with the  14% non-blazar EGB in the0:05 1 TeV range [142]. This
discrepancy suggests that a signi cant fraction of gamma rays co-produced with as-
trophysical neutrinos are attenuated before reaching Earth.

More broadly, as discussed in [18], the non-blazar EGB imposes stringent con-
straints on gamma-ray transparent sources. This tension can be alleviated if the high-
energy neutrino sources are (partially) gamma-ray opaque. In p -dominated envi-
ronments, gamma rays can be attenuated via two-photon annihilation, while in pp-
dominated sources, they may be absorbed through interactions with dense baryonic
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matter, such as gas and dust. In contrast, high-energy neutrinos, being electrically neu-
tral and weakly interacting, can escape the source environment largely unimpeded.

It is also possible that the environment is more complex: some regions within a
given system may be gamma-ray bright due to either leptonic or hadronic processes,
while the regions responsible for detectable high-energy neutrino emission remain
gamma-ray dark.

These multi-messenger constraints motivate the investigation of (ultra)luminous
infrared galaxies as candidate neutrino sources that may appear gamma-ray dark.
These galaxies host compact, heavily obscured starburst and AGN regions, where en-
ergetic conditions favor both e cient particle acceleration and the production of high-
energy neutrinos, while simultaneously enabling gamma-ray attenuation. This will be
the focus of the next chapter.

Figure 1.9: The di use gamma-ray ux (red data points) and neu-

trino ux (black data points), as observed by FermiLAT and IceCube

respectively, are shown. The predicted neutrino ux (solid black line),

derived from the non-blazar gamma-ray component (solid red line),

lies below the observed IceCube neutrino ux. One interpretation of

this discrepancy is the presence of gamma-ray dim neutrino sources,
as discussed in the text. Figure taken from [142].

1.6 Sources of Astrophysical Neutrinos

In addition to measuring the di use astrophysical neutrino ux (Section 1.4), IceCube
performs a variety of analyses aimed at identifying sources of high-energy neutrinos by
searching for clustering patterns in the sky. Such clustering may signal the presence of
astrophysical sources, in contrast to the atmospheric background, which is expected to
be isotropic within a given declination band. These searches primarily focus on muon
neutrinos, owing to their excellent angular resolution (. 1 for E & 1 TeV) [117],
making them particularly well-suited for point-source detection.

Below, we provide a non-exhaustive overview of the di erent types of source searches
conducted by the IceCube Collaboration and discuss the emerging neutrino sources in
greater detail.
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1.6.1 Point-source searches with IceCube

A distinction is made betweentime-integrated and time-dependent neutrino-source
searches:

" Time-integrated searches maximize statistics by accumulating neutrino data
over long periods, enhancing sensitivity to steady sources. However, this also
lowers the signal-to-background ratio due to the coherent accumulation of signal
events as opposed to the incoherent background event accumulation

Time-dependent searches exploit the temporal characteristics of transient phe-
nomena to identify potential neutrino emission, signi cantly reducing back-
ground contamination. The disadvantage of time-dependent searches lies in
the need for precise modeling of the expected temporal pro le and the neces-
sity of external triggers from additional observatories to de ne the relevant time
window.

For both time-dependent and time-integrated searches, di erent types of searches
can be performed. The technical details are omitted here but are covered in Chapters
5 and 6:

All-Sky Scan: As an unbiased search method independent of prior source infor-
mation, this approach partitions the sky into pixels of approximately 0:1  0:1 ,
which is ner than the typical angular resolution of neutrino events (i.e., the de-
tector resolution). In each pixel, a likelihood analysis is performed to evaluate
the signi cance of clustering.

The resulting signi cance for each pixel is quanti ed using a p-value This p-
value represents the probability that the observed clustering at a given sky loca-
tion is consistent with the background-only (null) hypothesis, i.e., the assump-
tion that all detected neutrinos from that direction originate from atmospheric
backgrounds and/or a di use astrophysical component. A smaller p-value indi-
cates a lower likelihood of the background-only hypothesis and, correspondingly,
a higher likelihood of a contribution from a point-like astrophysical neutrino
source.

The pixel with the smallest p-value (highest signi cance) is identi ed as the most
likely source candidate. However, because many independent sky locations are
tested, background uctuations can lead to spurious local excesses. To account
for this so-called look-elsewhere e egta statistical correction is applied, resulting
in the post-trial p-value, which re ects the global signi cance of the observation.

We remind the reader that in (astro)particle physics, evidencas typically claimed
forap-value 1:35 10 3(correspondingtoa 3 one-sided signi cance under
a normal distribution), while a discoveryrequires a more stringent threshold of
p 287 10 7 (equivalentto 5 one-sided signi cance).

Catalog Search: Rather than investigating the whole sky, this type of search
uses a prede ned catalog of candidate sources, typically selected based on elec-
tromagnetic properties or other messengers that can be linked to high-energy
neutrino production. By limiting the search to speci c locations, this method
avoids the large statistical penalty of an all-sky scan, enhancing sensitivity to
neutrino sources.

Population Study : This method investigates whether a subset of a prede ned
catalog of sources, potentially diverse and individually too faint to be detected,
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collectively shows a deviation from the null hypothesis. The analysis is per-
formed by applying a binomial test to the pre-trial p-values of the catalog.

Itis important to note that, even if a signi cant deviation is observed, the nature

of the test does not allow for a quantitative interpretation of the signal strength.

A dedicated stacking analysis would be required to assess the collective signal
signi cance or Uux.

Stacking Search: For source classes where individual sources are too faint to
be detected individually, a stacked search aggregates the predicted neutrino ux
from multiple sources to enhance sensitivity to the entire class [143]. Stacking
weights optimize the combined signal, emphasizing the cumulative ux over in-
dividual contributions that remains unresolved. E ective stacking requires that
the sources share common characteristics (di erent from the population study),
such as similar electromagnetic signatures or other relevant observables, to en-
sure meaningful results.

Since the (partial) completion of IceCube, many time-(in)dependent source searches
of all types have been performed. An overview of recent ongoing analyses can be found
here [12]. Below we highlight some important results and those relevant to this work.

Time-integrated searches and promising source classes

In 2019, the IceCube Collaboration performed a time-integrated search for high-energy
neutrino sources usingl0years of data (2008 2018) [117], employing multiple search
strategies across both hemispheres. Notably, an analysis based on a gamma-ray-selected
catalog targeting the Northern Sky identied NGC 1068 as the most prominent can-
didate. This galaxy is classied as a Seyfert Il type with strong starburst activity.
An observed excess at the position of NGC 1068 deviated from the background-only
hypothesis with a signi cance of 2:9 , just below the conventional 3 threshold for
statistical evidence. Similarly, an all-sky scan conducted within the same analysis
found NGC 1068 to be the most signi cant hotspot in the Northern Sky, with a sig-
ni cance of 1:6 . In both cases, the results did not reach the level required for con-
clusive evidence of high-energy neutrino emission from this source. The study also
presented declination-dependent all-sky sensitivity and discovery potential for indi-
vidual sources.

Since the statistical signi cance of NGC 1068 was near the threshold required to
claim evidence, follow-up observations were conducted:

" The rst follow-up analysis in 2022, incorporating improved up-going muon-
track data and re ned methods, increased the signi cance for NGC 1068 to 4:2 .
This provided statistical evidence for the emission of high-energy neutrinos from
this galaxy, though it is still below the threshold for a formal discovery claim. An
excess of79+222O neutrinos above background expectations from the direction of
NGC 1068 was detected, with a soft spectrum characterized by a spectral index
of 3:2 0.2

In the same analysis, a population study of gamma-ray sources in the North-
ern Hemisphere, using the same source selection as th&0-year analysis [117],
highlighted the top three sources®: NGC 1068, and the blazars PKS 1424+240
and TXS 0506+056. Notably, the latter had already been associated with a
290 TeV neutrino in a prior multi-messenger campaign (discussed further in

13The binomial test in the 10-year analysis identi ed the top four sources.
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Section 1.6.2). This rst follow-up analysis also improved the point-source sen-
sitivity in the Northern Hemisphere.

The second and most recent follow-up analysis of NGC 1068, conducted in 2025
using the up-going muon-track sample, builds upon the re ned methods of the
previous study and incorporates an additional four years of data [144]. Although
the global signi cance decreases slightly to approximately4:0 , the most signif-
icant excess in IceCube's data is nhow more tightly localized around the opti-
cal coordinates of NGC 10681* Within statistical uncertainties, the latest ux
measurement from the source is consistent with the previous estimate, but the
spectral index becomes slightly softer, now about3:4  0:2.

The analysis also revealed a binomial excess when excluding NGC 1068, reach-
ing evidence-level signi cance for the 11 most signi cant Seyfert galaxies in the
analysis. Including NGC 1068 in the sample further enhances the overall signif-
icance.

Finally, we highlight a distinct IceCube analysis, separate from the NGC 1068 stud-
ies outlined above, which targets the Swift-BAT AGN Spectroscopic Survey (BASS) to
investigate hard X-ray AGN as potential sources of high-energy neutrinos [145]. Al-
though stacked searches across various AGN subtypes did not yield statistically sig-
ni cant results, the Seyfert | galaxy NGC 4151 exhibited a localized excess with a
post-trial signi cance of 2:9 [145]. Consistent with the previously discussed analy-
ses[16, 117, 144], NGC 1068 again emerged as a leading candidate neutrino emitter.

In Section 1.1.4, AGN were already identi ed as promising sources of ultra-high-
energy cosmic rays (UHECRSs). The ndings presented in this section underscore that
AGN, particularly Seyfert galaxies and blazars, are promising candidates for steady
high-energy neutrino emission.

" Blazars: recent searches have not revealed new signi cant sources (e.g. [146,
147]. Notably, [141] concluded that blazars contribute only a limited fraction
of the observed di use high-energy neutrino ux, as discussed in Section 1.5.2.

AGN cores: In addition to the promising sources NGC 1068 [16, 117, 144], NGC
4151 [145], and the binomial excess from Seyfert galaxies [144], a 2.6 excess
was found in an lceCube analysis focused on AGN-core emission [148]. These
results motivate the current increased interest in this source class as sources of
high-energy neutrinos.

Beyond AGN,starburst galaxies are also considered a promising source class for
steady high-energy neutrino emission. Their dense concentrations of gas and dust,
combined with strong magnetic elds, should e ciently trap CRs and enhance the
probability of interactions leading to high-energy neutrino production ([149]; see
Chapter 3). The 10-year IceCube point-source search and subsequent follow-up anal-
yses included a few individual starburst galaxies, but none exhibited statistically sig-
ni cant neutrino emission. To date, only two dedicated stacking searches targeting
starbursts have been conducted, roughly a decade apart. The rst, using data from a
partially completed detector, found no signi cant excess [143]. A more recent stack-
ing analysis focused onultraluminous infrared galaxies (ULIRGs) a subclass of
starbursts with star-formation rates exceedingl00M yr ! also yielded null results
[150]. The scarcity of analyses targeting starbursts stems from their heterogeneous

14 A formal publication presenting these updated results is in preparation by the IceCube Collaboration.
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nature, which complicates the construction of a representative sample. Addressing
this challenge will be crucial for the IceCube analyses presented in Chapters 5 and 6,
where we will also target the less luminous but more numerous luminous infrared
galaxies (LIRGS).

Time-dependent searches and promising source classes

As discussed in the time-integrated section, the IceCube Collaboration conducted a
time-integrated search for high-energy neutrinos using10years of data [117]. A com-
plementary time-dependent analysis was performed on the same dataset, utilizing
similar source-search strategies [151].

In the all-sky scan, this analysis searched for multiple Gaussian-like ares with
characteristic durations across each pixel of the sky. The identi ed hotspots in both
hemispheres were consistent with background expectations, though the analysis pro-
vides declination-dependent per-source sensitivity.

Furthermore, within the same analysis, a population study targeted neutrino ares
from the same source classes examined in thd0-year time-integrated search, span-
ning both hemispheres. While no signi cant excess was observed in the Southern
Hemisphere, a post-trial signi cance for the binomial test of 3:0 was reported for
neutrino are activity from four Northern Hemisphere sources over the 10-year period
[151]. The identi ed galaxies are: M87, TXS 0506+056, GB6 J1542+6129 and NGC
1068.

Some promising transient high-energy neutrino sources include gamma-ray bursts
(GRBSs), blazars, and tidal disruption events (TDEs), all of which are also strong can-
didates for UHECR production (see Section 1.1.4):

GRBs High-energy neutrino emission from GRBs has been strongly constrained
over the years. Recent dedicated GRB searches are detailed in [152, 153]. No-
tably, the recent multi-wavelength detection of the brightest GRB ever-detected
enabled IceCube to place stringent upper limits on its neutrino emission in the
MeV PeV range [154].

TDEs: In 2019, IceCube communicated the real-time alert IC191001A via the
General Coordinates Network (GCN). The TDE AT2019dsg, identi ed by the
Zwicky Transient Facility (ZTF), was proposed as a potential counterpart [155].
Similarly, in 2020, the TDE AT2019fdr was associated with the realtime alert
IC200530A [156]. A systematic analysis of TDE-like ares, including AT2019dsg
and AT2019fdr, found a third possible association: AT2019aalc with IC191119A
[157]. However, a follow-up stacking search by IceCube yielded results consis-
tent with background expectations [158].

Flaring blazars : AGN typically exhibit electromagnetic variability. The most
notable variability associated with high-energy neutrino emission to date is ob-
served in the gamma-ray aring blazar TXS 0506+056, which was identi ed
following the IceCube-170922A alert in 2017 [14] (see also Section 1.6.2).

1.6.2 Evidence for the rst sources

As discussed in the previous section, most of the point-source searches conducted by
IceCube have yielded null detections, enabling the placement of constraints on various
high-energy phenomena. Here, we highlight candidate sources that have reached the
level of statistical evidence or higher.
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Galactic plane

The Galactic plane, a prominent feature of the Milky Way shown optically in Figure
1.10A, has been extensively studied across the electromagnetic spectrum, from radio to
gamma-ray wavelengths. Recently, IceCube was able to extend this view by providing
a high-energy neutrino perspective.

Figure 1.10: Panels A through D depict the Galactic plane (GP) in
galactic coordinates (|; b), centered on the Galactic center, with latitude
spanning 15 to +15 and longitude from 180 to +180 . Panel A
shows the GP in optical light, obscured by gas and dust. Panel B displays
gamma-ray emission abovel GeV from the FermiLAT 12-year survey.
Panel C presents the neutrino-emission template expected from a °
template. Panel D modi es Panel C to include IceCube's cascade neu-
trino event sensitivity and a typical angular resolution of 7 , illustrated
by the dotted circle. Contours in Panel D enclose regions containing
20% and 50% of the predicted di use neutrino ux. Panel E shows the
pretrial signi cance map from the all-sky IceCube point-source search
using cascade events, with contours matching those in Panel D. Figure
taken from [13].

Gamma rays from the Galactic plane (Figure 1.10B) originate from both leptonic
(Section 1.3) and hadronic processes. Abovel GeV, the dominant mechanism for
gamma-ray production is the decay of neutral pions. These pions are generated when
cosmic rays (CRs) of (extra)galactic origin interact with interstellar matter, producing
both neutral and charged pions. The latter decay into high-energy neutrinos, estab-
lishing a connection between gamma-ray and neutrino emission. This relationship im-
plies the presence of a di use high-energy neutrino ux accompanying the observed
gamma rays.

The IceCube Collaboration recently explored this link [13], constructing high-
energy neutrino emission models based on gamma-ray data. These models incorpo-
rate assumptions about CR source distributions, propagation and di usion properties,
target gas densities, and IceCube's angular resolution. From these, spatial templates
were developed (Figure 1.10C, D) and compared to IceCube data (Figure 1.10E).

The Galactic center, along with most of the expected high-energy neutrino emission
from this region, lies in the Southern Hemisphere. Due to its location at the South
Pole, IceCube is particularly a ected by atmospheric muon backgrounds in this region.
These backgrounds can be suppressed by selecting only events that originate within
the detector volume. However, this strategy does not mitigate the background from
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atmospheric neutrinos. At higher energies, atmospheric neutrino backgrounds can be
partially reduced by tagging accompanying muons expected from the same cosmic-
ray air shower. Yet, at TeV energies relevant for neutrino emission from the Galactic
center this background remains substantial and is dominated by atmospheric muon
neutrinos.

To address this, the Galactic plane analysis employed a cascade event selection
instead of track-like events used in source searches. While tracks o er superior angu-
lar resolution, cascades signi cantly reduce atmospheric neutrino backgrounds at TeV
energies, improve energy resolution, and lower the energy threshold.

Deep-learning techniques were instrumental in distinguishing astrophysical neu-
trinos from background, resulting in a rejection of the background-only hypothesis
with a signi cance of 4.5 [13]. While the signal is consistent with di use neutrino
emission from the Galactic plane, it remains unclear whether this emission arises from
an unresolved population of Galactic sources.

In contrast to other wavelengths where the Galactic plane is dominant, it con-
tributes only 6-13%of the di use high-energy neutrino ux observed by IceCube [13].
This suggests a predominantly extragalactic origin for the observed ux. Nonetheless,
only two extragalactic sources have shown tentative evidence for high-energy neutrino
emission, a topic addressed in the following section.

Active galaxies: NGC 1068 and TXS 0506+56

On September 22, 2017, IceCube detected a high-energy neutrino event, IC170922A
[14]. Within minutes, an automated alert was issued via the Global Coordinates Net-
work (GCN [159, 160]; also discussed in Section 4.5), prompting worldwide follow-up
observations. Enhanced gamma-ray emission was subsequently observed from the re-
gion indicated by IceCube, identifying the gamma-ray aring blazar TXS 0506+056
at the corresponding location on the sky. The post-trial signi cance of the associa-
tion between the neutrino alert and the gamma-ray are is disfavored at the 3
level under any scenario where the neutrino and gamma-ray production are linearly
correlated [14]. This blazar is located at a distance of approximately 1500 Mpc

In addition to the coincident detection, an archival search by the IceCube Collabo-
ration revealed an excess of neutrinos from TXS 0506+056 between September 2014
and March 2015 at a signi cance of 3:5 [15]. Itis noted that this signi cance lowered
when using improved IceCube data [161].

The statistical signi cance of both the real-time and archival analyses remains be-
low the threshold for a de nitive discovery. Moreover, earlier IceCube (strongly) con-
strained the overall contribution of Fermi blazars, indicating they cannot account for
the majority of the di use astrophysical neutrino ux [141]. Nevertheless, this multi-
messenger campaign has highlighted blazars as intriguing candidates for high-energy
neutrino emission.

As detailed in Section 1.6.1, NGC 1068 is the most signi cant point-source can-
didate identi ed by IceCube, with a post-trial signi cance of 4.0 [16, 144]. Lo-
cated only about 10 Mpc away over two orders of magnitude closer than the blazar
TXS 0506+056 this archetypal Seyfert galaxy, a subclass of AGN lacking a promi-
nent large-scale jet (Section 1.1.4), exhibits intense star formation, as evidenced by
its bright infrared emission (e.g., [162 164]). Moreover, we also note that NGC 1068
is classi ed as a luminous infrared galaxy, which will be the primary focus of this work.

NGC 1068 is a known gamma-ray emitter. FermiLAT reports a gamma-ray ux,
scaled with energy squared, ofE? ' 10 °GeV cm 2s linthe 0:1 100 GeVrange
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[165], while MAGIC places upper limits of 10 10 10 °GeV cm 2's ! atsub-TeV ener-
gies [165]. According to Eg. (1.10), hadronic gamma rays and neutrinos are expected
to have comparable uxes when scaled with energy squared. However, IceCube de-
tects a signi cantly larger neutrino ux from the direction of NGC 1068 than expected,
with E2 ,-' 10 " GeVcm 2s taround 1TeV [16, 144]. The absence of a cor-
responding gamma-ray ux suggests substantial internal gamma-ray absorption. This
gamma-ray dim, neutrino-bright behavior aligns with the hidden-source hypothesis
inferred from di use gamma-ray and neutrino observations (Section 1.5.2).

NGC 1068 contains various energetic components such as an obscured AGN [166],
starburst regions [167], a relative small-scale jet of . 1 kpc [162], and a molecular
out ow [164]. While all these regions could, in principle, contribute to high-energy
neutrino production, studies indicate that the vicinity of the AGN is the most likely
site that satis es both the required energy budget for high-energy neutirno production
and the necessary conditions for gamma-ray attenuation [168, 169]. In particular, if
neutrino production occurs near the central black hole, at distances of approximately
10 100 gravitational radii, the conditions could enable the required level of gamma-
ray suppression [168].

In conclusion, although TXS 0506+056 and NGC 1068 are compelling candidates
for high-energy neutrino emission, neither meets the threshold for a discovery-level
claim. Even if con rmed, their combined contribution to the total di use neutrino
ux observed by IceCube would be modest, contributing no more than 1% within
their respective energy ranges. Figure 1.11 illustrates the point-source uxes of TXS
0506+056 and NGC 1068 in comparison to the di use high-energy neutrino spectrum
measured by IceCube through two detection channels. Together with evidence for
high-energy neutrino emission from the Galactic plane, these ndings highlight that
the majority of the di use high-energy neutrino ux remains unaccounted for.

Figure 1.11: Comparison of the point-source uxes of NGC 1068

(blue, left) and TXS 0506+056 (orange, right) with the di use as-

trophysical neutrino ux observed by IceCube through two detection

channels (data points and grey band) [8, 170]. All uxes are scaled by
a factor E?. Figure taken from [16].
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In this work, we investigate luminous infrared galaxies (LIRGs) and ultraluminous
infrared galaxies (ULIRGSs) as potential sources of high-energy neutrinos. These highly
energetic systems are predominantly powered by intense, dust-obscured starburst ac-
tivity, with a fraction also harboring active galactic nuclei (AGN). Such environments
o er both e cient mechanisms for particle acceleration and dense target material,
likely ful lling the conditions necessary for high-energy neutrino production. In Chap-
ter 2, we provide a detailed introduction to LIRGs and ULIRGs and underscore their
signi cance as promising candidates for high-energy neutrino sources.






39

CHAPTERZ2

Luminous Infrared Galaxies & Beyond

In 1983, the Infrared Astronomical Satellite (IRAS) was the rst space-based telescope
to perform an all-sky survey at infrared (IR) wavelengths [171]. IRAS mapped about
96% of the sky, observing over250000sources atl2 m, 25 m, 60 m, and 100 m.
Among the tens of thousands of newly discovered systems, a population of galaxies was
identi ed whose IR output dominates their total energy output. The brightest of these
systems have an IR luminosity that is tens to hundreds of times greater than the total
output of the Milky Way at all wavelengths. The isotropic bolometric luminosity ! of
the Milky Way is of the order of 10'°°L , with L =3:828 10?® W being the isotropic
bolometric luminosity of the Sun. These IR-bright galaxies discovered by IRAS were
classi ed as:

" Luminous infrared galaxies (LIRGs;10"L Lr Lirs 1000 m < 10L ),
observed by other surveys as a mixture of interacting galaxies and secularly
evolving galaxies.

Ultraluminous infrared galaxies (ULIRGs;Lig  10YL ), typically observed
as a system of (almost) completely merged galaxies.

Figure 2.1 presents a set of local LIRGs and ULIRGs (U/LIRGs) imaged in optical
wavelengths by the Hubble Space Telescope, showing both their dynamic structure
and dusty nature. In 1988, follow-up observations after the IRAS mission led to the
identi cation of the rst hyper luminous infrared galaxy (HyLIRG; L > 10%SL )
[172 174].

Building on the success of the IRAS mission, several IR observatories followed.
The rst successor to IRAS was the Infrared Space Observatory (ISO), launched in
1996. Subsequent missions included the Spitzer Space Telescope (2003) [175], the
Akari mission (2006) [176], the Herschel Space Observatory (2009) [177], and the
Wide- eld Infrared Survey Explorer (WISE, 2015) [178]. These observatories facil-
itated detailed spectroscopic studies and extensive redshift surveys, which revealed
that while U/LIRGs are relatively rare in the local Universe, they were signi cantly
more common in the distant past (e.g. [179]).

Advancements in observational techniques also led to the discovery of ve ex-
tremely luminous infrared galaxies (ELIRGs;L g > 10'L ) at high redshift (z > 2)
[180], which are the most luminous IR systems known to date. In this work, however,
we focus primarily on local systems at much lower redshifts (z . 0:09) in view of the
fact that a possible observable neutrino ux decreases with distance. Given the rarity
of HyLIRGs and ELIRGs, we de ne ULIRGs as galaxies with g~ 10'2L

Most recently, the James Webb Space Telescope (JWST) was successfully launched
in 2021 [181]. With its unprecedented resolution, JWST allows astronomers to peer
deeper into the distant past than any previous IR telescope, o0 ering new insights into

1The bolometric luminosity is de ned as the total luminosity of a source, obtained by integrating its
emission over the entire spectrum (see Appendix A).
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Figure 2.1: A selection of local U/LIRGs in the Great Observatories
All-Sky LIRG Survey (GOALS) [19]. These optical images re ect the
dusty and dynamic nature of U/LIRGs. Credits indicated in the gure.

the (early) Universe.

Since their discovery, signi cant progress has been made in understanding the
physics underlying the formation of U/LIRGs. The intense IR emission from these
systems is primarily driven by starburst activity and active galactic nuclei (AGN), both
of which are triggered by gravitational interactions in a substantial fraction of U/LIRGs
at low redshifts. Radiation from these starburst and AGN regions is absorbed by dust
grains, which subsequently re-emit the energy in the IR spectrum. The extraordinary
luminosity of U/LIRGs thus re ects intense star formation and AGN activity occurring
in highly obscured regions.

As discussed in Section 1.1.4, both starburst regions and AGN are promising sites
for CR acceleration. The combination of a large energy budget and the merger-driven
enhancement in the density of potential targets makes U/LIRGs excellent candidates
for e cient high-energy neutrino production.

This work focuses on local U/LIRGs with redshiftsz < 0:09 observed as part of
the Great Observatories All-Sky LIRG Survey (GOALS) [19] as potential sources of
high-energy neutrinos.

Overview & Context  First, we describe the general properties of U/LIRGs in Section
2.1, including their morphology, nuclear activity, and the evolution of their number
density with redshift. Then, in Section 2.2, we discuss local U/LIRGs as candidate
high-energy neutrino sources. Finally, in Section 2.3, we present the U/LIRG selections
that will be targeted in the remainder of this work.

The concepts presented in this chapter are applied in Chapter 3, where we develop
a phenomenological framework using GOALS observations to estimate the high-energy
neutrino ux from these galaxies. Additionally, Chapters 5 and 6 investigate GOALS
sources in the Northern Hemisphere as candidate neutrino sources using data from
the IceCube Neutrino Observatory at the South Pole.
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2.1 Characteristics

2.1.1 Morphology

When galaxies collide, gravitational interactions disrupt the gas, dust, and stellar or-
bits within the system. The most extreme form of such interactions is known as a
merger, where the original galaxies become indistinguishable in the nal morphology.
A merger can span hundreds of millions of years, from the initial approach to full coa-
lescence, making it impossible to observe the entire process within a human lifetime.
Figure 2.2 illustrates this progression with examples of systems at various stages.

Locally, over 90% of ULIRGs result from major mergers between two similarly
sized, gas-rich galaxies. In contrast, the fraction of (strongly) interacting systems
among local LIRGs is smaller. For instance, [182] nds that approximately 50% of lo-
cal LIRGs are interacting or merging systems, while the remaining50% are classi ed
as spiral galaxies. In this trend, it has been suggested that betweer20% and 40% of
LIRGs show no signs of major tidal interactions [183, 184]. Additionally, while LIRGs
are observed throughout all stages of the merging process, ULIRGs are predominantly
found in the later stages, approaching complete coalescence [184].

A correlation between morphology and IR luminosity is also observed in LIRGS,
independent of redshift. Below Lig ~ 10'*°L , most LIRGs are classi ed as non-
interacting spiral galaxies, whereas above this threshold, interacting and merging sys-
tems dominate [185].

Figure 2.2: Six stages of a galaxy merger observed with the Hub-

ble Space Telescope. Each stage is represented by a di erent galaxy

system. Credits: NASA, ESA, the Hubble Heritage Team (STScl/AURA)-

ESA/Hubble Collaboration, A. Evans (University of Virginia/NRAO/Stony
Brook University), K. Noll (STScl), and J. Westphal (Caltech).

The morphological patterns observed in U/LIRGs suggest an evolutionary connec-
tion between disk galaxies, U/LIRGs, quasars, and elliptical galaxies. This evolutionary
scenario, rstproposed in 1988 [186] and building on earlier work [187, 188], posits
that interactions between gas-rich disk galaxies trigger nuclear activity, primarily star-
bursts, and possibly AGN activity. The radiation produced is reprocessed by surround-
ing dust into thermal IR emission, accounting for the typical IR luminosities of LIRGs.
As the merger progresses, nuclear activity particularly AGN-driven intensi es, fur-
ther increasing IR luminosity and leading to a ULIRG phase. Feedback mechanisms
from starbursts and AGN could drive gas out ows, depleting the nuclear gas reservoir
and eventually exposing the central supermassive black hole, giving rise to a quasar
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