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Abstract

Galvao, Antonio Capanema Guerra; Taklimi, Arman Esmaili (Ad-
visor). Cascaded gamma-ray Counterpart of the IceCube
Neutrinos. Rio de Janeiro, 2020. 115p. Dissertagao de Mestrado
— Departamento de Fisica, Pontificia Universidade Catoélica do Rio
de Janeiro.

In 2013, the IceCube Neutrino Observatory, located at the South Pole,
discovered a flux of astrophysical neutrinos with PeV energies, later found
to extend down to at least ~ 10 TeV. Despite many efforts since then,
determining their sources remains one of the most daunting challenges in the
astrophysics community. In this dissertation, we investigate possible sources via
a well-motivated multimessenger approach. In any production mechanism of
cosmic neutrinos, there must also be a simultaneous production of v-rays with
comparable energies. Unlike neutrinos, which travel unscathed throughout the
Universe, high energy ~-rays undergo interactions with background photons
in an energy-degrading process known as “electromagnetic cascade”. At the
Earth, they constitute the diffuse extragalactic 7-ray background (EGB),
precisely measured by the Fermi Gamma-ray Space Telescope in the GeV-TeV
range. By performing a conservative, quantitative, multimessenger analysis,
we find a 2 30 (possibly as large as ~ 5o) tension between IceCube and
EGB data, pointing towards the existence of a new class of high energy cosmic

accelerators, such as “v-ray-opaque” sources.

Keywords
Multimessenger Astrophysics; IceCube; Neutrinos; v-rays; Electromag-

netic Cascade; Extragalactic y-ray Background.


DBD
PUC-Rio - Certificação Digital Nº 1821442/CA


PUC-RIo- CertificagaoDigital N° 1821442/CA

Resumo

Galvao, Antonio Capanema Guerra; Taklimi, Arman Esmaili. Con-
trapartida em Raios-Gama Cascateados dos Neutrinos do
IceCube. Rio de Janeiro, 2020. 115p. Dissertacao de Mestrado —
Departamento de Fisica, Pontificia Universidade Catoélica do Rio
de Janeiro.

Em 2013, o IceCube Neutrino Observatory, localizado no Polo Sul, des-
cobriu um fluxo de neutrinos astrofisicos com energias de PeV. Mais tarde,
descobriu-se que este fluxo se estendia até pelo menos ~ 10 TeV. Apesar de
muitos esfor¢os desde entao, determinar as suas fontes permanece sendo um dos
maiores desafios na comunidade de astrofisica. Nesta dissertacao, investigamos
possiveis fontes através de uma abordagem multimensageira bem motivada.
Em qualquer mecanismo para a producgao de neutrinos cosmicos, obrigatoria-
mente ha producao simultdnea de raios gama com energias comparaveis. Ao
contrario de neutrinos, que atravessam o Universo ilesos, raios gama de altas
energias sofrem interagoes com fétons de fundo em um processo de degradacgao
de energia conhecido como “cascata eletromagnética”. Na Terra, eles conti-
tuem o fundo extragaldtico de raios gama difuso (EGB), medido com precisao
pelo Fermi Gamma-ray Space Telescope entre GeV-TeV. Realizando uma ana-
lise conservativa, quantitativa e multimensageira, encontra-se uma tensao de
2 30 (possivelmente chegando a ~ 50) entre os dados do IceCube e do EGB,
apontando para a exiténcia de uma nova classe de aceleradores césmicos de

alta energia, como, por exemplo, fontes opacas para raios gama.

Palavras-chave
Astrofisica Multimensageira; IceCube; Neutrinos; Raios Gama; Cas-

cata Eletromagnética; Fundo Extragalatico de Raios Gama..
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Figure 1.1 The opacity of the universe as a function of redshift.
The gray points indicate the highest energy ~v-ray coming from
each blazar analyzed. The curves shown represent the cosmic
horizon! for three different EBL (target photon distribution)
models. Figure reproduced from [2].

Figure 1.2 Schematic representation of different messengers propa-
gating through the Universe. Neutrinos offer a direct, uninter-
rupted path towards its source.

Figure 1.3 Schematic view of IceCube’s 86-string hexagonal array

extending to a depth of ~ 2500 m. Figure reproduced from [13].

Figure 1.4 Arrival directions of the highest energy IceCube events
in equatorial coordinates. Different event morphologies (see
Section 1.2.1) are represented by differently colored symbols.
The gray line indicates the Galactic plane. Figure reproduced
from [19].

Figure 1.5 Flavor composition of astrophysical neutrinos at the
Earth (i.e. measured by IceCube, expressed in terms of like-
lihood variation —2AIn L; left) and inferred production ratio
at their sources (right). Every point in this “flavor triangle”
represents a possible flavor composition (v, : v, : v,) (no dis-
tinction is made between neutrinos and antineutrinos) at the
Earth, “@”, and at the source, “S”. Several C.L. contours are
labelled in white and gray solid lines. Three benchmark produc-
tion scenarios (see Section 2.2) and their 3¢ ranges are shown
as red/orange/green points and contours, respectively. The re-
sulting compositions at the Earth are obtained after simulating
decoherent neutrino oscillations (see Section 2.3.1). Figure re-
produced from [20].

Figure 1.6 A cascade? (left, E, = 1.14 PeV) and a p-track (right,
E, =880 TeV) at the IceCube detector: two astrophysical neu-
trino events with distinct morphologies. DOMs are represented
by spheres. Their size indicates the amount of Cherenkov light
collected by each DOM. Color represents time: in the track sig-
nature, the muon travels from right to left. These (and many

more) pictures can be found in the official IceCube website [29].
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Figure 2.1 Number of events per deposited energy after 2 years

[15] (2.1(a)), 3 years [18] (2.1(b)), 4 years [87] (2.1(c)) and
6 years [88] (2.1(d)) of HESE data. Expected backgrounds
due to atmospheric muons and neutrinos, as well as their
uncertainties are indicated in the red, blue and hatched regions.
Error bars in the data points represent a lo uncertainty. A
total of 28 astrophysical neutrino events were reported in the 2-
year sample: an excess with respect to the expected background
events at 4.10 confidence level (C.L.). This was followed by 37
candidate events in the 3-year sample, 54 events after 4 years
and 82 in the 6-year HESE sample. The gray shaded region
to the left of the vertical line in the 6-year plot marks where
E, < 60 TeV, which has been excluded from this and all previous
analyses (see text).

(2.1(a)) HESE 2yr

(2.1(b)) HESE 3yr
(2.1(c)) HESE 4yr
(2.1(d)) HESE 6yr

Figure 2.2 Most recent results for deposited energies in HESE, after

7.5 years of data [89]. Data points are black crosses with lo
error bars, and the colored stacked histogram shows the best
fit expectations for each component of the total neutrino flux:
astrophysical (yellow), conventional atmospheric neutrinos (red)
and atmospheric muons (blue). Just as before, events below 60
TeV (shaded region) are excluded from the analysis/fit, leaving
us with 60 events above this threshold.

Figure 2.3 Measured astrophysical neutrino flux with 1o error bars

for IceCube’s cascade dataset after 2 years [90] (2.3(a)) and
4 years [91] (2.3(b)) of data-taking. These data points were
obtained using a differential model, where an E~2 weight was
assumed in each energy bin. Best-fit power-laws are represented
by dashed lines with a 10 red band around them. In Figure
2.3(b), the dark red shaded region represents the sensitive

energy range (i.e. the energy range included in the power-law fit).

(2.3(a)) Cascade 2yr
(2.3(b)) Cascade 4yr

Figure 2.4  Astrophysical neutrino flux with 6 years of cascade events

[92]. Crosses represent the differential model best fit results (see
caption in Fig. 2.3) and solid (dashed) colored lines represent
several flux models in (outside of) the sensitive energy range of
16 TeV < E, < 2.6 PeV. The red line is the one we are interested

in, with a single power-law fit and a 1o red error band around it.
Figure 2.5 Best-fit neutrino spectra considering through-going u-

tracks coming from the northern hemisphere after 6 years [94]
(2.5(a)) and 8 years [17] (2.5(b)) of collecting data. Expected
conventional and (upper bounds for) prompt neutrino contribu-
tions are shown in blue and green, respectively.
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38
38
38
38
38

39

40
40
40

40

41
41


DBD
PUC-Rio - Certificação Digital Nº 1821442/CA


PUC-RIo- CertificagaoDigital N° 1821442/CA

(2.5(b)) Through-going 8yr

Figure 2.6 Best-fit neutrino spectra with 9.5 years of through-
going p-track data [95]. The sum of the astrophysical (red line)
and conventional (purple line) components provide a fit to the
experimental data. The prompt atmospheric component (green
line) is not shown because its best-fit normalization is zero.

Figure 2.7 Single power-law astrophysical neutrino flux parameters
for each IceCube dataset, including their best-fit values and 1o
contour around them. The contours which are of interest to us
are the HESE (green), Tracks (blue) and Cascades assuming
py production mechanism (yellow).? See Section 2.2 for further
details on the production mechanisms. Figure reproduced from

[92].

Figure 3.1 EBL intensity at z = 0 as a function of wavelength as
modelled by Dominguez et al [115]. The solid black line repre-
sents their EBL best fit with uncertainty given by the shaded
gray region. Blue dot-dashed and red dashed lines correspond
to other EBL models found in literature ([117] and [118] respec-
tively). Colored solid lines are upper bounds from the study
of blazars. Empty symbols are direct measurements while filled

41

42

43

symbols are from galaxy counts, usually considered as lower limits. 53

Figure 3.2 EBL evolution with redshift (top left panel: z = 0.2), re-
produced from [115]. The solid and dashed black lines represent
their model under different assumptions for z > 1 extrapola-
tion (see the reference for details). Red dashed, blue dot-dashed,
green dotted and gray dot-long-dashed lines represent contribu-
tions from quiescent, star-forming galaxies, starbursts and AGN,
respectively. Magenta dashed and orange dot-dashed lines are

from other models ([117] and [118] respectively), for comparison. 54

Figure 3.3 Illustrative representation of an electromagnetic cascade,
adapted from [107]. The standard notation of curly lines for
photons and straight solid lines for electrons is adopted. From
left to right, the vertical dashed lines separate the leading
particle, multiplication and low energy regimes. In the leading
particle regime, examples of non-leading electrons which start
new cascades at £ > Eycmp and Eyy ey > E > By, o are
shown. In the multiplication regime, the uppermost photon is an
example of a photon produced with energy Ey, .y > E, > Ex,
becoming cascade-sterile since it cannot pair produce.

Figure 3.4 Cascaded fluxes (blue lines) above Ex &~ 100 MeV from
point sources located at different redshifts. The black dashed
line corresponds to the cutoff energy Ey, .ni(2) predicted by the
universal spectrum in Eq. 3-27. Dashed grey lines correspond
to E_, (as predicted by the Eq. 3-27) and E~9 spectra. The
latter index seems to fit the simulations better for z < 0.2.

61

67
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Figure 4.1 EGB flux measured by The Fermi-LAT Collaboration
between 100 MeV and 820 GeV for three different foreground
models (see Table 4.1) at high latitudes, |b| > 20° [126]. Error
bars include statistical and systematic uncertainties for each
foreground model added in quadrature, while the yellow shaded
region represents the systematic uncertainty coming specifically
from modelling the diffuse galactic emission. For foreground
model A, the cumulative intensity solely from resolved sources
is shown as the gray band.

Figure 4.2 EGB data (red points) together with its three conven-
tional contributions considered in this work (blazars: blue band
[129], RGs: black striped band [130], SFGs: gray band [131])
and their respective uncertainties. Their sum is represented by
the yellow band. Pink lines pertain to the original paper’s [129]
intention to set constraints on the DM annihilation cross section
and are unrelated to this thesis.

Figure 4.3 Left: same as Figure 4.1 but for the IGRB [126]. Right:
Conventional /well-established contributions to the IGRB, to-
gether with their sum and total uncertainty represented by the
blue band [141].

(4.3(a)) IGRB
(4.3(b)) IGRB Contributions

Figure 4.4 Cosmological redshift of the break energy in our injection
spectrum 4-1. As expected, this effect results in F}, < &}, since
all colored lines fall below the dashed gray line (which indicates
no redshift).

Figure 5.1 Limits in the ey,-s;, plane from IceCube (gray contours,
corresponding to Ey,, = Fy,) and EGB data (colored contours,
at 90% CL corresponding to Ax? = 4.61), with arrows point-
ing towards the allowed regions. EGB constraints are obtained
assuming the smallest (lower contours) and largest (upper con-
tours) normalizations allowed by IceCube at 1o for each s,
according to Figure 2.7, for each dataset (9.5y Tracks: blue, 6y
Cascades: green, 7.5y HESE: orange). A clear tension can be
seen between neutrino and y-ray data in the Cascade s, range.
Figure reproduced from [79].

Figure 5.2 Neutrino (black lines), cascaded (red lines) and total
(conventional + cascaded, blue lines) 7-ray fluxes for specific
(€pr, sp) values, compared with the IceCube allowed regions for
each dataset (black dashed lines) and the Fermi EGB data (red
data points). For each flux, the darker tone has normalization
®,,.x while the lighter tone has normalization ®,,;,, with a filling
of the same color between both lines. A, and A.x are the A
values obtained from the minimization of our x? function 4-5.
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Figure 5.3 Limits for fixed E},, values in the ®,4.,-55, plane are given
by black contours, with arrows pointing towards allowed regions.
The blue, green and orange contours are the 1o (dashed) and
20 (dotted) allowed regions for the 9.5y Tracks, 6y Cascade and
7.5y HESE IceCube datasets, respectively, with stars represent-
ing their best-fit values in Eq. 4-8. Since, Ey, = 16 TeV for the
Cascade dataset, by assuming a change in spectral behaviour at
Ey. = 10 TeV, we find a 2 30 tension. This tension increases to
~ 5o for Ey,, =1 TeV. Figure adapted from [79]. 85
Figure 5.4 Exclusions from cascaded v-ray flux integration (colored
contours) as described in Section 4.2.2 for ¢ = 82%, 86% and
88%, with arrows pointing towards allowed regions. Contours for
smallest(largest) normalization allowed at 1o CL are given by
dashed(solid) colored lines. Gray contours indicate IceCube’s
thresholds for each dataset (E,, = Fi,). Similar to Figure
5.1, we see a multimessenger tension arising from the Cascade
dataset. Figure reproduced from [79]. 86

Figure B.1 Redshift dependence of the cosmic SFR density. The
fit from Eq. B-1 is shown by the orange line. The gray points
and dotted line are the compiled data and fit from [186]. The
colored points are more recent high-z data from this Figure’s
source article [188] and references therein. 114
Figure B.2 Comparison between the SFR [188] and BL Lac [189]
evolution functions normalized to unity at z = 0. The BL Lac
function has been parametrized using a luminosity-dependent
density evolution model. Figure reproduced from [80]. 115
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If there is mo point in the universe that we
discover by the methods of science, there is a
point that we can give the universe by the way
we live, by loving each other, by discovering
things about nature, by creating works of art.
- Steven Weinberg

Frankenberry, The Faith of Scientists: In Their Own Words.
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1
Introduction

Astrophysics is a truly vast field which studies the nature of astronomical
objects using tools from most, if not all, branches of physics, from classical to
quantum mechanics, from general relativity to particle physics. The Universe
is home to a countless variety of such objects, providing us with plenty of
subjects to test and improve our theories. Unfortunately for us, however, we are
merely spectators of the cosmos, confined to a tiny speck of land we call Earth,
awaiting for extraterrestrial signals which are far from being under our control.
These signals come in the form of cosmic “messengers”: particles travelling
long distances and carrying information about their sources, leaving us with
the task of interpretation. There are four main messengers currently studied by
astrophysicists: cosmic rays (CRs), photons, neutrinos and gravitational waves
(GWs). Separately, each messenger gives us a unique view of the Universe,
but together, they complement each other in incredible ways. This coordinated
observation and interpretation of different messenger signals is the idea behind
multimessenger astrophysics, which is the central theme of this thesis.

This thesis is divided into six chapters. The goal of this first chapter is to
briefly introduce the field of multimessenger astronomy, focusing primarily on
the astrophysical neutrino flux observations by the IceCube Neutrino Obser-
vatory (or simply, IceCube). The (yet unanswered) question we want to tackle
is simple: what are the sources of the IceCube neutrinos? In particular, what
information can we extract about them using a multimessenger approach? Af-
ter outlining the main efforts from the community to try and solve this puzzle,
we move on to Chapter 2, where we present all necessary details regarding Ice-
Cube’s results. This is followed by a comprehensive description of high-energy
neutrino and ~-ray production in dense astrophysical environments and their
propagation through the Universe, establishing a multimessenger connection
between both. Neutrinos travel essentially undisturbed, while v-rays undergo
multiple interactions, making their propagation considerably trickier to follow.
Chapter 3 is solely dedicated to understanding this process in great detail.
Chapter 4 begins by presenting the v-ray data collected by the Fermi Gamma-
ray Space Telescope (Fermi, for short). Having all the foundations laid out,

the remainder of Chapter 4 aims to thoroughly describe our analyses methods.


DBD
PUC-Rio - Certificação Digital Nº 1821442/CA


PUC-RIo- CertificagaoDigital N° 1821442/CA

Chapter 1. Introduction 20

We report, interpret and discuss our results in Chapter 5. Finally, in Chapter
6, we conclude by summarizing our results and pointing our what we can learn
from them.

Before we go any further, I would like to stress that this thesis is not
just meant to be a presentation of new results, but also a helpful introduction
to newcomers in astrophysics. This means that we will build our knowledge
from scratch, assuming the reader is familiar with the essentials of particle
physics and general relativity. A useful review on cosmology can be found in
Appendix A, with the most relevant derivations and formulae necessary for the
main text (especially for Chapter 2). We shall be using natural units c = A =1
throughout this thesis unless specified.

1.1
Multimessenger Astrophysics

Astroparticle physics is and has been historically a multi-frequency and
multimessenger science by nature. From the early 20th century onward, we
have observed the sky using light from different regions of the electromagnetic
spectrum, ranging from radio waves to y-rays, allowing us to map the distribu-
tions of stars and galaxies in the Universe, predict their temperatures, chemical
compositions and much more. Since their discovery in 1912 by Victor Hess [1],
we have found that CRs themselves constitute a diverse class of charged mes-
sengers, including protons, positrons, electrons and heavy nuclei. Recently, the
emergence of neutrino and GW astronomy has marked the so-called “dawn of
the multimessenger era”, where we can hope to study astrophysical objects by
combining multiple different particle observations.

Naturally, each messenger has its unique properties which allow us to
probe different aspects of their sources (and the space between them and us).
No messenger alone can give us the complete picture. Due to their charge,
CRs are susceptible to plasma shock acceleration and magnetic field deflection,
making them a great tool for understanding acceleration mechanisms in dense
astrophysical environments. However, this deflection comes with the loss of
directional information, making it impossible (or extremely hard) to trace back
to their sources.

Although photons only travel from the surface of optically thick sources,
they do move in a straight line (ignoring gravitational lensing effects), making
them suitable for astronomy. The complications arise at high energies. y-rays
with 2 100 GeV (which play a crucial role in this thesis) run the risk of
interacting with low-energy target photons in space via pair production. This

probability increases with energy to the degree that the photon attenuation
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length for ~ PeV photons reaches Galactic scales. A study done by the Fermi-
LAT collaboration confirms the existence of a cosmic horizon for high-energy
~-rays [2]. Their work consisted in collecting data from 739 blazars over 9
years of operations, and recording the highest-energy photons detected from
each one, displayed as gray points in Figure 1.1. The plot shows us, for example,

that > TeV ~-rays cannot reach us if emitted any further than z ~ 0.1.
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Figure 1.1: The opacity of the universe as a function of redshift. The gray
points indicate the highest energy v-ray coming from each blazar analyzed.
The curves shown represent the cosmic horizon! for three different EBL (target
photon distribution) models. Figure reproduced from [2].

Although the initial ~-ray is lost after pair production, the resulting
electron (or positron) can undergo inverse Compton scattering with another
background photon, producing a new v-ray with slightly lower energy than
the original one. This pair production — inverse Compton scattering chain
is repeated in a process called “electromagnetic cascade” (the main theme of
Chapter 3).

The electromagnetic cascade (or simply “cascade”) was first proposed in
the late 1960s, soon after the discovery of the cosmic microwave background
[3] and of the Greisen—Zatsepin-Kuzmin (GZK) cutoff [4, 5, 6], and its first

applications came in deriving an upper limit to the cosmogenic neutrino flux

!This horizon is defined as the distance/redshift where the observed intensity of ~-
rays decreases by 1/e with respect to the initial intensity. In mathematical terms, Iops =
Tinit X e*TW(E’Z), where 7, is the optical depth. 7,, = 1 determines the position of the
horizon, beyond where the medium is optically thick to photons.
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(neutrinos produced in the GZK process [7]) [8, 9]. Intergalactic magnetic fields
are weak enough (B 2 107 G for a field coherence length of Lg > 1 Mpc is
a lower limit [10]) that this cascading process does not deflect electrons and
positrons significantly for us to lose directionality, although an extended “~v-ray
halo” could form around the source due to e* deflection (yet to be observed)
[11].

Neutrinos as cosmic messengers are radically different from the first two.
Weak interactions are the only way of stopping neutrinos (they also experience
the gravitational force, although we can safely neglect it here)?. Luckily, their
extremely small cross sections allow them to easily escape their sources and
travel undisturbed through the Universe, making them completely reliable
for directional searches and studying production mechanisms. But this also
makes them rather difficult to detect, requiring huge volumes of dense material
to provoke an interaction. Astrophysical neutrino detection at IceCube is
promptly reviewed in the next section. Figure 1.2 summarizes the main points
in this section: a single source produces multiple messengers; CRs deflect from
their original trajectories and v-rays get absorbed while neutrinos are exempt

from these setbacks.

multimessenger source

EBL/CMB ~

absorption

Figure 1.2: Schematic representation of different messengers propagating
through the Universe. Neutrinos offer a direct, uninterrupted path towards
its source.

2Neutrinos are effectively massless in all our considerations (they travel practically at the
speed of light), except when discussing their flavor oscillations in Section 2.3.1.
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On a quick note, gravitational wave astronomy has shown a lot of promise
since its “inauguration” after the first GW observation by the Laser Interfer-
ometer Gravitational-Wave Observatory (LIGO) and Virgo collaborations in
February 2016 [12]. GWs propagate freely at the speed of light and reveal
to us important information on the environments where nonthermal particle
production might occur (e.g. binary black hole or neutron star mergers). Nev-
ertheless, it is still a rudimentary field with incredibly challenging detection

requirements, which we will not be discussing further in this work.

1.2
IceCube Observations

IceCube is a neutrino observatory located at the South Pole dedicated to
searching for astrophysical neutrinos with energies 2 100 GeV. It is comprised
of 86 strings carrying 60 digital optical modules (DOMs) each, which have
been deployed deep within the Antarctic ice. The DOMs are distributed in a
3D hexagonal array spanning a fiducial volume of 1 km? of ice (see Section
2.1.2.1 for the definition of “fiducial volume”), with a densely instrumented
central region called DeepCore optimized for detecting neutrinos with a few
tens of GeV. More information about the detector’s arrangement can be found
in Figure 1.3 and Ref. [13].

& ICECUBE

Sourd PoLe NEUTRING DBESERVATORY

50 m lcelop— ~ — e
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A National Science Fou
managed research facilit
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IceCube Laboratory 86 strings of DOMs,

Data is collected here and FriHiE e T PP
sent by satellite to the data
warehouse at UW-Madison
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Digital Optical =
Module (DOM) 2450 m |
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deployed in the ice -
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Figure 1.3: Schematic view of IceCube’s 86-string hexagonal array extending
to a depth of ~ 2500 m. Figure reproduced from [13].
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Since its completion and inauguration in December 2010, IceCube has
reported the observation of astrophysical neutrinos with energies between ~ 10
TeV and ~ 6 PeV. In 2013, the collaboration released its first direct evidence
for their existence [14] with the observation of two ~ PeV-energy neutrinos and
a background-only® hypothesis rejected at 2.80 confidence level (C.L.). Soon
after, 26 additional events were reported [15] by improving their sensitivity and
extending their energy coverage down to ~ 30 TeV, increasing the confidence
in an astrophysical flux interpretation to ~ 4¢. Until then, only events with
interaction vertex located inside the fiducial volume of the detector were
considered. However, IceCube eventually extended their searches and included
signals starting outside the detector [16], increasing the statistical significance
of an astrophysical excess to 6.70 [17]. The overall data are consistent with
(quasi-) isotropic arrival directions (with a mild tendency towards the Galactic
center, see Figure 1.4) and an equal flux of all three neutrino flavors (see Figure

1.5), the former suggesting that they must have an extragalactic origin [18].

Through-going tracks (>200 TeV) .

Starting tracks

30°

Equatorial

Figure 1.4: Arrival directions of the highest energy IceCube events in equatorial
coordinates. Different event morphologies (see Section 1.2.1) are represented by
differently colored symbols. The gray line indicates the Galactic plane. Figure
reproduced from [19].

3The IceCube background is dominated by atmospheric muons and neutrinos. See Section
2.1.1 for a more detailed description.
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Figure 1.5: Flavor composition of astrophysical neutrinos at the Earth (i.e.
measured by IceCube, expressed in terms of likelihood variation —2A In L; left)
and inferred production ratio at their sources (right). Every point in this “flavor
triangle” represents a possible flavor composition (v, : v, : v;) (no distinction
is made between neutrinos and antineutrinos) at the Earth, “@®”, and at the
source, “S”. Several C.L. contours are labelled in white and gray solid lines.
Three benchmark production scenarios (see Section 2.2) and their 30 ranges
are shown as red /orange/green points and contours, respectively. The resulting
compositions at the Earth are obtained after simulating decoherent neutrino
oscillations (see Section 2.3.1). Figure reproduced from [20].

The astrophysical neutrino flux is commonly fitted by a power-law
anchored at 100 TeV,

EV —Yastro

100TeV [GeV'em%s'srt],  (1-1)

q)u(Eu) = q)astro X 1018<

with its overall normalization ®,4,, and spectral index Y,sro as free param-
eters for the fit. An accurate measurement of these quantities gives us valu-
able information about the neutrino sources, such as their luminosities, pri-
mary proton acceleration mechanisms and viable neutrino production scenar-
ios. Several samplings of the IceCube events have been analyzed, each one
preferring a unique combination of @, and Vastro (See Section 2.1.2). For
reference values, a combined analysis of all astrophysical events by mid-2015
found Yastro = 2.50 £ 0.09 and @0 = 6.7773 GeVlem ™25 lsr™1.[21]


DBD
PUC-Rio - Certificação Digital Nº 1821442/CA


PUC-RIo- CertificagaoDigital N° 1821442/CA

Chapter 1. Introduction 26

1.2.1
Event Morphologies

Each DOM at IceCube contains a photomultiplier tube which indirectly
detects neutrinos as they interact with nuclei from the surrounding ice, pro-
ducing Cherenkov light. From each signal, IceCube can extract the incoming
neutrino energy and the direction where it came from, pointing directly back
to its source. The precision of such an event reconstruction depends on several
factors such as the vertex location, the initial neutrino energy and the nature
of the interaction. In this section, we will focus on the latter effect, relating
each neutrino interaction to its distinct signature/morphology in the DOM
array.

Neutrinos are only subject to weak interactions, meaning they can
interact with matter via the exchange of a Z boson (called a neutral current
(NC) interaction) or W= bosons (called charged current (CC) interactions).

These are represented by the following equations

ve(e) + N — v(vg) + N* - (NC) , (1-2)
ve(iy) + N — 0~ ({")+ N (CC), (1-3)
where the subscript ¢ = e,u,7 refers to a specific lepton flavor and N

and N’ are the initial and final hadronic states of the nucleus, respectively.
Kinematically, 2 GeV neutrinos fall into the high-energy regime of deep
inelastic scattering? [22], where N and N’ are necessarily different (the strong
recoil of the struck quark fragments the initial nucleon N).
In the energy range of the astrophysical neutrinos observed by IceCube
(2 TeV), v, and v, CC interactions, as well as NC interactions of all flavors
induce localized particle showers. This leads to an approximately spherical
light signal centered at the interaction vertex called a “cascade” (or “shower”).
Although the cascade morphology has a relatively poor angular resolution
of > 8° (dominated by ice modelling systematics) [23], its good energy
resolution of ~ 15% [24] makes this channel appropriate for determining the
energy dependence of the astrophysical neutrino flux. This precision is possible
because the cascade signal can be totally contained inside the detector, allowing
for a calorimetric approach: the amount of Cherenkov light collected by the
DOMs is proportional to the incoming neutrino energy.
Another process that can produce cascades (and a few other possible
signatures) is the resonant 7, elastic scattering with atomic electrons at the
4Here, the term “inelastic” refers to collisions where the target nucleon is excited and

then fragments into partons which hadronize into a different final state. Conversely, “elastic”
scattering does not change the nucleon’s state.
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W~ pole, also known as the Glashow Resonance [25, 26]. Its cross section
at resonance energy E, ~ m¥,/2m. =~ 6.3 PeV® is ~ 3 orders of magnitude
larger than that of NC interactions with nucleons at the same energy. Given
the amount of PeV neutrinos detected at IceCube, one would expect several
Glashow Resonance events to have occurred. Only recently there has been a
sign of them in a single ~ 6 PeV cascade [27], but this discussion is beyond
the scope of this thesis.

The remaining v, CC interactions produce muons which can propa-
gate through the ice for several kilometers, resulting in elongated tracks of
Cherenkov radiation appropriately called “u-tracks”. Muonic decays of 7 lep-
tons (1 — v, + p~ + v, branching ratio ~ 17%) produced in v, CC in-
teractions also produce tracks as the p passes through the detector. Their
exceptional angular resolution (< 1°) [28] makes them ideal for point-source
searches, but their sizeable energy uncertainty (factor of &~ 2) reflects into
large error bars in flux measurements. For illustration, Figure 1.6 shows actual
cascade (1.6(a)) and p-track (1.6(b)) events at IceCube, corresponding to re-
constructed neutrino energies E, = 1.14 PeV and E, = 880 TeV, respectively.

(1.6(a)) Cascade (1.6(b)) p-track

Figure 1.6: A cascade® (left, F, = 1.14 PeV) and a p-track (right, E, = 880
TeV) at the IceCube detector: two astrophysical neutrino events with distinct
morphologies. DOMs are represented by spheres. Their size indicates the
amount of Cherenkov light collected by each DOM. Color represents time:
in the track signature, the muon travels from right to left. These (and many
more) pictures can be found in the official IceCube website [29].

Aside from cascades and pu-tracks, there are other possible event mor-
phologies at IceCube, the most important being the “double cascades” or “dou-

ble bang” signatures. These are caused by v, CC interactions at energies above

5This energy corresponds to the peak of the cross-section for , + e~ — W~ — hadrons
at center of mass energy mi;,.

6This cascade is called Ernie. Bert (also a cascade) and Ernie were the first two PeV
events at IceCube!
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~ 100 TeV. The neutrino-nucleus vertex produces a cascade just like before,
but the resulting 7 lepton has enough energy to travel a considerable distance
before decaying, 7= — v, + e~ + 1, or 7~ — v, + hadrons (branching ra-
tio ~ 82%), producing a second, distinguishable shower. Recently, two double
cascade events allowed IceCube to identify its first two v, candidates (single
cascades cannot distinguish v, from v,) [30]. For a detailed description of other
possible v, signatures at IceCube (“lollipop”, “double pulse”, “sugardaddy”,
etc.), see [31]. We conclude this section by summarizing the main morphologies

and their corresponding interactions in Table 1.1.
Table 1.1: IceCube’s main signatures and their corresponding v interactions.

Event Morphology Interactions

v, CC interactions
Tracks v, CC interactions (only if 7 decays muonically)

Atmospheric muons (background)

All-flavor NC interactions
Single Cascades ve and low-energy v CC interactions

Ve CC interactions with atomic electrons (Glashow Resonance)

Double Cascades

v, CC interactions at = 100 TeV
(“double bang”)

1.3
Searches for Astrophysical Neutrino Sources

As a natural follow-up from IceCube’s observations, physicists and as-
tronomers have been searching for the sources of these astrophysical neutrinos
for many years. In this section we will summarize the efforts by the community
to tackle this question, which has proven to be quite challenging. At present,
several speculated candidates have already been excluded by directional or time
correlation analyses, but unfortunately (or fortunately, depending on who you
ask) the problem remains open.

There are quite a few known classes of astrophysical objects capable
of accelerating particles to high enough energies such that they can produce

TeV-PeV neutrinos. Among them are:

(7) Active Galactic Nuclei (AGN): central regions (< 10 pc radius) of “active”
galaxies, where huge amounts of gas accumulate around a supermassive black
hole (SMBH), forming an accretion disk surrounded by a larger torus of

4

dust. Astronomers have historically observed a large “zoo” of astrophysical
phenomena, now associated to AGN in what is called the “AGN Unifica-
tion” [32]. They are generally classified by their spectral features/orientation

(“Type I”: broad spectral lines caused by the AGN’s dusty torus standing
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between us and the accretion disk; “Type II”: narrow spectral lines when the
AGN core is not covered by the torus), radio-wave luminosity (radio-loud vs.
radio-quiet, depending on the SMBH’s spin and magnetic flux) and nuclear
luminosity/accretion rate (i.e. the rate at which the SMBH swallows mass).
Most radio-loud AGN can produce relativistic jets perpendicular to
their accretion disk, accelerating particles to near the speed of light. These
include blazars and radio galaxies (RGs), which are going to be very important
throughout this work. Blazars are AGN whose jets are pointing towards us,
and are subdivided into two sub-categories: BL Lacertae objects (or BL Lacs)
and flat-spectrum radio quasars, the latter generally more luminous and with
stronger emission lines. RGs are similar to blazars, but their jets are obliquely
aligned to us, which is why they are sometimes called “misaligned AGN”.
Ultimately, AGN are expected to accelerate protons up to ~ EeV energies [33],
making them strong candidates for producing the TeV-PeV IceCube neutrinos’
[34, 35, 36, 37]. Observation of such neutrinos from AGN would prove the
existence of hadronic (pp and p7y) interactions at their sources, while their
non-observation indicates a mainly leptonic (synchrotron or inverse Compton)
origin to AGN ~-rays. Both scenarios are compatible with multi-wavelength
observations, including the ubiquitous double bump feature in blazar spectral

energy distributions [38].

(77) Starburst Galaxies (SBGs): galaxies undergoing a period of exceptionally
high star-formation rate (SFR), converting gas into stars (10 — 100 M, /year,
as compared to the Milky Way’s ~ 3 M, /year). This is usually triggered by
galaxy mergers, fuelling the central bulge of the merger remnant with large
gas densities [39]. SBGs contain high velocity stellar winds and host several
supernovae which can accelerate protons up to E, ~ 100 TeV®, producing
neutrinos in pp interactions (See Section 2.2.1) within the IceCube range
[41, 42, 43, 44].

(7ii) Gamma-Ray Bursts (GRBs): the most energetic explosions observed
in the Universe, believed to result from core-collapse supernovae, producing
long-lasting GRBs of > 2 s, or from compact object mergers such as two neu-
tron stars or a neutron star and a black hole, producing short GRBs of ~ 0.2 s
on average. These transient events can outshine their entire host galaxies

(usually ones with a high SFR such as SBGs), converting most of their energy

"Although jetted AGN are way more popular PeV neutrino candidates, non-jetted AGN
can also account for a fraction of the lower-energy IceCube events.

8A smaller fraction of more powerful hypernovae could potentially reach E, ~ 100 PeV
[40].
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output (up to ~ 10°! erg) into v-rays collimated in oppositely directed jets.
An afterglow of gradually increasing wavelengths (X-ray, ultraviolet, optical,
infrared, microwave and finally radio) can be seen for several days following
the initial y-ray signal. GRB environments are transparent to GWs and neu-
trinos, making them viable candidates for explaining the IceCube observations
[45, 46]. These neutrinos are dominantly produced around E, ~ 100 TeV but

may reach ~ EeV energies in extreme cases of massive star collapse [47].

(7v) Supernova Remnants (SNRs): structures resulting from supernova explo-
sions, most of them spotted within our own galaxy. Their shocks are likely
able to accelerate protons up to PeV energies [48], possibly accounting for a
fraction of sub-100 TeV neutrino events at IceCube [49, 50, 51, 52]. Super-
novae can also form highly magnetized neutron stars called pulsars, located
at the center of SNRs. Pulsar winds can power nebulae (clouds of dust and
ionized gases) inside SNRs, creating pulsar wind nebulae (PWN) which are
the dominant ~-ray emitters in our Galaxy and possible contributors to the

IceCube neutrino flux.

(v) Tidal Disruption Events (TDEs): stars being captured by a SMBH’s
strong tidal force. This destructive event produces intense flares of electro-
magnetic radiation as the star’s mass gets captured into the accretion disk.
Jetted TDEs can accelerate protons up to E, ~ 10%* eV, producing neutrinos
in photohadronic interactions [53]. These jets can also be “choked”, suppress-
ing their y-ray emission while keeping the neutrino flux intact. Numerical

simulations have shown that TDEs can account for at least ~ 10% of the
IceCube flux at ~ 1 PeV [54].

y-ray experiments have catalogued over 10° point-like objects belonging
to these and other candidate classes. Thousands of them have been selected to
undergo IceCube’s neutrino point-source searches, adopting different strategies
depending on the type of source being considered. However, all of them require
a sample of IceCube events with high statistics and good angular resolution.
As we have already seen, u-tracks provide exactly that, although some analyses
have been carried out using cascade events and, therefore, all three neutrino
flavors [23, 55].

Time-integrated searches pertain to “permanent” objects? such as AGN,
SBGs, SNRs and PWN;, looking for coincidences in both direction and energy

of neutrino events with possible sources. The idea is to divide the sky into

90f course, they are technically not permanent, but can survive for millions of years.
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a fine grid and look for clusterings of events in each directional bin which
are incompatible with the background-only hypothesis. Lack of significant
clustering when comparing with several catalogs [56, 57, 58] has resulted in null
searches so far [59, 60, 61, 62, 63, 64]. Null results are not useless: they allow us
to establish upper limits on the v, 4+ 7, flux coming from these sources. They
can also exclude (or at the very least challenge) certain models for neutrino
production at specific source classes.

These time-integrated analyses also consider the possibility that multiple
individual sources may be too faint to signal any coincidence with neutrino
events. Instead, they may be revealed collectively once they are summed up
(i.e. stacked together) by using a stacking technique described in [64] and
[65]. Additionally, extended regions of neutrino emission (as opposed to point
sources) such as large galaxy clusters, the “Fermi Bubbles” [66] or diffuse
galactic emissions coming from or unresolved SNRs have also been considered
(61, 67].

It is worthwhile mentioning that a ~ 3o coincidence between a ~ 290 TeV
track labelled IceCube-170922A and the flaring blazar!® TXS 05064056 has
been found in an extensive multi-wavelength campaign by several collabora-
tions [68]. Complementary results also reveal evidence of multiple neutrino
events in the same direction prior to the flaring episode [69]. Although this
might indicate a blazar origin to the astrophysical neutrinos, other studies
have shown that they can only account for a small fraction of IceCube’s dif-
fuse neutrino flux [70].

For transient sources such as flaring blazars, TDEs or GRBs, one requires
an additional condition: the neutrino and v-ray signals must be correlated not
only in direction but also in time (typically, a + 2-hour window between both
events is required). To achieve this, IceCube adopts an unbinned maximum-
likelihood method described in detail in [71] and [72]. Needless to say, these
searches have so far only set constraints on GRB models and their capacity
to accelerate protons to produce ultra-high energy (> EeV) cosmic rays
(UHECRs) [73, 74, 75, 76].

Aside from ~v-ray multimessenger searches, UHECRs have also been
used to look for neutrino point-sources [77]. This analysis is considerably
more challenging because magnetic field deflections can erase any directional
information from the CR signal, as well as induce significant delays between the
neutrino and CR arrival times. On the other hand, CRs can be used in different
ways to extract information about IceCube neutrino sources. For instance, an

0Blazars can go from their quiescent/regular state to a flaring state, increasing by many

orders of magnitude their jet emission of optical /y-rays. Determining the cause and frequency
of these flares is still an active field of research.
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important result was obtained in [78], where a model-independent upper limit

to the intensity of the astrophysical neutrino flux,

E%®,(E,) $2x 1078 GeVem ?s7'sr™!  for B, € [10",10"] eV ,  (1-4)

was set based on the observed flux of UHECRs. This is known as the Waxman-
Bahcall bound (although it is sometimes treated as a ballpark value, since the
assumptions behind it are not necessarily true), which is so far consistent with

the IceCube observations.

1.4
Objectives

Now that we have presented a brief overview of multimessenger astro-
physics, focusing on the status of neutrinos as cosmic messengers, we are ready
to lay out the objectives of this dissertation. Our main goal is to devise and
implement a multimessenger method for establishing quantitative bounds on
the sources of the IceCube neutrino flux. In order to do that, we will follow a

series of steps:

1. Explain in greater detail the IceCube measurements, including their

backgrounds, datasets and flux fits;

2. Assuming standard neutrino production scenarios, understand the con-
nection between the neutrino and 7-ray emissions at astrophysical

sources;

3. Study the propagation of these particles through intergalactic space,
especially the electromagnetic cascade induced by v-ray interactions with

cosmic photon backgrounds;

4. Introduce a parametrization for neutrino injection spectra consistent
with the IceCube observations and calculate the corresponding v-ray

spectra observed at the Earth;

5. Develop a statistical method for testing the compatibility between neu-

trino and 7-ray data, providing physical interpretations for our results.

The results presented in this work have been published in [79] and com-
plemented in [80]. Here, we will focus on further describing the theoretical
background, analysis methodology and results obtained in [79], without ex-

tending our discussion to the latter paper.
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A secondary goal of this thesis is to assist other fellow physicists who
might be interested in entering the field of multimessenger astrophysics. For
this reason, some references have been included to direct the reader towards
useful reviews on certain subjects. Although a previous knowledge of cosmology
is assumed, Appendix A conveniently summarizes everything one should know,
starting from the Friedmann-Lemaitre-Robertson-Walker (FLRW) metric.

With all our intentions made clear, let us begin!
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2
Multimessenger Astrophysics

In this chapter we describe in detail the realm of multimessenger astro-
physics (specifically regarding neutrinos and «-rays) which is the main topic of
this dissertation. A previous knowledge about general relativity and cosmol-
ogy will be assumed; concepts like comoving distance, Hubble parameter and
cosmological redshift are used in this chapter without being introduced to the
reader. A useful (and relatively basic) review on the subject can be found in
Appendix A. We will also make extensive use of the terminology common in
the fields of astronomy and astrophysics.

We will start this chapter by presenting three IceCube datasets which
will be considered in our analyses. It is important to comprehend the char-
acteristics of the neutrino flux reported in each dataset (their fits to power-
law spectra with specific normalizations and spectral indices, as well as their
threshold energies based on IceCube’s background rejection methods) in order
to understand the main results of this thesis.

Next, we will briefly review the conventional production mechanisms
of high energy particles in astrophysical sources, emphasizing the connection
between the emission of neutrinos and ~-rays. This is a central piece to this
work as it justifies our multimessenger approach. Finally, we will talk about
neutrino propagation and establish a simple relation between the neutrino
emission spectrum and the neutrino flux (measured by IceCube) at the Earth.
On the other hand, the propagation of v-rays is not as straightforward and,

due to its complexity and technicality, deserves a chapter of its own.
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2.1
Event Selection at IceCube

2.1.1
Atmospheric Backgrounds

Although we will be considering in this work the astrophysical neutrino
flux measured by IceCube, it is important to note that most of the events
registered by the PMTs in the detector actually come from atmospheric
backgrounds. CRs interact with gas in the Earth’s atmosphere, producing
muons and neutrinos in air showers with energies up to ~ 100 TeV. This
is well within the range of energies that IceCube has reported observation
of astrophysical neutrinos, which means that such backgrounds must be well
understood in order to distinguish them from actual signals of extraterrestrial
neutrinos.

Atmospheric muons dominate IceCube’s background in the search for
astrophysical neutrinos, with a rate of 3000 u-tracks per second. One way of
eliminating these events is to consider only upgoing tracks since muons cannot
traverse the Earth to reach the detector, at the cost of missing half of the sky
(including the Galactic center). Another way is to impose a high-energy cut
(2 1 PeV) in the event selection [81], making the detector sensitive only to very
high energy neutrinos. Finally, one can filter out most of the entering tracks
by considering only events where the interaction vertex is inside the detector.

Aside from muons, neutrinos are also produced in air showers from CR
interactions in the atmosphere, which IceCube should be able to discern from
astrophysical neutrinos. Before its completion, IceCube’s 59-string configura-
tion was seeing ~ 80 atmospheric neutrino events per day after thorough event
selection and classification [82]. Most of the contribution to this atmospheric
neutrino background comes from the decay of pions and kaons, known as the
conventional atmospheric neutrino flux, which extends up to E, ~ 500 TeV.
Its typical spectral behaviour follows an E 37 power law, which is softer than
the CR spectrum of E~27 because these light mesons lose energy before de-
caying (see [83] for a complete derivation of the spectral relations between
CRs and atmospheric neutrinos).! Another source of neutrinos which domi-
nates at £, 2 100 TeV arises from the decay of heavier, charmed mesons (e.g.
D#), which have short lifetimes. This causes them to decay promptly (thus the

name “prompt atmospheric neutrino flux”), without re-interacting, such that

IThis spectrum actually varies depending on the zenith angle. This is because horizontally
travelling mesons have a higher probability of decaying before losing energy in collisions.
Hence, the conventional atmospheric neutrino flux is harder for horizontal directions and
softer in the vertical direction.
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they follow the CR E; %7 spectrum up to 500 TeV. This prompt atmospheric
neutrino flux component has not yet been observed by IceCube.

While muons are only able to reach the detector through the southern
sky, neutrinos produced in the northern hemisphere are able to travel through
the Earth and can be detected by IceCube. A simple directional restriction
cannot eliminate such background. Instead, one must use the fact that such
neutrinos are often accompanied by penetrating muons (in reactions such as
mt — ut 4w, for example), which is never the case for astrophysical neutrinos
since these muons are lost over cosmological distances. This so-called “self-
veto” method was first proposed in [84] (and later expanded in [85]), where
they showed that atmospheric neutrinos with £, > 10 TeV coming from a
zenith angle < 60° has a 99% chance of being vetoed. Such a technique plays a
crucial role for IceCube to select its signal events amidst so much noise coming

from the atmosphere.

2.1.2
IceCube Datasets

We will be considering three datasets in this work which IceCube uses to
classify its events. They are separated based on different background rejection

methods, which we will describe soon. They are the following:

(7) High Energy Starting Events (HESE): any event (track or shower) where
the origin of the signal (i.e. the interaction vertex) is contained within the

fiducial volume of the detector;

(i) Cascade events: events with cascade-like morphology (see Introduc-

tion for the different event morphologies);

(#i) Through-going pu-tracks: Cherenkov tracks coming from the northern

hemisphere, relaxing the requirement that events begin inside the detector.

This section serves to introduce these datasets, describing their main
backgrounds and how they are dealt with, as well as showing how they have

changed over the years.
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2.1.2.1
HESE Dataset

To tag the events that make it into the HESE dataset, a veto region
is defined in the outer layer of the instrumented volume, where any event
producing first light in this region is discarded as an entering track. This greatly
reduces the background as only events that started within the fiducial volume
(i.e. not in the veto region) or had high enough energies that the corresponding
p-track would have been identified reliably were selected.

This veto region is also used to filter out most of the atmospheric neutrino
background via the previously mentioned self-veto technique. Recall that such
neutrinos are normally produced together with a muon which can be detected
in the veto region almost simultaneously to the neutrino event. Thus, by
discarding any signal around a 50 ns window of a muon detection in the veto
region, IceCube is able to identify whenever a neutrino was atmospheric or
astrophysical with a high precision. The efficiency decreases as the neutrino
energy gets smaller because the angular separation between the v and u can
get large enough such that only the neutrino passes through the detector. A
first analysis by the IceCube Collaboration [15] has determined that events
with energy E, < Fy, = 60 TeV should be excluded from the HESE dataset in
order to avoid a large background contamination. However, IceCube also has a
low-energy extension of the HESE dataset called the Medium Energy Starting
Events (MESE) [86], lowering the threshold down to 25 TeV.

The HESE dataset has been updated several times since its first an-
nouncement in [15], which itself was a follow-up on the first observation of two
PeV-energy neutrinos at IceCube [14]. Figure 2.1 shows the number of HESE
events for each sample update in the past. The current HESE data is displayed
in Figure 2.2, with a total of 7.5yr collecting events.

Recall that the astrophysical neutrino flux is fitted by a single power-law

of the form

E,

(I)u Eu :(I)as ro 1 T
(Bu) = Postro X 10 (100Te\/

—Yastro
> , for £, > Ey, . (2-1)

The fit to the most recent HESE 7.5yr dataset results in an all-flavor nor-
malization of @, = 6.4575758 [GeV em™2 s7! sr™!] and a spectral index of
Yastro = 2.891“8:%9, with errors within a 68.3% confidence interval. These values,
together with the threshold energy Ei, = 60 TeV, below which the data has

not been considered in the fit, will be important to our analysis.
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Figure 2.1: Number of events per deposited energy after 2 years [15] (2.1(a)),
3 years [18] (2.1(b)), 4 years [87] (2.1(c)) and 6 years [88] (2.1(d)) of HESE
data. Expected backgrounds due to atmospheric muons and neutrinos, as well
as their uncertainties are indicated in the red, blue and hatched regions. Error
bars in the data points represent a 1o uncertainty. A total of 28 astrophysical
neutrino events were reported in the 2-year sample: an excess with respect
to the expected background events at 4.10 confidence level (C.L.). This was
followed by 37 candidate events in the 3-year sample, 54 events after 4 years
and 82 in the 6-year HESE sample. The gray shaded region to the left of the
vertical line in the 6-year plot marks where F, < 60 TeV, which has been
excluded from this and all previous analyses (see text).
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Figure 2.2: Most recent results for deposited energies in HESE, after 7.5 years
of data [89]. Data points are black crosses with 1o error bars, and the colored
stacked histogram shows the best fit expectations for each component of the
total neutrino flux: astrophysical (yellow), conventional atmospheric neutrinos
(red) and atmospheric muons (blue). Just as before, events below 60 TeV
(shaded region) are excluded from the analysis/fit, leaving us with 60 events
above this threshold.

2.1.2.2
Cascade Dataset

Although cascades have a poor angular resolution of ~ 15° their good
energy resolution (~ 15%) and low atmospheric background turn them into
promising candidates to study the astrophysical neutrino flux as a function
of energy. The main background in the search for cascades comes from
atmospheric muons which produce a faint track and deposit most of their
energy in a single bremsstrahlung, mimicking a cascade-like event. A complex
filter adopted by IceCube reduces this background from ~ 2.7 kHz to ~ 30
Hz, while keeping ~ 90% of the astrophysical neutrinos and ~ 70% of the
conventional atmospheric neutrinos. Once again, IceCube relies on the self-
veto technique to filter out most of this leftover neutrino background.

Figure 2.3 shows the single power-law best-fit astrophysical neutrino
fluxes for the 2-year and 4-year cascade samples, while Figure 2.4 presents
the current 6-year cascade data, which fits a power-law of the form 2-1 with

per-flavor normalization ®u0 = 1.667032 [GeV ecm™2 s7! sr7!] and index
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Yastro = 2.53 £ 0.07. Ultimately, the sensitive range for this analysis (i.e. the
smallest energy range where a non-zero astrophysical component is consistent
with the data at 90% C.L.) is between 16 TeV < FE, < 2.6 PeV, which means
that Fy, = 16 TeV for the 6yr cascade dataset.
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Figure 2.3: Measured astrophysical neutrino flux with 1o error bars for
IceCube’s cascade dataset after 2 years [90] (2.3(a)) and 4 years [91] (2.3(b))
of data-taking. These data points were obtained using a differential model,
where an £~2 weight was assumed in each energy bin. Best-fit power-laws
are represented by dashed lines with a +1¢ red band around them. In Figure
2.3(b), the dark red shaded region represents the sensitive energy range (i.e.
the energy range included in the power-law fit).
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Figure 2.4: Astrophysical neutrino flux with 6 years of cascade events [92].
Crosses represent the differential model best fit results (see caption in Fig.
2.3) and solid (dashed) colored lines represent several flux models in (outside
of) the sensitive energy range of 16 TeV < E, < 2.6 PeV. The red line is the
one we are interested in, with a single power-law fit and a 1o red error band
around it.
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2.1.2.3
Through-going -track Dataset

This last dataset which we shall introduce contains track-like events
from neutrinos coming from the northern sky, where the atmospheric muon
background is suppressed. In fact, due to the good angular resolution of tracks
(< 1°for E, > 1 TeV), IceCube is able to reject 99.7% of the muon background
at zenith angles between 85—180°, leaving behind only p-tracks that have been
misinterpreted as up-going. At these high energies, the Earth also becomes
opaque to neutrinos, causing the signal to be dominated by events near the
horizon.

Since 2009, IceCube has presented 5 updates on the search for astrophys-
ical neutrinos using through-going u-tracks: 1-year [16], 2-year [93], 6-year [94],
8-year [17] and 9.5-year [95] datasets. Figure 2.5 shows the astrophysical neu-
trino spectrum for the through-going dataset after 6 and 8 years, while Figure
2.6 presents the most recent results. The range of neutrino energies support-
ing an astrophysical component over a purely atmospheric hypothesis at 90%
likelihood ratio is 40 TeV — 3.5 PeV, giving us a theshold energy of Ey, = 40
TeV for this dataset.

~_ . Conv. atmospheric v, + 7, (best-fit)

1

Prompt atmospheric v, + 7, (flux limit (2016))

Astrophysical v, + 7, (best-fit)

1076 4 +++ HESBunfolding: PoS(ICRC2017)981

GeVlem 2 sr

D,y
B2 ®,.y/GeV ' cm 25~ s

B

: 5 5 7 ' i T ,
10° 10° 107 10f 10 10° 10t 10° 10° 107
E,/GeV E,/GeV

(2.5(a)) Through-going 6yr (2.5(b))  Through-going 8yr
Figure 2.5: Best-fit neutrino spectra considering through-going p-tracks coming
from the northern hemisphere after 6 years [94] (2.5(a)) and 8 years [17]

(2.5(b)) of collecting data. Expected conventional and (upper bounds for)
prompt neutrino contributions are shown in blue and green, respectively.

For this last sample, the best-fit parameters for a single power-law fit
of the form 2-1 are ®,q,, = 1.44703 [GeV em™2 s sr!] (per-flavor) and
Yastro = 2.2810:05. A summary of these results for all 3 datasets discussed in this
dissertation can be found in Table 2.1 and Figure 2.7 [92]. Although this may
seem strange at first since we expect a common origin for the astrophysical
neutrinos independently of the morphology of their signals in the detector,

these datasets are actually consistent with each other at a ~ 20 level.
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Figure 2.6: Best-fit neutrino spectra with 9.5 years of through-going p-track
data [95]. The sum of the astrophysical (red line) and conventional (purple line)

components provide a fit to the experimental data. The prompt

atmospheric

component (green line) is not shown because its best-fit normalization is zero.

Table 2.1: Best-fit parameters and low-energy threshold energies for each
IceCube dataset considered in this thesis. The ®,4., reported values are per-
flavor. In order to obtain each dataset’s ®,0, lceCube assumes a (1 :1: 1)
flavor ratio at the Earth and uses this to extrapolate the normalization of all

astrophysical neutrinos from the events of an individual dataset.

D50 [GeV cm™2 571 5171 Yastro Ey, [TeV]
HESE 2151012 2.8910%, 60
Cascades 1.661032 2.53 4 0.07 16
TG 1.44793% 2.281005 40
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Figure 2.7: Single power-law astrophysical neutrino flux parameters for each
IceCube dataset, including their best-fit values and 1o contour around them.
The contours which are of interest to us are the HESE (green), Tracks (blue)
and Cascades assuming py production mechanism (yellow).? See Section 2.2 for
further details on the production mechanisms. Figure reproduced from [92].

2.2
Emission of High-Energy Particles in Astrophysical Sources

Various astrophysical objects such as AGN and GRBs are sites to look
for accelerating charged particles, such as protons and electrons, to extremely
high non-thermal energies. Accelerated protons can interact with background
gas or radiation present in these dense regions, resulting in the production
of high energy neutrinos. There are the two conventional scenarios for how
these astrophysical neutrinos are formed: (7) hadronuclear interactions between
two protons (pp scenario) and () photohadronic interactions of accelerated
protons with background photons (py scenario). In what follows, we shall
describe in detail each of these production mechanisms. A useful review on
the types of astrophysical sources where these processes may occur can be
found in [96].

2Different production mechanisms lead to different flavor ratios at the Earth (in partic-
ular, neutrinos versus antineutrinos), resulting in slightly different fits in each case.
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2.2.1
pp Scenario

This scenario is expected to happen in CR reservoirs (e.g. starburst
galaxies, galaxy clusters/groups), where CRs that have escaped from their
accelerators stay confined by strong magnetic fields. Inelastic pp scattering

occurs, leading to the production of charged and neutral pions

p+p— X +70 (2-2)
where X stands for other hadrons. Dominant channels have X = p + p
producing 7° and X = p + n producing 7*; production of 7~ becomes more
relevant at higher energies. Due to isospin symmetry, these pions are produced
with similar probabilities in this process at high energies, (7 : 7~ : 7°) ~ (1 :
1:1). They receive equal amounts (= %) of the initial proton’s energy, which

is later distributed to its decay products, including neutrinos

™ —pT+y, and pt — e v+, (2-3)
T —pu +v, and p —e + U+, (2-4)

and ~y-rays
70— 2. (2-5)

In the decays 2-3 and 2-4, the muon leaves with approximately % of the pion’s
energy, and shares its energy equally between its own decay products. This
means that the each neutrino carries approximately one quarter of the initial
charged pion energy. The photons produced via the neutral pion decay 2-5 also
share the 7° energy equally. An important observation is that, since IceCube
does not distinguish between neutrinos and antineutrinos upon detection, we
will only distinguish neutrino species by flavor. Hence, the flavor composition
of the produced neutrinos is (v, : v, 1 v;) = (1:2:0).2

Because of a scaling property of hadronic interactions [97], the neutrino
and y-ray spectra resulting from pp scattering will have (almost) the same
power-law slope as the initial protons.* Moreover, different acceleration mech-
anisms at different energies predict a natural spectral break for neutrinos from
pp interactions [98, 99], which serves as justification for a us to adopt a broken

power-law spectrum

3Due to the muon’s relatively long lifetime (T, = 2.2 ps, compared to 7,+ = 26 ns
for charged pions), they can lose their energy before decaying by synchrotron radiation
or multiple scattering in the dense astrophysical medium. If this muon damping process
is dominant, the neutrino flavor ratio changes to (0 : 1 : 0), and no electron neutrinos
contribute to the high-energy neutrino flux.

4The widely accepted Fermi acceleration mechanism predicts ~ E2.
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dN, €, €, < Emr
——(e,) " (2-6)
de, 75 g, > ey,

where ey, marks a change in the spectral index. In particular, [99] argues that
the neutrino production at galaxy clusters should obey s; ~ 2 and s, ~ 2.5,
which is compatible with the IceCube observations if e, is smaller than a
few tens of TeV (this way, ey, corresponds to Eyy, the IceCube fit in Eq. 2-1).
However, this leads to multimessenger tensions with y-ray data® because s; is
too soft (i.e. too large) [100], challenging the pp scenario. py-induced processes,
on the other hand, predict a harder s; and are favored with respect to the pp

case. This is subject of the next section.

2.2.2
py Scenario

py neutrino production most likely occurs inside the proton accelerators
themselves, instead of CR reservoirs like in the pp case. High luminosity objects
like GRBs and AGN are good candidates for hosting such processes; they are
also known to be powerful y-ray sources and suggested to be where UHECRs
are formed. The interaction of high energy protons with ambient photons

results in resonant pion production (in the A-resonance approximation),®

n+ 7 1 of the times
p+y— AT — ¥ ) (2-7)

p+ % of the times
which, after pion decay following Eqs. 2-3 — 2-5, yields the flavor ratio (1 : 2 : 0).
Although this is the same as in the pp case, there is a difference: 7= (and
consequently 7.) is not produced by these photohadronic interactions.” This
means that the differentiation between neutrino and antineutrino species
could be a helpful discrimination between these two production mechanisms,
which unfortunately IceCube is not capable of doing. In 2-7, pions receive
approximately 20% of the proton’s energy, which is distributed to their decay

products the same way as described in the previous section.

A crucial property of py interactions is that the resulting neutrino flux
possesses a natural threshold from pion production kinematics (the neutrino

carries &~ 1/25 of the proton’s energy) at

~ 6 x 10° GeV <ev> : (2-8)

€t

1 m.m,

25 €t

SHow we obtain such multimessenger constraints is described in detail in Chapter 4.

6At high energies (= 100 GeV), multipion production p + vy — p + an® + b(znt +77)
dominates.

"This is a possible justification for the suppression of the Glashow resonance in the
IceCube observations.

PY ~
Ey ~
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where ¢, is the target photon’s energy, below which the spectrum drops
rapidly. The neutrino spectrum arising in this case can also be described by
a broken power-law of the form 2-6, with s; = 0 reflecting this hardening
below ey, ~ E}'. Since there is no indication or preference towards having
spectral breaks in the IceCube data, we can only expect that this break would
be below the threshold energy for each dataset (see Section 2.1.2). In the
most conservative scenario, this break can be set to the threshold energies
themselves, which are between ~ 10—100 TeV, but no higher. This means that
there would be essentially no sub-TeV ~-ray emission from the sources. Also
importantly, it has been shown in [100] that IceCube sources with py origin
are expected to be opaque to y-rays in the 1-100 GeV range, which can reduce
the aforementioned multimessenger tension with v-ray data in comparison to

PP scenarios.

2.2.3
v — v Connection

In the previous sections, we have seen two scenarios for neutrino and
~-ray production in dense astrophysical environments. We have also seen how
the emitted neutrino spectrum is expected to behave in each case. We are
now left with the task of establishing a relation between the neutrino and -
ray emission spectra, which is a crucial step in enabling our multimessenger
analysis.

In summary, we have the energy relations

T B D) 0
4 = (py) 2 Z ()

which means that ¢, ~ ¢,/2 independently of the production mechanism.
Additionally, for each charged pion we have 3 neutrinos produced, whereas for
each neutral pion, 2 photons are generated. This means that the ratio between
the number of neutrinos and photons emitted is 3K /2, where K is the ratio
of charged to neutral pions produced in each process (K, ~ 1 for pp and
K, =~ 1/2 for pv, considering dominant channels only). Now we can finally

relate the energy spectra of ~-rays to that of neutrinos:

dN. 2 ,dN,
2 Y 2 v
el——(e4) € €y , 2-10
v dg,}, ( 'Y) 3Kﬂ— v dgl, ( ) I ( )
where &2 ‘éfu" (e,) is the all-flavor neutrino energy spectrum.

Eq. 2-10 is a conservative estimate to the y-ray emission. We are neglect-
ing y-rays that arise from electrons and positrons that undergo bremsstrahlung

or inverse Compton scattering inside the source, as well as ignoring neutrino
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suppression effects like radiative or adiabatic cooling of charged pions and
muons. This conservative/minimalistic approach strengthens our results, since
any tension found between the IceCube and Ferms data will certainly be larger
in more realistic cases. On the other hand, we are also assuming that the
sources are 7-ray transparent (i.e. all v rays produced in this model will es-
cape the source successfully). If we assumed for example that the sources were
completely opaque — this would mean we are facing a new class of sources
never before observed — then there would be no y-ray counterpart to the Ice-
Cube neutrinos, resulting in no tension with the Fermi data. We will return

to discuss about the source’s opacity at the end of Chapter 5.

2.3
Neutrino Propagation

As discussed in the Introduction, neutrinos are reliable messengers that
are able to propagate through the Universe essentially undisturbed. Thank-
fully, this means that the physics of neutrino propagation from a distant source
to the Earth is much simpler than for other cosmic messengers. We just need
to account for the cosmological redshift in the neutrino’s energy: a neutrino
emitted with energy ¢, from a source at redshift z is detected here with energy
E,=c¢,/(1+2).

Now consider a source with neutrino spectrum C(lijsv 2(g,), in units of [GeV~!

s7!]. The corresponding neutrino flux at the Earth is given by (in units of [GeV

cm 2 s71)

7 ((ii];:i, (ev)leo=142)E,

(14 2)?4wd? ’
where d. is the comoving distance of the source to the Earth.

qu)gt—source(Ey) — (2_11)

We want to generalize this from a point source to a population of sources.
For this, we require information about the distribution of these sources in
the universe, which is encoded in the redshift-dependent source density F(z).
Depending on the population of sources we are considering, F(z) takes a
different shape (see Appendix B). By multiplying the point-source flux by the
density of sources and integrating over all space, we obtain the contribution
of all sources to the measured flux at the Earth. This integration is done
by changing the integration variable from the comoving volume to redshift:
dy = dz%. Finally, we divide by a factor of 47 to get the desired units of [GeV
ecm ™2 s7! sr7!], which is possible since the sources are isotropic, obtaining our

desired relation
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[6’2/ (jij;[: (gV)]au:(l—i-z)E,,

(1+ 2)%4nd2

i 1 o dv
BB, = /O d:—F(2) (2-12)

We can further rewrite this expression in simpler terms by recalling Eqs. A-17
and A-18. A simple calculation results in
. 1 oo dnN,
OI(E,) = o [z 7(2) [ (gy)] .
47 Jo H(z)| de, V= (142)E,

Eq. 2-13 represents the neutrino flux IceCube is measuring. We can use

(2-13)

the IceCube data to set the overall normalization for this flux, compensating
for our ignorance in the normalizations of the injection spectrum and source

density. This is done in Section 4.2.3.

2.3.1
Decoherent Neutrino Oscillations

One last detail must be mentioned: even though the source emits neutri-
nos with uneven flavor distributions, the flavor composition of the neutrinos
at the Earth is essentially (v, : v, : v-) = (1 : 1 : 1) due to decoherence in
neutrino oscillations. We can understand this phenomenon using a quantum
mechanical approach in which neutrino mass eigenstates are described by a
wave packets and flavor eigenstates are superpositions of them [101].

Neutrinos interact as flavor eigenstates but propagate as mass eigen-
states; these are related by the Pontecorvo-Maki-Nakagawa—Sakata (PMNS)

matrix

Ve Uel Ue2 Ue3 n
VM Ulﬂ UMQ ng 120 . (2—14)
Vr UTI UT2 UT3 V3

This matrix can be parametrized in terms of three mixing angles 65, 63
and 63, as well as one CP-violating phase dcp (assuming neutrinos are Dirac

fermions) in the following way:

C12€13 $12€13 S13€”CP
_ is is
U= —s512¢23 — €12513523€"°°P  C12C23 — S$12513523€"°°P C13S23 )
70 20,
512893 — €12513C23€"°°F  —C12823 — S$12513C23€"°°F  (€13Co3

(2-15)
where ¢;;(s;;) is short-hand for cos 6;;(sin 6;;). Because neutrinos are difficult to

detect, the PMNS entries U,; are much harder to determine than those from its
quark equivalent, the Cabibbo-Kobayashi-Maskawa (CKM) matrix. The most

recent results at the time of writing this thesis are displayed in Table 2.2.
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Table 2.2: Best-fit parameter values for the PMNS matrix following the
parametrization in Eq. 2-15. The fit assumes normal ordering for the neutrino
masses (m; < me < ms) and includes data from solar, reactor, accelerator and
atmospheric (including Super-Kamiokande) neutrino experiments [102, 103].

Best-fit Parameters t1o
012(°) 33.441075
013(°) 8.5740.15
023(°) 49.2497
dcp(°) 19753

In the wave-packet approach, each mass eigenstate travels with a different
velocity. They eventually cease to overlap and interfere incoherently after a
large enough distance.® This coherence length is negligible when compared to
the distance travelled by astrophysical neutrinos on their way to the Earth,
which means that they arrive as an incoherent mixture of mass eigenstates. In

this case, the flavor oscillation probability can be shown to be [104, 105]

3
P(vo — vg) = > |Unil* [Usil* (2-16)
=1

and, consequently, the flavor ratios at the Earth, f®, are related to the flavor

ratios at the source, f°, by

T 3
2 2
o= > NUail |Usil” £, - (2-17)
a=e j=1
Using the values from Table 2.2 in the parametrization 2-15 to calculate
the Uy, we find that (f7 : £ @ f,7) = (1:1: 1) for a source flavor ratio of

Vr

(f5 - ,i : f) = (1:2:0). Essentially, what this means for us is that the
per-flavor neutrino flux at the Earth is a factor of 3 smaller than the all-flavor
neutrino flux which we will be considering throughout this work.

This concludes Chapter 2 of this thesis. Next, we shall turn our attention
to understanding the propagation of -rays, which is significantly more com-
plicated than what we just saw for neutrinos. High energy photons undergo
several interactions en route to us from their respective sources, initiating so-
called “electromagnetic cascades”. Chapter 3 is solely dedicated to describing

this process in detail.

8This distance depends on the size of the wave-packets, the energy of the neutrino and
on the mass differences between eigenstates [104].
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Electromagnetic Cascades

The Universe is effectively opaque to photons with high enough energies.
As we have seen in the Introduction (see Figure 1.1), y-rays produced in as-
trophysical sources cannot travel long distances in intergalactic space without
encountering an obstacle and interacting. This interaction initiates a process
known as an “electromagnetic cascade” in which the initial v-ray’s energy is
distributed to secondary particles which can propagate to and be detected
at the Earth. In this chapter, we shall discuss y-ray propagation in detail to
understand why and how this phenomenon occurs.

The electromagnetic cascade (or simply “cascade”) begins when a high
energy v-ray interacts with a background photon, producing an electron-
positron pair. These particles then inverse Compton scatter off of background
photons, transferring their energy to them and producing two new ~-rays.
As long as the photons involved have sufficient energy to pair produce, this
cycle repeats until we end up with several low energy photons, electrons and
positrons. Of course, this is only a very superficial description of what happens,
and the goal of this section is to explain the theory of ~-ray cascades by
understanding in depth each step of the process.

Even though it is a complicated process, an analytic calculation of the
cascaded ~-ray flux observed at the Earth is possible if we allow for several

assumptions to be made:

(i) The cascade develops completely, or, in other words, there is no pho-

ton left with enough energy to pair produce;
(7) The photon backgrounds are monochromatic;

(7i) Energy is conserved throughout all cascade particles (there is no en-

ergy loss through synchrotron radiation).

Useful reviews of this analytic calculation can be found at [106, 107, 108].
Nonetheless, if we want a more precise calculation of the cascaded flux that

takes into account deviations from the aforementioned assumptions, we must
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resort to numerical methods. We shall briefly touch on how this can be done
by the means of solving Boltzmann equations as presented in [107].

We shall begin this chapter with a description of the photon backgrounds
pervading the Universe. Namely, these are the cosmic microwave background
(CMB) and the extragalactic background light (EBL), both playing a crucial
role in y-ray cascade theory. Following that, we will discuss the details of how to
calculate analytically the cascaded flux at the Earth given several simplifying
assumptions. This approach divides the cascade into three regimes, each which
shall be treated separately and thoroughly. Finally, a numerical approach
will be briefly presented; briefly since this is not the focus of this thesis.
Instead, we use the public code “y-Cascade” [109] for precise calculations of

the electromagnetic cascade.

3.1
~v Backgrounds

3.1.1
Cosmic Microwave Background

The CMB consists of an omnipresent, nearly isotropic,! blackbody-like
background of relic photons from the epoch of recombination. Approximately
370,000 years after the Big Bang (z ~ 1100), the Universe became cool enough
(~ 3000 K) for electrons to pair with protons, forming the first Hydrogen
atoms. Suddenly, photons who used to scatter off of free electrons became
decoupled from matter and free to travel through space as they did not interact
with neutral atoms. These are the photons which are currently observed to form
the CMB at temperature [112]

Ty = 2.72548 £ 0.00057 K. (3-1)
After its accidental discovery by A. Penzias and R. Wilson [3], the CMB

has been studied in great detail, with the latest data acquisition and analysis
having been done by the Planck Collaboration [113]. It is not the aim of this
thesis to delve into too many details (we will certainly not be concerned with
temperature or polarization anisotropies in this work); it suffices for us to
know the energy and number density of the CMB photons. These values are,

respectively,?

€embo = 6.6 x 107 eV (3-2)

!Temperature variations are roughly of the order AT /T ~ 107> [110, 111].
2This energy corresponds to the peak frequency of the CMB blackbody spectrum.


DBD
PUC-Rio - Certificação Digital Nº 1821442/CA


PUC-RIo- CertificagaoDigital N° 1821442/CA

Chapter 3. Electromagnetic Cascades 52

and

Nempo = 410.5 cm™ . (3-3)
This yields the energy density uempo =~ 0.25 eV cm™>. Notice that these
values are redshift dependent due to the expansion of the Universe: €.,,(z) =

Ecmb,O(1 + Z), ncmb(z) = ncmb,O(]- + Z)3 and ucmb(z) = ucmb,O(l + Z)4~

3.1.2
Extragalactic Background Light

Optical/UV light emitted by stars and galaxies, as well as infrared light
reprocessed in scattering with dust all contribute to another important back-
ground we will be considering in this work: the EBL.? They are considerably
less abundant than the CMB; so much that, even though they are more ener-
getic (optical/UV in comparison to microwave radiation), their energy density
satisfies Uey < Uemp.* The reason why we are concerned with the EBL is that,
due to its higher energy photons, some processes which are characterized by
high threshold energies (e.g. photon-photon pair production occurring in elec-
tromagnetic cascades) can be accessed earlier in the EBL than in the CMB.

Measuring the EBL requires observation of the sky in a wide range of
wavelengths, using direct and indirect methods. Direct intensity measurements
must take into account several foregrounds from the Solar System to the
Milky Way, which can be especially challenging in certain frequency ranges.
An example of an indirect measurement would be to use the absorption of TeV
~v-rays from AGN via pair production over cosmological distances, which has
yielded better results than direct methods in the optical range. A good review
on the EBL intensity measurements from v-rays to radio waves can be found
in [114].

Unlike relic photons, the EBL does not possess a simple blackbody
spectrum. In fact, its energy distribution at z = 0 is closely approximated
by three blackbody curves with two large peaks around A ~ 1 pum and
A ~ 100 pm (commonly called the cosmic optical background (COB) and
cosmic infrared background (CIB), respectively), and a smaller peak around
A ~ 10 pm. Several models exist in literature [115, 116, 117, 118, 119]; the

3Sometimes, the term “EBL” refers to extragalactic background radiation with frequen-
cies spread throughout the entire electromagnetic spectrum, from ~«-rays to radio waves. The
parts of the EBL we are interested range from infrared to UV light.

4Inside the galaxy, however, Ustarlight 2, Uemp (depending on how close you are to the
galactic center).
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cascade simulation code we shall use in this work uses the Dominguez et al.
model [115] which is shown in Figures 3.1 and 3.2.

Clearly, the EBL is hard to take into account when seeking to perform an
analytical calculation of the electromagnetic cascade. A rather radical approach
is to consider only the most energetic photons coming from A < 1 um, although
it is definitely not good enough for exact calculations. To accurately include

the EBL in the cascade will require numerical simulations.
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Figure 3.1: EBL intensity at z = 0 as a function of wavelength as modelled
by Dominguez et al [115]. The solid black line represents their EBL best fit
with uncertainty given by the shaded gray region. Blue dot-dashed and red
dashed lines correspond to other EBL models found in literature ([117] and
[118] respectively). Colored solid lines are upper bounds from the study of
blazars. Empty symbols are direct measurements while filled symbols are from
galaxy counts, usually considered as lower limits.
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Figure 3.2: EBL evolution with redshift (top left panel: z = 0.2), reproduced
from [115]. The solid and dashed black lines represent their model under
different assumptions for z > 1 extrapolation (see the reference for details).
Red dashed, blue dot-dashed, green dotted and gray dot-long-dashed lines
represent contributions from quiescent, star-forming galaxies, starbursts and
AGN, respectively. Magenta dashed and orange dot-dashed lines are from other
models ([117] and [118] respectively), for comparison.

3.2
Physical Processes in v-ray Propagation

Pair production (PP) and inverse Compton scattering (ICS) are the main
processes involved in y-ray propagation through space.® In this section we will
describe the physical features of both in order to understand how the cascade
itself will develop, which is the topic of the next section. Useful reviews on these
subjects can be found in [121] and [122]. For convenience, I shall henceforth

refer to both electrons and positrons as simply “electrons”; unless specified.

5Higher order processes like double and triple pair production become dominant at y-ray
energies above E., ~ 10'3 GeV, which is far beyond what is considered in this thesis [120].
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3.2.1
Pair Production

Electron-positron PP involving the collision of two photons, also known
as the Breit-Wheeler process [123], is the first process we must understand in
detail to fully address the electromagnetic cascade. It is represented by the

reaction

Y4+ — et e, (3-4)
where one of the initial photons is a low energy target (represented by the
subscript t) and the other photon is a high energy ~-ray. In our case, the
target will be a CMB or an EBL photon.

The first and most crucial aspect to notice is that there is a natural
energy threshold below which pair production is no longer possible. It depends
on the electron mass, m,, and on the energy of the background/target photons,

€.

ENy, =mi/e. (3-5)
In the context of the cascade, this means that very high energy ~-rays (£, 2
400 TeV) pair-produce with both CMB and EBL backgrounds. However, as
these v-rays propagate and lose their energy, only EBL photons have sufficient
energy to participate in PP. Eventually (E, < 400 GeV), both the CMB and
the EBL become sterile for PP, resulting in a ICS-dominated cascade.

The differential cross section, in the frame in which the collision is
collinear, for an incoming ~-ray with energy E. interacting with a background
photon with energy ¢;, with respect to the outgoing electron’s energy F.,
expressed in terms of the Thomson cross section, or = 8ra?/3m? ~ 66.5

fm?, is given by [120]

dO'PP 3 m2 Ee E’y_Ee 2 1 1
= Zgp e E1-8)—+——r])-
i, 1% B -5 B T BUONEtECE

B2(1-p3%2( 1 1\’
B 4 (E—e+E7—Ee>]’ (3-6)

where s = 4F. ¢, is the squared center of mass (CM) energy, § = /1 —4m?/s =
/1= E}; b,/ E- is the velocity of the outgoing electron in the CM frame and

the range is restricted to =8 < g— < % We obtain the total cross section
vy

2
by integrating:
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3

ropl®) = on(1 = ) [25(62 2+ (3 #In (}fﬁ)] BNEES

Cross section 3-7 peaks at opp* ~ or/4 for E, ~ 2EL}, . This means that PP
on the CMB dominates for ~ PeV ~-ray energies, while COB photons become
the main targets for £, ~ TeV.

We will be concerned with the behaviour in the high energy limit

16 1—p2
For PeV photons interacting with the CMB or TeV photons interacting with
the COB, this approaches (307/16). We can estimate the mean free path X that

~-rays propagate before pair producing with targets of homogeneous density

oop 22 S o1 = 52) [2111 ( ! ) - 2}. (3-8)

ng by

A= (no)~h (3-9)

These numbers are displayed in Table 3.1 for targets from the COB and CMB,
at TeV and PeV y-ray energies, respectively.

In each PP collision, one of the outgoing particles leaves with a fraction

[ = E./E, of the incoming 7-ray’s energy. At high energies, this fraction is

f~1—nQ2Ee/m2)]™", forE,>E, (3-10)

while at low energies, both e* share this energy equally,

f~05, forE, 2 EY, . (3-11)
This behaviour will divide the pair-producing stage of the cascade into two
parts: (7) At high energies, only one leading particle will carry away most of
the energy of the initial y-ray (from Eq. 3-10, f — 1 as £, — o0), while the
other low-energy particle leaves the cascade (or starts a new one at a much
lower energy). (i) At lower -ray energies, the outgoing particles share equally
the total incoming energy, doubling the number of particles in the cascade in
each PP step.

3.2.2
Inverse Compton Scattering

Compton scattering can be succinctly represented by the following scat-
tering reaction: e + v — €’ + /. However, this representation misses a key
feature that qualitatively differentiates regular Compton scattering from the
process we are actually interested in, which is inverse Compton scattering.
Regular Compton scattering refers an energy transfer from the photon to a

target electron, resulting in an increase in the photon’s wavelength. ICS is
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precisely the opposite: a high energy electron scatters off of a target photon,
transferring energy to it. Hence, a subtle change in the reaction’s equation

better represents this process as

e+ — e +4. (3-12)

Similarly to PP, the target photons come from either the CMB or the EBL.
To lowest order (i.e. in tree-level QED), a very similar derivation to Eq.
3-7 (since this process is related to PP through crossing symmetry, it is actually
the same derivation, simply changing the 4-momenta) yields the Klein-Nishina

formula for the Compton scattering differential cross section in the electron rest
frame [124]

dUICS 042 E.y/ 2 E,y/ E’Y . 9
— — 0 3-13
O 22\E ) |E "B ™ (3-13)
E"/

where 0 is the scattering angle and - is the ratio between the final and initial
Y
photon energies. Given E,, we can obtain E, from the well known Compton

scattering relation

> -1
E,=E, [1 + —(1 — cos 9)] : (3-14)
me

which adds another #-dependence into the differential cross section.
It is worthwhile noting that, in the low-energy limit £, < m,. (or,
equivalently, %’ — 1 from Eq. 3-14), Eq. 3-13 reduces to the familiar Thomson

scattering cross section:

2 2
dorcs By<me, @ B <me STQ

dQ 2m?

(14 cos®0) = orcs = or. (3-15)

3m?
In switching from the lab (primed) frame, where the electron has Lorentz factor
Ye = (1—32)"Y2 = E! /m, and travels at an angle § with respect to the target
photon, to the electron rest frame which we have been considering, the photon

energy transforms as

E, = El7.(1 - fB.cost)) . (3-16)
Hence, the Thomson limit in the lab frame can be expressed as E! E;, < m2.
This does not reflect the ICS regime for PeV cascade electrons (or even TeV
electrons interacting with the EBL).
In fact, we are interested in the Klein-Nishina limit, which is the opposite
case: E,E. > m?2 (the prime subscript is dropped as we will only work in the
lab frame from now on). The cross section now behaves as [124]

E E.>m?2 3 mg I QE,Y E.
? — O
8 ' E,E. m2 )’

JI1Cs (3—17)


DBD
PUC-Rio - Certificação Digital Nº 1821442/CA


PUC-RIo- CertificagaoDigital N° 1821442/CA

Chapter 3. Electromagnetic Cascades 58

which is & op/4 for ICS of PeV electrons with the CMB for TeV electrons on
COB photons. This results in a mean free path of ~ 10 kpc for the former
and ~ 1 Mpc for the latter. This cross section decreases as we go deeper into
the Klein-Nishina regime: it is ~ 107307 for a PeV electron scattering with
the COB. For comparison, Table 3.1 includes the mean free path of regular
Compton scattering, which is & 6 orders of magnitude larger than the size of
the observable universe.

Equation 3-10 (replacing E, by the incoming electron’s energy E.) is
also valid for ICS at high energies (E. > EI},), which means that the final
photon leaves with most of the incoming electron’s energy.® The same applies
for E. ~ ETy,: f ~ 0.5. At lower energies where PP is no longer possible
(Ee < ENY,), if € < me (which is true for both the CMB and the EBL), then

the outgoing photon from ICS carries a fraction of the electron’s energy [122]

4
f=3Ee /m?,  for E. < EY, . (3-18)
This means that
4
E, = gyget, for E. < EL}, (3-19)

where 7, = E./m, is the Lorentz factor of the electron. In fact, Eq. 3-19 is
an approximation used in the analytical cascade calculations; deviations from
the exact relation become significant above F, ~ 3 x 10'? ¢V (see Figure 2 in
[106]).

Table 3.1: Summary of PP, ICS and regular Compton scattering cross sec-
tions and order-of-magnitude mean free paths for different incoming particle
energies, adapted from [107]. The target photons come from either the COB
(optical part of the EBL) or the CMB. Their respective densities are also dis-
played in the table. The mean free path for regular Compton scattering is
shown for comparison.

Process Target Density [cm ™3] | Cross Section [o7] | A [Mpc]
’Y(TGV) + Yeob — et +e” 0.5 3/16 10
V(Pev) + Yemb — et +e” 410.5 3/16 102
e(TeV) + Yeoh —> € + 7/ 0.5 1/4 10
e(PeV) + vemp — €'+ 410.5 1/4 102
e(PeV) + yeoh —> €' + 4/ 0.5 103 103
v+ e — v + € (regular Compton) 10~7 10-3 1010

6In ICS, we implicitly redefine f to be E./E..
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3.3
Cascade Regimes

Let us now work towards uniting PP and ICS into a single picture.
As a simplifying assumption, we will consider in this section the photon
target background to be dichromatic, with energies € my = 6.6 x 107% eV and
€y = 0.68 eV (corresponding to the COB peak at ~ 1.8 um). This is an
approximation we must make in order to make analytic calculations about the
behaviour of cascades. However, one must always remember that the CMB is
actually given by a blackbody spectrum and the EBL is even more complicated
to model (see Sec. 3.1.2). For a description of a simpler monochromatic cascade,
see the Appendix in [108].

These assumptions will divide the cascade into three regimes. Transitions
between these regimes occur when the cascade particles approach PP threshold
with the CMB and EBL:

Eihemp = mZ/ecmb ~ 4.0 x 10" eV , (3-20)

Etpen = m? /e ~ 3.8 x 10M eV . (3-21)
Let us now describe each regime separately by following the energy evolution

of the cascade (instead of its evolution in time).

3.3.1
Leading Particle Regime

After the initial ~-ray has left its source, it will eventually find a
background photon to interact with, producing an e* pair. One of these
particles will receive almost all of the y-ray’s energy and eventually inverse
Compton scatter off of another background photon. By comparing densities
(Nemp > nep), we can expect CMB photons to be the main targets in the
E > E,emp stages of the cascade. So far, the cascade is oblivious to the
presence of the EBL.

In each collision (PP or ICS), the incoming leading particle (i.e. the most
energetic particle) transfers a large fraction f &~ 1 — [In(2E¢€qm/m?)] ™ ~ 1
of its initial energy E to the next leading particle, either the outgoing photon
in ICS or an electron from PP. The non-leading particle, which is always an
electron, leaves with fFE and starts a new cascade at a considerably lower
energy. This consecutive PP — ICS — PP —... chain repeats itself until the
leading particle approaches the energy threshold for pair production with the
CMB, Eip.emp, given by Eq. 3-20.

A transition to the next regime begins at E ~ Ej, . (in reality, it begins
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a bit earler at = 5FEi, cmp), where f ~ 0.5 for CMB collisions means there is
no longer one leading particle, but instead all products share equal energies.
Nevertheless, non-leading electrons can always start this next regime early if

fFE is small enough.

3.3.2
Multiplication Regime

When PP with the CMB is no longer possible, EBL photons take over
this process and pair production is now exclusively v + Yy — et +e7.7
Meanwhile, ICS targets still come mostly from the CMB since they are more
numerous than the EBL. The energy loss fraction being =~ 0.5 for ICS with
the CMB (at E. ~ Eu, cmp) and for PP with the EBL (at E, 2 Ey, ) means
that the products in each collision share equal energies. With each step, the
number of particles participating in the cascade increases; hence the name
“multiplication regime”.

This regime ends at the PP threshold energy with the EBL, Ey, o from
Eq. 3-21, formally marking the end of the cascade. The minimum energy of
cascade photons in this regime is therefore Ey, ¢, and the minimum energy

of cascade electrons coming from these threshold pair-producing photons is
Eineb/2.

3.3.3
Low Energy Regime

After PP is no longer possible, no new electrons are produced and ICS
on CMB photons dominates because there are leftover electrons from the
multiplication regime. Photons resulting from ICS at these energies (F, <
Einemy) are produced with energy according to Eq. 3-19. Notably, if one
considers an electron leaving the multiplication regime with the lowest possible
energy, B, = Ey, 11/2, then the corresponding Compton scattered photon will

have energy.

4 1 Ccmy
EX — */762€cmb = 7m§€2 b ~ 12X 108 eV . (3_22>
3 3 "

All photons produced with E, < Ej, . are said to be “cascade-sterile” from

now on. A pictorial summary of all that has been discussed so far regarding

the three cascade regimes can be found in Figure 3.3.

It is worth mentioning that the EBL radiation is absent at z > 1, which means that
this second stage of the cascade can only begin at smaller redshifts (z ~ 2 — 3).
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Leading particle

AVAVAY e VAVAY

Non-leading electrons

Eth ,cmb Eth ebl

Figure 3.3: Illustrative representation of an electromagnetic cascade, adapted
from [107]. The standard notation of curly lines for photons and straight
solid lines for electrons is adopted. From left to right, the vertical dashed
lines separate the leading particle, multiplication and low energy regimes. In
the leading particle regime, examples of non-leading electrons which start
new cascades at £ > Eyemp and Epemp > E > Ey ey are shown. In
the multiplication regime, the uppermost photon is an example of a photon
produced with energy Ey, .,y > E, > Ex, becoming cascade-sterile since it
cannot pair produce.

3.4
Spectral Features of Cascaded ~-rays

After considering the kinematics and energetics of the cascade processes,
we now want to characterize the remnant y-ray spectrum arising from it.
Notably, in the dichromatic model we have considered, this spectrum has

a universal shape (independent of the initial energy of the primary photon,

E,, or injection spectrum jg: (E,) entering the cascade, assuming that
Eiot > Eypen) with characteristic energies that mark changes in its behavior:
Eipen and Ex.

Let’s introduce a new quantity: ¢(E) denotes the number of cascade
particles passing through energy E during the entire duration of the cascade.

The notation for photons and electrons is ¢.(£) and g¢,(E), respectively,
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satisfying

@(E) + ¢,(E) = q(E) . (3-23)
We make two assumptions in the arguments that follow: (¢) the cascade devel-
ops completely, and (47) energy is conserved throughout the entire cascade.

As a consequence of these assumptions, Fq(FE) = FEyy is a fixed value
for any E. It is also easy to see that ¢.(F) = const. for E < Eu,en/2,
since no electrons are produced in the low energy regime, and the existing
ones will gradually lose all their energy by radiating Compton photons. In the
multiplication regime, since the number of cascade electrons and photons are
related by N, ~ 2N,.® energy conservation leads us to Eq.(F) = 2Fq,(E).
Together with Eq. 3-23, we find that ¢.(E) = (2/3)Ei/E = 2¢,(E). Most
importantly, the energy dependence ¢.(E) oc E~! in the multiplication regime
will be important in what follows.

Given a single electron with energy E., it radiates dE,/E. photons with
energy E., = fE, in its deceleration to energy E.—dE..” Since ¢.(E.) electrons
pass through energy E. during the cascade, then the total number of photons
emitted with £, is

AN, (E,) = .(E)dE. /E, (3-24)
In the low energy regime, the energy spectrum of cascade-sterile photons

can be obtained by substituting ¢.(E.) = const. and E, < E? (from Eq. 3-19)
into Eq. 3-24, leading to the low energy asymptotic behaviour

dn,
— o B3
dE,

In the end of the multiplication regime, photons that are produced between

for £, < Ex . (3-25)

Ex < E, < Ey,u are not absorbed by backgrounds and become cascade-
sterile. We can use ¢.(F,) < E;' and E, o< E? (which is true since ICS occurs
in the CMB) to find

dN. B
diE{: X E,YQ, for EX S E»y S Eth,ebl . (3—26)
Finally, as long as PP is still possible (in either the CMB or the EBL), all

ANy _
T 0.

Gathering all of these results, we can express the cascaded photon

photons eventually transform into e* pairs and

spectrum for a point-like source in the following way:

80ne can work out the exact relations to be N, = 2N, — 2(—1)" for a photon entering
the multiplication regime and N, = 2N, + (—1)¥ for an electron entering the multiplication
regime, after v generations.

9Think of this as sharing dE, among dN photons of energy E,. Then dE, = dN x E,.
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(K/Ex)(E,/Ex)™%?* for E, < Ex
(Ey) = (K/Ex)(E,/Ex)™? for Ex < E, < Ejetr > (3-27)
0 for E’y > Eth,ebl

ax,
dE,

where K is a normalization constant. It can be found by energy conservation,

~ dN
/0 By qp By = B (3-28)

resulting in

E tot

K = .
Ex[2+In(Epen/Ex)]
This is the only place where the total energy injected into the cascade, Fyu,

(3-29)

appears in the resulting spectrum. This is why Eq. 3-27 is said to reflect a
universal spectrum, frozen at the remnant photons stage (independent of the
production stage).

The spectrum 3-27 is not valid for sources too close or too far from us. If
they are too close (Tsource < (0PPMey) 1), photon absorption on the EBL may
not occur due to the small density of EBL targets (we have been neglecting
target density so far because of the assumption that the cascade develops
completely). In this case the cascade can occur with only the CMB; see [106]
for the implications.

For high-z sources, the effect of cosmological redshift becomes important.
The energy of CMB photons evolves as €.mp(2) = (1 + 2)€cmp,0, While the EBL
varies nontrivially (see Figures 3.1 and 3.2), €. (2), because the evolution of its
sources also come into play. This reflects in slight modifications to the relevant

energies for the universal spectrum:

2
m
Eipe = — 3-30
th,ebi (2) eon(2) ( )
and
M2€emp(2)
Ex(z) = 2. 3-31
O Bewy .
At the Earth, these energies are redshifted by a factor of (1 + z):
2
m
EY u(2) = ——"—— 3-32
th,ebl( ) (1 + z)eebl(z) ( )
and
2
E2(z) = _Me€emb0 (3-33)

3(€ecti(2))?
The new spectrum now has an additional z-dependence, and K can be found by

particle number conservation, %(EW z)dE, = jgz (E,,0)dE,. Still, Eq. 3-27
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remains valid besides the changes in the values of its characteristic energies.
Needless to say, in more realistic setups, the sharpness of the spectral
features in Eq. 3-27 are smoothed out. Namely, there is a transition region
around Ex where the spectral index changes smoothly from E~%/2 to E~2, and
the cutoft at Ey, ¢y is not sharp, mainly because the EBL is not monochromatic

and the cascade does not necessarily develop completely.

3.5
Numerical Cascade Simulations

Real cascades can produce spectra far from what we have seen so far in
this chapter. We have briefly discussed the effect of cosmological redshift for
high-z sources, but low-z sources remain a problem because the cascade might
not have enough time to develop completely. Radiative energy loss processes
such as synchrotron emission by electrons have also been neglected so far, as
well as the energy distribution of CMB and EBL photons. In this section, we
briefly outline how to take into account such effects in numerical simulations.
We will refrain from discussing numerical techniques to solve the cascade
transport equations; the reader is directed to [107] for more information on
the subject.

The basic idea behind numerically simulating an electromagnetic cascade
is following its time evolution, in contrast to our previous discussion regarding
the evolution in energy. This approach will lead us to an integro-differential
equation, which can be solved numerically using the Runge-Kutta technique
for example.

Consider an isotropic distribution of incident particles with distribution
in energy N;(E;) scattering off targets with density distribution n;(e;). This
scattering process is characterized by the differential cross section %(E ,E")
for an incoming particle with energy F producing a particle with energy E’. Let
1 = cos 0, where 0 is the scattering angle, and 3 be the velocity of the incoming
particle in the lab frame. The production of particles from this process is given
by

. €t,max 1 1 — Ei max Emaz
N = c/ nt(et)det/ 5“01”/ Ni(Ei)dEi/ 7 g gyae .
FE; FE

min dE/
(3-34)
Targets in our case are CMB and EBL photons. Since the CMB is

thermal, we can model it by a Planck distribution with peak temperature
Tcmb(z) — Crcmb,O(1 + Z)7

€t,min - 2 i, min

(3-35)

1 2d
Nemp(€)de = — € - € i
2 exp( o) L
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Many models exist for EBL photons in literature, but most treat the CIB and
COB as two blackbody curves (see Sec. 3.1.2).

To consider all energy loss processes in the cascade, we make use of
a steady state equation known as transport or kinetic equation. Given an
injection spectrum N, (F), this equation allows us to calculate the observed
spectrum N (FE) after the cascade. For electrons, one must take into account
a continuous, isotropic injection from the sources, Ne,m, the loss through ICS,
Ne,ics, and production via PP, Ne,pp. Both Ne,pp and Ne,ics have the form in Eq.
3-34, with cross sections given by Eqgs. 3-7 and 3-13, respectively. Gathering

these contributions,

N, = Nein — Nees + Nepp - (3-36)

It is common to consider Ne,in = 0 since most astrophysical sources do not
allow electrons to escape because of intense magnetic fields.

We can incorporate an additional term due to continuous energy loss

along the propagation direction =,

‘ig(E) =—aN(E)+j, (3-37)

which can be included to model synchrotron radiation or v~ absorption in
dense environments, for example. In 3-37, « is the coefficient of energy loss

and 7 is the source/injection term. The full kinetic equation for y-rays reads

N, = Nyin+ Nyics — Noypp — c?j : (3-38)
Keep in mind that each term in this equation is either of the form 3-34 or 3-37.
Due to its complexity, it can only be solved numerically, which we will abstain
from doing here. Instead, we will move on to briefly describing the specific

cascade simulation method used in this thesis.

3.5.1
~v-Cascade Simulations

The code used in this work for cascade simulation is the publicly
available Mathematica package “y-Cascade” [109]. Although we only use it
for static (injection spectrum independent of redshift z) source distributions,
it also simulates ~-ray propagation for point sources and evolving source

populations (injection spectrum with a z-dependence). As an input, we provide

dN
’ dE: inj’
and their spatial density distribution F(z) (assumed to follow the SFR, see

two characteristics about the sources: their y-ray injection spectrum

Appendix B). After running the calculations briefly outlines in this section, the

program produces the corresponding differential cascaded spectrum divy

a5 as

casc
an output.
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~v-Cascade uses a semi-analytic approach, taking into account PP, ICS
and synchrotron cooling, as well as cosmological expansion effects. The differ-

ential spectrum of electrons after the first PP stage in isotropic targets with a

spectrum § d”t is given by (see Eq. 3-34)
dN, dn do
) = [ S ’ ) G (@) g (e By B decdE, L (3-50)

where App is the mean free path traversed by the injected ~v-rays and ?Tpf is
given by Eq. 3-6.
After one ICS, the electron of energy F, loses energy AFE,, producing the

new -y-ray spectrum

dN., dn,

d
oy " (B, E,,AE,) = N f(E.) Aics o1cs

a5, qE,

(Et, Efyl, Ee) dEt 5 (3-40)

where N is an overall normalization factor such that energy is conserved,

f . dNW'

into ICS (f(E.) < 1 due to synchrotron emission), and Ajcs is the mean

dE,, f(E.) is the fraction of the injected energy which goes

free path of electrons before interacting with target photons. The average
synchrotron energy loss rate depends on the medium’s magnetic field, B, the
electron’s velocity 8 and Lorentz factor, 7., as [125]
dBEss 4 B? , ,
= —gp— ) 3-41
dt SUT 87TB Ve ( )
To obtain the total cascaded ~-ray spectrum, one must sum over all

spectra from ICS of an electron with energy F,, then integrate over all electron

energies to consider all ICS events,

dnN, dN, dN,
dE,y CaSC(E'Y) dE (E67E )Z dE (E E AE ) d . (3_42)

This integration is done repeatedly over as many propagation steps n necessary
such that nA = D, where D is the comoving distance from the source to the
Earth, assuming a flat universe. Cosmological redshift is also taken into account
for both a point source and a diffuse source distribution; see [109] for all the
details.
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3.5.2
Comparing Simulations with the Universal Spectrum

As briefly discussed in Section 3.4, the universal spectrum calculated
analytically is not valid for sources located at any redshift z. In this section,
we show some examples of point-source cascaded spectra and evaluate how
they compare with Eq. 3-27. Unfortunately, we are only able to analyse the
region above Ex & 0.1 GeV since this is the lowest energy covered by the ~-
Cascade program. For a comparison including the region below Ex, see [106].

In our analytical calculation, we consider €. (z) = €0 since the COB
peak around A &~ 1 pm shifts negligibly up to z = 2 (see Figure 3.2). The
decrease in Ey, o by a factor of (1+2) is the only cosmological redshift effect we
account for. Although the universal spectrum is independent of the emission,
we assume a simple £~2 power-law with an exponential cutoff at 10 PeV as

the injection spectrum for our simulations.

Zz=0.01 ! Z=0.05

E? dN/dE [GeV cm™2 s7' sr7']

1 10 100 1000 104 1 10 100 1000 10*

E [GeV] E [GeV]
Figure 3.4: Cascaded fluxes (blue lines) above Ex ~ 100 MeV from point
sources located at different redshifts. The black dashed line corresponds to
the cutoff energy Ey, cpi(2) predicted by the universal spectrum in Eq. 3-27.

Dashed grey lines correspond to E_» (as predicted by the Eq. 3-27) and EF~!
spectra. The latter index seems to fit the simulations better for z < 0.2.
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Curiously, our simulations show that the Ex < E., < Ey, o part of Eq. 3-
27 is seen as having an approximate £ 1.9 dependence instead of the expected
E 2 The reason behind this is unclear and should be explored. The smoothness
of the cutoft at Ly, . is expected due to the EBL not being monochromatic,
but its position is relatively accurate (withing a factor of ~ 3) for all cases
except z = 0.01. This is an exceptional case where the source is too close such
that the cascade cannot properly develop, resulting in a cutoff at ~ 10 PeV
instead, where the injection spectrum itself has a cutoff. Simulations including
the energy range below Ey have shown that the E~1° low-energy spectrum is

robust.
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4
Methodology

In Chapter 1, we have presented the evidence coming from IceCube
observations for the existence of astrophysical neutrinos, as well as posing
the necessity for a multimessenger approach in search for their sources. A
natural follow-up would be to look for their counterpart in v-rays, which is
expected to exist based on the conventional neutrino production scenarios
presented in Chapter 2. Chapter 3 has shown us that v-rays emitted at > TeV
energies undergo an electromagnetic cascading process, producing an observed
~-ray flux at the Earth at sub-TeV energies (assuming full development of the
cascade). This chapter shows us where we expect to find these y-rays and how
exactly we can use them to set constraints on the IceCube neutrino sources.

Since IceCube neutrinos have ~ TeV - PeV energies, so do their cor-
responding ~v-rays via the relation in Eq. 2-10. This means that, after they
experience the electromagnetic cascade, we are looking for a diffuse y-ray flux
at sub-TeV energies, which would manifest itself as a contribution to what
is known as the extragalactic y-ray background (EGB). We shall begin this
chapter by presenting the EGB, together with its relevant features and well-
established contributions. Once that is done, we will be ready to describe the
step-by-step methodology of our analysis which will set multimessenger con-
straints on the sources of astrophysical neutrinos. This includes determining
the neutrino injection spectrum by introducing several free parameters, choos-
ing a source candidate (i.e. a source population/distribution of sources), mak-
ing use of the v-Cascade code to calculate the corresponding ~-ray spectrum
at the Earth and defining a y2-test to quantitatively search for any tensions

in the parameter space between IceCube and EGB data.

4.1
The Extragalactic y-ray Background

The extragalactic y-ray background (EGB), measured between 100 MeV
and 820 GeV by the Large Area Telescope (LAT) on board the Fermi Gamma-
ray Space Telescope (Fermi) [126], is the observed flux corresponding to all
extragalactic vy-ray sources, both point-like and diffuse. Figure 4.1 presents

the latest measurements reported by the Fermi Collaboration. In this energy
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range, the main challenge in measuring the EGB involves subtracting galactic
background contributions. Notably, the galactic center is a very intense and
difficult to model source of v-rays. For this reason, the Fermi Collaboration
only reports EGB intensities for high galactic latitudes (|b] > 20° in galactic

coordinates).

Total EGB

—_
<
w

——e—— Fermi LAT, 50 months, (FG model A)

———&—— Fermi LAT, 50 months, (FG model B)

E? dN/dE [MeV cm? s sr1]
o

-5 —
10 - ——=—— Fermi LAT, 50 months, (FG model C) 3
u Galactic foreground modeling uncertainty .
» Fermi LAT, resolved sources, |b|>2® (FG model A) .
! 1 I 1 1 1 11111 | 1 1 1 1 1 111 I 1 1 1 11 111 I 1 1 1 1 1111
10°
107 10° 10* 10° 10°

Energy [MeV]

Figure 4.1: EGB flux measured by The Fermi-LAT Collaboration between
100 MeV and 820 GeV for three different foreground models (see Table
4.1) at high latitudes, |b] > 20° [126]. Error bars include statistical and
systematic uncertainties for each foreground model added in quadrature,
while the yellow shaded region represents the systematic uncertainty coming
specifically from modelling the diffuse galactic emission. For foreground model
A, the cumulative intensity solely from resolved sources is shown as the gray

band.

Another background which is comparable to the EGB for 2 1 GeV en-
ergies is the diffuse galactic emission (DGE) resulting from CRs interacting
with interstellar gas and radiation fields. To model the DGE, Fermi consid-
ered three different assumptions regarding the CR injection and propagation
scenarios. They are denoted as foreground (FG) models A, B and C; Table
4.1 briefly outlines their main differences. Each FG model results in different
EGB intensities, all displayed in Figure 4.1. Adopting different models does
not change qualitatively the results obtained in this thesis and, since it is the
most conventional scenario, we choose to use FG model A in our calculations.
For clarity, the EGB intensities in each energy bin and the upper uncertainties
(statistical, systematic and FG model uncertainty added in quadrature) for
FG model A are displayed in Table 4.2. The complete EGB data released by
the Fermi Collaboration can be found at [126].
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Table 4.1: Main differences between the three FG models for the DGE employed
in Fermi’s EGB analysis [126].

Model A Source population injecting CR nuclei and electrons is the same;
ode
constant CR diffusion coefficient throughout the galaxy

Model B | Addition of an electron source population near the galactic center

Diffusion coefficient varying with radial distance to galactic center

Model C

and height above the galactic plane

Lastly, CRs misclassified as y-rays and CR-induced atmospheric v-rays
constitute a residual background contamination which is not perfectly known.
To subtract such mis-reconstructed events, Ferms simulates their presence in
the near-Earth environment, obtaining the expected distribution of such events
and comparing it with actual data. Achieving the best compromise between a
low CR background uncertainty and high statistics is actually the reason why
Fermi restricts their analysis between 100 MeV and 820 GeV.

Table 4.2: EGB intensities and upper uncertainties, in [cm~2 s~ sr™!], for FG
model A, which is the one used in this work. The uncertainties include the
statistical, systematic and foreground modeling errors added in quadrature
[126].

Energy Bins [GeV] EGB Intensities | Upper Uncertainties (stat. + syst. + FG.)
Lower bound | Upper bound [em™2 s71 sr7 1) [em~2 s71 171
0.1 0.1414 3.674 x 10~6 6.331 x 10~7
0.1414 0.2 2.321 x 10=6 4.530 x 107
0.2 0.2828 1.469 x 10~ 3.373 x 10~7
0.2828 0.4 9.697 x 10~7 2.364 x 10~7
0.4 0.5657 6.735 x 10~7 1.390 x 10~7
0.5657 0.8 4.871 x 10~7 8.218 x 108
0.8 1.1314 2.990 x 10~7 5.267 x 10~8
1.1314 1.6 1.786 x 10~ 7 3.946 x 10—8
1.6 2.2627 1.089 x 107 2.918 x 108
2.2627 3.2 6.932 x 10~8 2.009 x 10—8
3.2 4.5255 4.207 x 10~8 1.342 x 10—8
4.5255 6.4 2.618 x 10—8 8.737 x 10~9
6.4 9.051 1.692 x 10~8 5.649 x 10~9
9.051 12.8 1.203 x 108 3.317 x 10~9
12.8 18.1019 6.754 x 1079 2.074 x 1079
18.1019 25.6 4.376 x 102 1.221 x 109
25.6 36.2039 2.668 x 10~9 7.013 x 10— 10
36.2039 51.2 1.789 x 102 4.052 x 10~10
51.2 72.4077 1.093 x 109 2.245 x 1010
72.4077 102.4 6.183 x 10~10 1.236 x 10~ 10
102.4 144.8155 3.084 x 10~10 6.608 x 1011
144.8155 204.8 1.925 x 1010 3.748 x 10~ 11
204.8 289.6309 8.880 x 10~ 11 2.145 x 10~ 11
289.6309 409.6 6.280 x 1011 1.605 x 1011
409.6 579.2619 2.053 x 10~ 11 9.515 x 10~12
579.2619 819.2 9.663 x 10~12 6.448 x 1012
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Point-like contributions to the EGB at high energies consist almost
entirely of blazars, including BL Lacertae objects (BL Lacs) and flat-spectrum
radio quasars. In fact, it has been shown in [127] that 8677$% of the total EGB
above 50 GeV corresponds to contributions from individual sources in the 2FHL
catalog [128], most of them being blazars. Radio galaxies (RGs; also known
as misaligned AGN) and star-forming galaxies (SFGs), on the other hand, are
mostly too faint to be resolved and become diffuse EGB contributions. In this
thesis, we take into account the well-established/conventional contributions
from blazars using the luminosity-dependent density evolution model adopted
in [129], as well as from RGs [130] and SFGs [131], which alone account for
nearly 100% of the EGB.! They are displayed in Figure 4.2, taken from [129].

T M i L ! ' LI | ! ' LR | ! ! TRy
B ] EGB Spectrum (Ackermann et al., 2014b) |
e 6 Sum of components
:3 107 All Blazars - this work —
0 _
o — A O o .
£ TR, : £ Ry
T 10.7 - R : '; !:‘ YA —
> E 325, iy E
Q — Y ]
9. - H%‘.‘}ﬁt;t:\ \\—
B S A, 3
w s = SRR, :
_g 108 DM (10 TeV bb) R, =
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Figure 4.2: EGB data (red points) together with its three conventional contri-
butions considered in this work (blazars: blue band [129], RGs: black striped
band [130], SFGs: gray band [131]) and their respective uncertainties. Their
sum is represented by the yellow band. Pink lines pertain to the original pa-
per’s [129] intention to set constraints on the DM annihilation cross section
and are unrelated to this thesis.

LOther more recent estimates for the blazar, RG and SFG contributions can be found at
[132], [133] and [134], respectively. A notable difference is that the new blazar contribution
accounts for ~ 100% of the EGB intensity at energies 2 10 GeV, while RGs dominate
at ~ 0.1 — 1 GeV. Nevertheless, these differences will not change significantly the results
obtained in this thesis.
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If we remove all individually resolved sources (together with all known
galactic foregrounds and mis-reconstructed CR events) from the EGB, the
leftover ~-ray flux is known as the isotropic diffuse y-ray background (IGRB),
displayed in Figure 4.3(a) for all three FG models. Multi-wavelength obser-
vations have identified most of the contributions to the IGRB, including the
aforementioned RG (i.e. “non-blazar AGN”) and SFG contributions, as well
as a smaller fraction (< 20%) coming from blazars [135, 136, 137, 138] and
merging galaxy clusters [139, 140]. Leading contributions are shown in Figure
4.3(b), with their corresponding error bands; they already provide a good fit
for the entire IGRB by themselves and adding any extra contributions runs
the risk of overshooting the data. Notwithstanding, there is still very narrow
margin for unknown/yet-to-be-considered extragalactic sources and unresolved
galactic emissions. Examples of unknown extragalactic source candidates in-
clude the IceCube neutrino sources (which should produce cascaded 7-rays
at energies within the EGB range) as well as ~-rays originating from BSM
processes such as DM annihilation [129] or decay [141]. As for galactic con-
tributions to the IGRB, CR interactions with gas and radiation fields in the
galactic halo, with solar system debris and with solar radiation have all been
considered [142, 143, 144, 145, 146, 147]. However, the leading galactic con-
tribution is expected to be from a hidden population of millisecond pulsars,
accounting for < 0.9% of the EGB [148].

= T T T T — _6 SF Galaxies
5 —~ 107"3¢ B Non-Blazar AGN
T 10°E IGRB < = B FSRQs
o E ] = BL Lacs
§ 1 e UHECRSs
g [ 1 2107
=104k 4 =
E E ()
) F 3 O
z r 1 -
°© ——o—— Fermi LAT, 50 months, (FG model A) m
o - 4
| \ = 40—
408 —=— FermiLAT, 50 months, (FG model B) | =108
E W3 =
F ——=— FermiLAT, 50 months, (FG model C) 3 (:3
F S
[ Galactic foreground modeling uncertainty \ i =
\ -9
-6 Ll | Ll TN | 107 +————
10 107!

— ] R S 2 3
pyo e o 10 (Nt 10
Energy [MeV] E, (GeV)

(4.3(a)) IGRB (4.3(b)) IGRB Contributions

10% 10°

Figure 4.3: Left: same as Figure 4.1 but for the IGRB [126]. Right:
Conventional /well-established contributions to the IGRB, together with their
sum and total uncertainty represented by the blue band [141].

Needless to say, the EGB is an essential feature for our multimessenger
analysis. It is where we expect to find the ~-ray counterpart of IceCube’s
astrophysical neutrinos. In the following section, we will describe how we can

use the EGB to establish constraints on the possible neutrino sources.
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4.2
Multimessenger Analyses

We have just seen that the EGB is comprised of conventional sources,
of which we will consider blazars, RGs and SFGs, and unknown/unidentified
diffuse sources which end up in the IGRB. Searches for new physics contribu-
tions to the IGRB such as from DM decay [141] have already been done in the
past. Here, we will instead consider a contribution which is naturally predicted
by the Standard Model: the y-ray counterpart of the IceCube astrophysical
neutrino flux (henceforth referred to as the “cascaded” ~-ray contribution).
Because we expect such a contribution to exist, provided that their sources are
~-ray transparent, this study can set robust multimessenger constraints on the
astrophysical neutrino source candidates.

However, one should note that the IGRB is not a fundamental quantity.
In contrast to the EGB, it is highly detector-dependent: a more precise detector
would resolve more individual sources and have less background contamination,
thus measuring a smaller IGRB intensity. The EGB, however, stays the same.
Naively imposing that the cascaded v-ray contribution must not exceed the
IGRB, as was done in [141], sets constraints that eventually become obsolete
once the EGB is measured with better precision. Also, this approach fails to
account for the uncertainties in the known point-like contributions to the EGB,
represented by the shaded bands in Figure 4.2. We are forced to conclude that
a statistically meaningful analysis must incorporate the EGB instead.

With this in mind, we require that the sum of the cascaded and conven-
tional contributions does not exceed the total EGB intensity. To implement
this condition rigorously, we will define a x? function which correctly takes
into account the conventional contributions’ uncertainties. This is the main
analysis of this thesis, and will be used to constrain possible emission scenar-
ios for a given distribution of IceCube neutrino sources. To check our results,

we perform a complementary analysis in Section 4.2.2 based on the integrated

EGB flux above 50 GeV.

4.2.1
x? Test

For reasons presented in Chapter 2, we expect that the injected astro-
physical neutrino spectrum takes on a broken power-law shape, such as the
one in Eq. 2-6. In order to obtain more robust results, we wish to be as conser-
vative as possible in our assumptions. Hence, we adopt the following minimal

assumption:
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B €y < Epr

dN,

?(81/) =<qcA €;Sh Ehr < €y < Ecut (4_1>
0 v > Ecut

where A and B are normalization constants satisfying B = Ae, ** for continuity
at €, = ep,,. We impose a sharp cutoff at .,y = 10 PeV because IceCube has
not seen any neutrinos with higher energy. However, varying .., between 1-
100 PeV has a negligible effect on the corresponding cascaded v-ray flux. The
main contribution to the cascaded flux which adds to the EGB comes from
the low-energy part of Eq. 4-1, characterized by ey,,. Note that Eq. 4-1 can
be realised in the py scenario (s; = 0 in Eq. 2-6). Although this is something
to keep in mind as a likely production mechanism of IceCube’s astrophysical
neutrinos, the main reason for adopting the spectrum in Eq. 4-1 is simply to
make our analysis as conservative as possible.

At the end of the day, we are left with 3 free parameters, A, e, and sy,
which will be scanned over. Each of them is directly related to a measured

quantity in IceCube’s flux from Eq. 2-1:

A X (I)astro ) (4_2>
Sh = TYastro (4"3)
Ebr S Eth . (4—4)

The precise relations between A and ®,,,, and ¢, and Eyy, are the subject of
Sections 4.2.3 and 4.2.4, respectively, but we can already see from s, = Vastro
that IceCube’s fit in Eq. 2-1 corresponds to the region ¢, < €, < €.yt in Eq.
4-1. From now on, we shall use s;, and a0 interchangeably.

Given a choice of A, &, and sp,, we obtain the corresponding ~-ray
injection spectrum via relation 2-10 and supply it to «-Cascade, together
with a specific source density distribution (see Appendix B). The program
then calculates the cascaded v-ray flux at the Earth coming from this source
population, producing a diffuse contribution to the EGB. We are now ready
to elucidate our method for setting constraints on the (A, ey, s,) parameter
space.

This is achieved by defining a x? test statistic given by

2 2
2 (E,EGB - AFi,astro - Fi,cas) (A — 1)
X" = min ; . + =) : (4-5)
where the index 7 runs over all 26 Fermi energy bins. F; pgp and o; are the EGB

intensity and uncertainty, respectively, in the i-th bin. Fj 44 corresponds to

the sum of all known astrophysical components (blazars + RGs + SFGs) to the
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EGB and Fj .,s is the cascaded 7-ray contribution to the i-th energy bin. F; sstro
is allowed to vary in normalization within the yellow shaded region in Figure
4.2 through the introduction of a nuisance parameter, A. To compensate for
this freedom of normalization which allows for a better fit to the EGB, one
should include the Gaussian-type pull term [(A — 1)/04]*.2 Here, 04 ~ 35%
is the average normalization uncertainty of the conventional astrophysical
contributions over all bins.

The allowed region in an m-parameter space (e.g. m = 2 free parameters
such as ey, and s, while keeping A fixed) is obtained by requiring that
Ax? = x* — X%, < ¢; the values of ¢ are reported in Table 4.3 for several
confidence levels (CL). Here, x2,, ~ 27.03 is the smallest x* found from Eq.
4-5 when scanning over the entire (A, ey, 5, A) parameter space, conveniently
located at A~ 1 and A = 0.

Table 4.3: Values of ¢ such that Ax? > ¢ implies an exclusion of a scenario at
a specific confidence level (CL). The values are reported for m = 1, 2 and 3
free parameters. This table is based on Table 40.2 from Particle Data Group’s
2020 Statistics review [149].

CL(%) |m=1|m=2|m=3
68.27 (1) | 1.00 2.30 3.53

90 2.71 4.61 6.25
95 3.84 5.99 7.82
95.45 (20) | 4.00 6.18 8.03
99 6.63 9.21 11.34

99.73 (30) | 9.00 | 11.83 | 14.16

The x? expression 4-5 has been used before in a similar context by
the Fermi Collaboration [129], setting constraints on DM properties simply
by swapping Fjc.s by the vy-ray contribution arising from DM annihilation
scenarios. In this work we are not searching for new physics, but instead for
a component which is already predicted by the Standard Model and should
be present if the IceCube neutrino sources are 7-ray transparent. Needless to
say, this analysis method is adequate for the task; any inconsistencies would
impact on several well established, generally accepted and widely used DM
limits.

2Using a log-normal pull-term [In(A)/In(1 + 04)]*> which accounts symmetrically for
upper and lower uncertainties does not change significantly the results from this thesis.
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4.2.2
Integrated Flux above 50 GeV

As a complementary analysis, we recall an important result mentioned
in Section 4.1: “.. 86715% of the total EGB above 50 GeV corresponds to
contributions from individual sources in the 2FHL catalog, most of them being

blazars.” If we integrate the EGB spectrum ®ggp above 50 GeV, we obtain

FZ00Y = ;i;ev dE, ®raep(E,) =~ 2.4 x 1077 ph/cm?/s/sr . (4-6)
Thus, by requiring
FPY = [TAE, k() < (1 - BBV (@)
50 GeV
where ¢ is the percentage of EGB above 50 GeV corresponding to blazars (with
mean value of 86%), we can also set constraints on the (A, ey, Sp) parameter
space. Clearly, the choice of parameters affects the resulting cascaded v-ray
spectrum, ®,q.

This analysis has the disadvantage that it is not sensitive to the spectral
shape, only to its integral above 50 GeV. An excess at any energy bin can
be compensated by a deficit at other bins, hiding any tension arising from
overshooting and undershooting the EGB data. Indeed, our first/main analysis
method would show a tension in this case. We can still use this as a sanity

check of our main results, which should produce bounds not too different from

the ones obtained via Eq. 4-7.

4.2.3
Spectrum Normalization

In this section, we shall describe exactly how we calculate the normaliza-
tion of our neutrino injection spectrum for a given fit to the IceCube data. This
normalization is given by the constant A in Eq. 4-1, which we already men-
tioned is proportional to ®,4,,, the IceCube fit normalization. Recall that each
of the IceCube datasets (HESE, Cascade and TG, see Section 2.1.2) employs

a single power-law fit:

100 TeV
with best-fit values summarized in Table 2.1. This measured flux corresponds

EV —Yastro
PIE,) = Dygiro ¥ 1018<) : (4-8)

to the flux we obtain after propagating the injected spectrum in Eq. 4-1 from
their sources to the Earth. More specifically, we are interested in the energy

range between ¢y, < €, < Ecyut, Since ey, corresponds to Eyy, which is the lowest
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energy that IceCube considers in their fit. By means of Eq. 2-13, we find this
flux to be

o)N(E,) = ﬁ /O h dz}fl((Z;A(l +2) B, (4-9)

To find our normalization constant A, we equate 4-8 and 4-9 with

Yastro = S, solving for A:

B 1 “Shleo oo F(2) L -1
A_(I)asm(l()OTeV) Lm/o S TE A - (4-10)

This means that our injection spectrum normalization A depends not only
on D, but also on s,.°> Note that we are not sensitive to the overall
normalization of F(z): A is inversely proportional to it, but this will later be
compensated when we evaluate the integral 4-9 or simulate the v-ray cascade,

which also depends linearly on the normalization of F(z).

4.2.4
en: Redshift

Now that we know how to obtain ®,4,, and sj,, what remains is only &y,.
Since we are working with a minimal assumption, we will assume that there is
a cutoff in the observed astrophysical neutrino flux below FEi,, for each dataset.
In the injection spectrum, this is represented by the ¢, < e}, region, where the
power-law index is s; = 0.

For a point source at fixed redshift z, the break energy at the Earth
is given by Ey, = ep/(1 + z). However, for a distribution of sources F(z),
this relation becomes nontrivial. For example, the position of F}, becomes
sp-dependent and the sharp break is smoothed out due to sources located at
different redshifts. What is done in this case is the following: for a 2-dimensional
grid of ey, and s, values, we calculate the observed flux at the Earth via Eq.
2-13 and find its maximum, which occurs at FEj,,. After interpolation, we end
up with a function relating Ey, and ey, (which also depends on s,), allowing
us to easily find e, corresponding to Ey, = Eiy,. The result is shown in Figure
4.4 for different s; values. We can clearly see that a larger s; causes Fj, to be
smaller with respect to ey,,. This difference increases with the increase of &y,

reaching FEj, & €1, /2 in the extreme case of s, = 3.4 and &y, = 200 TeV.

3Tt does not, however, depend on €y, due to our convenient normalization convention in
Eq. 4-1. This greatly reduced the computational efforts to probe the full parameter space.
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Figure 4.4: Cosmological redshift of the break energy in our injection spectrum
4-1. As expected, this effect results in F}, < ey, since all colored lines fall below
the dashed gray line (which indicates no redshift).

A similar correction must be done for the cutoff energy e, which should
lead to Eyy = 10 PeV at the Earth. Although this is rigorously required, our

results are almost unaffected by changing F.., as discussed in Section 4.2.1.
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5
Results and Discussions

In this chapter, we will present all the results obtained in this thesis,
which can also be found in [79]. First, our main x? analysis results are
shown in Section 5.1, followed by our complementary analysis results in
Section 5.2. Evidence of a strong tension (spoiler alert!) between IceCube and
EGB data will lead us to many interesting discussions regarding the possible
sources of astrophysical neutrinos. Section 5.3 contemplates some of the most
common solutions currently being studied to alleviate our newly-quantified
multimessenger tension. Although our results are only valid for a source density
distribution resembling the star formation rate (see Appendix B), a thorough
and complete consideration of other distributions has been made in a follow-up

paper also co-authored by me [80], confirming the robustness of our results.

5.1
x? Analysis Results

Based on the methodology described in Section 4.2.1, we present 2-
dimensional projections of our 3-dimensional parameter space (A, ey, sp) (or
equivalently, (Pastro, For; Vastro))- Lhese include limits in the ep,-s; plane for
fixed normalization values and limits in the ®,g0-Vastro plane for fixed Ey,
values. The former will reveal to us a clear tension between IceCube and EGB

data, which is then quantified in the latter.

5.1.1
Limits in the ¢, — s;, Plane

Let us first recall the 1o contours in the ®.g0-Vastro Plane reported by
IceCube in their 7.5y HESE, 6y Cascades and 9.5y Tracks datasets, displayed
in Figure 2.7. Upon fixing Vastro (i.e. limiting oneself to a vertical line passing
through Yastro), one can easily find the highest and lowest allowed normaliza-
tions for a given dataset, which we will call ®,,,, and ®.;,, respectively. For
instance, the 7.5y HESE data allows for ®;, = 1.66 < ®.q0 < 2.91 = Py
at 1o CL when Yastr0 = 3.

In this first analysis, we perform a scan over ey, from 1 — 200 TeV and

sp € [2.15,3.2], which includes the 1o sp ranges for all three datasets. For
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each s;, value, we normalized our injection spectra with both A, and A,
corresponding to @, and @i, via relation 4-10.* After following our standard
routine of simulating the corresponding ~-ray cascade for each (A, ey, sn)
grid point and calculating their respective x? values by comparing with EGB
data, we can derive a 90% CL contour (Ax? = 4.61 for 2 d.o.f.) in the
en-Sp plane separating the allowed and excluded regions. Figure 5.1 shows
these limits in blue, green and orange for the 9.5y Tracks, 6y Cascades and
7.5y HESE datasets respectively, with arrows pointing towards the allowed
regions and forbidden regions being color-shaded. Upper(lower) contours are
for Apax(Amin), henceforth referred to as “high(low) norm contours”. As
expected, a higher normalization yields stronger constraints. The real exclusion
is probably located somewhere between the high and low norm contours for
each dataset. The oval-like shape of these regions is mostly determined by
the shape of the contours in Figure 2.7: at the sj,-extremes of each dataset,
where @, and ®,;,, meet, the high and low contours also meet in Figure 5.1,
while at the center of each dataset’s sj,-range, ®,,., and ®,,;, are further apart,

resulting in distant high and low norm contours.

[ T T T T

150
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&or [TeV]

501
L HESE (7.5 yr)

Through-going muoi
& 9.5yr

‘ i . .
1 L L L — L L L 1 L L L L L L L L L L L 1

2.2 2.4 2.6 2.8 3.0 3.2
Sh

Figure 5.1: Limits in the e},-s;, plane from IceCube (gray contours, correspond-
ing to Fy,, = Fi,) and EGB data (colored contours, at 90% CL corresponding
to Ax? = 4.61), with arrows pointing towards the allowed regions. EGB con-
straints are obtained assuming the smallest (lower contours) and largest (upper
contours) normalizations allowed by IceCube at 1o for each s, according to
Figure 2.7, for each dataset (9.5y Tracks: blue, 6y Cascades: green, 7.5y HESE:
orange). A clear tension can be seen between neutrino and v-ray data in the
Cascade sp, range. Figure reproduced from [79].

INote that, for s, values in the intersection of two datasets, each dataset has its own 1o
limits Apnin < A < Anax.
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So far, we have only restricted the parameter space where IceCube is
compatible with EGB data. However, we know that FEi, < Fy, (for each
dataset) because IceCube does not see any change in spectral index down
to Ey. Ey, is therefore expected to occur at lower energies, where atmospheric
backgrounds limit IceCube’s sensitivity. We can translate this restriction on
Ey, to a restriction on ey, using the method described in Section 4.2.4. This
is represented in Figure 5.1 by the gray contours, where once again the arrow
indicates allowed and shaded indicates excluded regions.

While the through-going muon and HESE datasets are still compatible
with the EGB (v and v contours do not exclude the whole parameter space),
the Cascade data, on the other hand, clearly indicates a tension between
neutrino and ~v-ray constraints. This is a consequence of the low Ejy,, lowering
the gray v contour such that even the low norm v contour is excluded by quite

a wide margin. At this point, it is important to recognize two facts:

(7) Even though IceCube separates its neutrino events into different datasets,
one should always keep in mind that the astrophysical neutrino flux we are
observing in each dataset is the same “one” flux. In other words, a tension in
the Cascade dataset cannot be ignored even if the other datasets are allowed
by the EGB. We are truly observing astrophysical neutrinos down to Ey, = 16
TeV, and if we extend this threshold into the s, range of the other datasets,

this tension would still exist (and even increase in the HESE s, range).

(i7) The Ey, = 16 TeV threshold reported by IceCube is very conserva-
tive. There are indeed astrophysical neutrino events at IceCube with lower
energies (~ 1 TeV), but they are rejected in the fits to avoid too much back-
ground contamination. Lowering the gray contours would certainly increase

the tension in Figure 5.1.

It is interesting to see where exactly in EGB energy range are the colored
exclusions in Figure 5.1 coming from. In other words, which Fermi energy
bins are being overshot by the conventional plus cascaded ~v-ray flux for a
given choice of (A, ey, sp)? Figure 5.2 shows the neutrino, cascaded and total
~-ray flux for several (e, sp) values with normalizations ranging from @,
to ®ax for each IceCube dataset. Also displayed are A obtained from the
x? minimization in each case, both for ®,;, and @, (A € [0.1,5] in our
analysis). The dashed lines represent the allowed range based on IceCube’s 1o

limits on .50 and Vastro, €xtending down to Ejy,.
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Figure 5.2: Neutrino (black lines), cascaded (red lines) and total (conventional
+ cascaded, blue lines) ~-ray fluxes for specific (e, s;,) values, compared with
the IceCube allowed regions for each dataset (black dashed lines) and the Fermi
EGB data (red data points). For each flux, the darker tone has normalization
® ..« while the lighter tone has normalization ®,,;,, with a filling of the same
color between both lines. A, and A,.« are the A values obtained from the
minimization of our x? function 4-5.

It is useful to look at the points in Figure 5.1 corresponding to the plots
in Figure 5.2. In most excluded cases, the cascade contribution overshoots
the EGB data points around ~ 10 — 200 GeV, with the notable exception of
the upper left plot, where the low &y, combined with the large spectral index
extends this tension up to ~ 500 GeV. This particular case has the smallest
A values as the y? minimization does its best to reduce the conventional
contribution and lower the tension, resulting in a peculiar overlap between
the red and blue curves, and an inversion of the high and low normalization
blue curves. Figure 5.2 also clearly shows the excluded cases where Ey, > FEyy,
where the black neutrino curves cross the dashed lines. The < 10 GeV region of
the EGB is never a source of tension since the cascaded fluxes do not contribute

significantly in that energy range.
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Alas, we are indeed faced with a multimessenger tension which we must
quantify in order to determine its significance. From Figure 5.1, we can say
that it is certainly larger than 1o (since we are considering the 1o deviations
in @500 and Yasero), but perhaps we may have a ~ 2-30 tension in our hands.
The results form the following section will help us determine this significance

with more precision.

5.1.2
Limits in the ®,4,, — Vastro Plane

With our ey,-s;, grid already scanned over with ®,4.,, = 1, we can vary
over several normalizations simply by multiplying the cascaded spectra by the
desired ®,40.2 In this second analysis, we perform an additional scan over
P.str0 € [1072°,10] in logarithmic steps, calculating the x? following Eq. 4-5
in each case. We can now plot the exclusion contours for a fixed Ey, (recalling
the relation between ey, and FEy, from Section 4.2.4) in a @0 VErsus Yastro
plot.

Figure 5.3 shows the 20 contours (Ax? = 6.18) in black for several Fj,
values, with arrows pointing towards the allowed regions (of course, they point
towards smaller @, ). In order to see the tension, we also plot the 1o (dashed)
and 20 (dotted) allowed contours around the best fit value (stars) for each
IceCube dataset, p-tracks in blue, Cascades in green® and HESE in orange.

We can see that the tension with the cascade dataset evidently becomes
> 20 for By, < 20 TeV. For Fy,, = 10 TeV, this tension grows to 2 3o, and
for Fy,, = 1 TeV it even reaches ~ 5o. Of course, we cannot say for sure what
its exact value is because we do not have the 30 (and higher) contours from
IceCube, but we can certainly estimate that Fy, = 16 TeV for Cascade events
implies a tension at ~ 30 CL. Not to mention, we are working with conservative
assumptions for Fy, and neglecting any other ~-ray emission process at the
sources (e.g. from leptonic processes like synchrotron radiation); in realistic

scenarios this tension becomes even more significant statistically.

2The cascaded spectra are o< @, just like the injection spectra. This is easily
understood in terms of the individual cascade particles: a single photon injected at energy
ey will reach the Earth at energy E.. The same is true for any number of photons injected at
€, all reaching the Earth at E,, which is precisely what we do by multiplying the injection
spectrum by a constant (i.e. changing the normalization).

3The 4-year Cascade results show in Figure 5.3 are similar to the 6-year dataset we have
been using throughout this thesis. We only plot the 4-year data because we do not have the
20 contour in the ®,4,0-5, plane for the 6-year data.
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Figure 5.3: Limits for fixed F},; values in the ®,4.,-5, plane are given by black
contours, with arrows pointing towards allowed regions. The blue, green and
orange contours are the 1o (dashed) and 20 (dotted) allowed regions for the
9.5y Tracks, 6y Cascade and 7.5y HESE IceCube datasets, respectively, with
stars representing their best-fit values in Eq. 4-8. Since, Fy, = 16 TeV for the
Cascade dataset, by assuming a change in spectral behaviour at Ey,, = 10 TeV,
we find a 2 30 tension. This tension increases to ~ 5o for Fy,, = 1 TeV. Figure
adapted from [79].

5.2
Complementary Results and Discussions

Finally, let’s discuss our complementary analysis results from ~-ray flux
integration above 50 GeV as described in Section 4.2.2. We return to the ey,;-s,
plane just as in Figure 5.1, this time establishing our y-ray constraints without
the use of a x? function, but instead of Eq. 4-7. Adopting the highest and lowest
allowed normalizations at 1o CL for each dataset (same as in Figure 5.1), any
(ebr, 51) pair satisfying F220 6V (e, sp,) > (1 —q) Fa @V is directly excluded,
with equality in this last expression determining the exclusion contours for a
given value of ¢. The contours for ¢ = 82%, 86% (best fit value) and 88%
are all represented in Figure 5.4, with high norm results as solid colored lines
and low norm results as dashed colored lines. We also represent the Ey, = Eyy,
limits by gray contours with “v”-labelled arrows. Invariably, all arrows point

toward allowed regions.
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Figure 5.4: Exclusions from cascaded ~-ray flux integration (colored contours)
as described in Section 4.2.2 for ¢ = 82%, 86% and 88%, with arrows pointing
towards allowed regions. Contours for smallest(largest) normalization allowed
at 1o CL are given by dashed(solid) colored lines. Gray contours indicate
IceCube’s thresholds for each dataset (Ey, = Ey,). Similar to Figure 5.1, we see
a multimessenger tension arising from the Cascade dataset. Figure reproduced
from [79].

In agreement with our previous results from Figure 5.1, the through-going
p-tracks (blue v contours) and HESE (green 7 contours) datasets enjoy a very
similar parameter space region allowed by both neutrino and v-ray constraints
at 1o for the best fit value ¢ = 86%. The stricter ¢ = 88% requirement is
also marginally allowed by both at 10, although any increase in ¢ might result
in tensions with HESE data. Still, the tension persists between the Cascade
dataset and EGB constraints, even for ¢ = 82%. Please recall that this analysis
is naturally less constraining than our main results because integration is not
sensitive to the overall shape of the spectrum. Overshoots and undershoots of
the EGB data points could compensate each other, even though such a scenario
would be heavily excluded by our y? test.

With that said, we have successfully confirmed our previous results by
means of this complementary analysis, which just serves to strengthen the
evidence for a tension between IceCube and v-ray data. Indeed, we are now
left with the task of explaining this 2 3¢ tension. This is the topic of this

~

chapter’s last section.
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5.3
Interpretations and Discussions

Given all the arguments presented in the previous chapters and the
current situation we find ourselves in, we can explore several ways to alleviate

our newly quantified multimessenger tension:

(7) Damping the source’s emission of y-rays, but not neutrinos. In this case, we
would probably be discovering a new type of source (or source environment)
which is “v-ray-opaque”, meaning that only neutrinos can escape due to their
small interaction probability, while high energy photons will almost always
get absorbed before leaving. This eliminates (or damps significantly) the
cascaded v-ray contribution to the EGB, avoiding the tension. This solution,
however, may present challenges in the model-building sense: on one hand
the source must be dense enough to suppress ~-ray emission, on the other
hand, the denser a source becomes, the harder it gets to accelerate charged
particles (which are responsible for producing the neutrinos and v-rays in
the first place). Much work has been done in modelling such ~-ray-opaque
source candidates, which include choked-jet GRBs [150, 151] and AGN cores
[152, 153, 154, 155, 156]. MeV ~-ray and x-ray counterpart searches have also
been suggested [100], since only lower energy photons would be capable of

escaping their sources.

(77) Source population distribution not resembling to the SFR cosmic evolu-
tion. Although the SFR is a natural assumption for F(z) in Eq. 2-13 (especially
if a large fraction of them are GRBs or SBGs), some astrophysical objects
follow very different z-distributions. BL Lacs are an example of a more locally
concentrated population, with density peaking at z = 0 shown in Figure B.2.
~v-rays emitted closer to the Earth are less susceptible to being attenuated by
the electromagnetic cascade, resulting in a displacement of the cascaded flux
to higher energies. On the other hand, sources confined to the high-z universe
are guaranteed to fully develop the cascade, shifting the cascaded flux to
lower energies. In either case, one can speculate that the resulting flux might
avoid overshooting the EGB in the 10 — 100 GeV range, which is the case for
the SFR distribution. Alas, further investigations [80] have shown that this

tension persists for any generic F(z).

(7i) Diffuse neutrino emissions coming from the Milky Way. In principle,
it is possible that CR interactions with gas in the Galactic halo produces

a quasi-isotropic diffuse neutrino flux which explains (at least partially) the
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IceCube excess [157, 158]. However, this scenario predicts a comparable PeV
contribution to the IGRB in tension with upper limits from the KASCADE
[159] and HAWK [160] experiments. It is also disfavored since it requires
a harder spectrum below ey, (s; < 2) than predicted by Galactic CR data
(s; ~ 2.3-2.4) [42]. As a side note, fluctuations around IceCube’s isotropy may
be accounted for by non-isotropic contributions from the Galactic Plane or

from the so-called Fermi Bubbles [161].

(iv) Neutrino production from BSM processes. While heavy DM decay
and annihilation (Galactic and extragalactic) have been extensively consid-
ered [162, 163] and updated [164, 165, 166], other exotic scenarios such as
neutrino decay [167, 168] could increase the y-ray to neutrino ratio, increasing

our tension and strengthening our results.

Finally, recall that we have been very conservative on our assumptions
throughout this work. On top of assuming a minimal neutrino injection
spectrum in Eq. 4-1, we neglect muon and meson cooling at the source,
which can yield a larger ratio of produced ~-rays to neutrinos. Additional
~-ray emission unaccompanied by neutrinos can occur via leptonic processes
such as synchrotron radiation, ICS, vy annihilation and Bethe-Heitler pair
production [169] (p + v — p + e 4+ e7), which is expected to dominate
in AGN cores [170]. Furthermore, we have considered relatively conservative
conventional EGB contributions; several higher estimates exist in the literature
[132, 133, 134, 148]. In particular, we neglect the contribution from cosmogenic
~-ray production by UHECRs propagating through the intergalactic space,
which could be significant at 2> 10 GeV energies (see Figure 5 in [171]).
Surely, the tension increases in more realistic scenarios, emphasising the need
to further explore the aforementioned possibilities. With that said, we are
now ready to express our closing remarks, recapping our original goals and

evaluating how we have fulfilled them.
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6

Final Remarks

The discovery of astrophysical neutrinos by IceCube has opened up a
new window to explore the most energetic and dense objects in the Universe.
These cosmic messengers possess special properties that allow us to probe
these environments better than ever, gaining information about their internal
acceleration and neutrino production mechanisms. Searching for the sources of
the neutrinos observed by IceCube has been a great challenge for many years,
with point-source searches yielding null results so far.

With the help of a multimessenger approach, hints of a tension between
neutrino and v-ray data has led to speculations about the nature of these
sources. In this context, we have established in this work the first quantitative
results on this tension, under conservative assumptions regarding the ratio
of produced gamma-rays to neutrinos. By comparing the expected bounds
from IceCube and Fermi-LAT, we have found a 2 30 tension between the
“Cascades” IceCube dataset and the EGB, assuming that the single power-law
fit for the astrophysical neutrino flux extends down to 10 TeV. This tension
has been further confirmed in a complementary analysis in Section 5.2.

We have discussed a few possible interpretations for this result: v-ray-
opaque sources, Galactic neutrino emission, BSM physics and different z-
distribution of sources. The latter option seems to be unviable in view of recent
results [80]. In fact, the refined analysis in [80] has shown that this tension is

not only generic but also more robust. It persists when considering:

— All three EGB FG models (see Section 4.1),

— Separate nuisance parameters for blazars and radio galaxies in the y?

definition,
— Gaussian and log-normal pull terms in the 2,

— Updated conventional contributions from blazars [132], RGs [133] and
SFGs [134],

— Only the > 10 GeV part of the EGB, instead of the entire energy range.

In view of our current situation, some interesting prospects for the

future of multimessenger astrophysics are suggested. Firstly, we emphasize the
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importance of extending the IceCube sensitivity to lower energies, lowering
Ei,. The non-observation of a spectral break at lower energies would further
increase this tension (~ 50 for a break at 1 TeV), eliminating any doubt that
the tension exists. The much anticipated IceCube-Gen2 [19, 172, 173] upgrade
will increase the instrumented volume of the current experiment by a factor
of 10, deploying sparse DOMs which will increase the sensitivity mostly to
higher energies (> EeV). A better low-energy resolution can be achieved by
expanding IceCube’s densely instrumented region called DeepCore. Still, the
higher statistics of IceCube-Gen2 would allow for a better measurement of
Yastro and P,gtro Which are crucial parameters in our analysis.

Other future experiments to look out for include KM3Net [174], a neu-
trino detector in the Mediterranean sea providing a complementary observation
of the northern sky, HAWC [175], a water Cherenkov observatory capable of
extending the EGB data beyond > TeV, and LHAASO [176], pushing ~-ray
observations even further to PeV energies (not to mention its superb sensitivity
to CRs between TeV-EeV). These last two experiments will be particularly use-
ful in constraining nearby sources, whose -ray cascades do not fully develop.
We also encourage further assessments of the conventional EGB contributions,
specially below ~ GeV energies where the RG and SFG contributions become
significant, and so do their large uncertainties. Lastly, it is important that
Fermi expands its high-energy EGB data into the multi-TeV range. Indepen-
dent efforts have tried to achieve this [177]; however, it requires confirmation
by the Fermsi Collaboration.

All things considered, we are incredibly lucky that Nature has left us
with so many exciting riddles in astrophysics, one of them being to explain
this tension. The advancements of multimessenger searches predict a bright
future for the field, with breakthroughs just waiting to be made as we push
towards unexplored energies and higher sensitivities. I hope this dissertation
has been helpful to you, whether you are experienced on the subject or an

aspiring astrophysicist. Thank you for reading!
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A
A Brief Review on Cosmology

Let us begin by reviewing the necessary tools from Einstein’s theory of
General Relativity (GR) that will be extensively used throughout this chapter.
Our main goal is to lay out the basic foundations of cosmology required to
become comfortable with the terminology used in astrophysics. Having said
that, this section has no intention on providing a complete overview of the
subject; the reader is referred to GR textbooks for more details [178, 179].

We start from the Friedmann-Lemaitre-Robertson-Walker (FLRW)

metric! in natural units,
dr?
1—Fkr?

where a(t) is a dimensionless scale factor representing the relative distances

ds* = —dt* + a*(t) [ + r2d0? |, (A-1)

between two points at any given time (a(tg) = 1, where ¢, is the present age of
the universe) and k = +1, 0, —1 for closed, flat or open universes, respectively
(measurements of spatial curvature are consistent with a flat geometry, so we
will adopt k = 0) [180]. We can write A-1 as ds* = —dt? + a?(t)d%?, where the
coordinates (t,3) are called comoving coordinates. An observer at constant 3
is said to be "comoving' and sees an isotropic universe.

In fact, equation A-1 represents a spatially homogeneous and isotropic
universe, allowed to expand or contract. Observations have shown us that
our universe satisfies these assumptions at scales = 200 Mpc, confirming the
cosmological principle [181, 182].

To characterize the rate of expansion of the universe, it is common to

use the Hubble parameter

_a _d(lna)
H = T (A-2)

It’s value today is called the Hubble constant, Hy, which has units of inverse

time, but is usually expressed in the rather unusual units of km s=! Mpc~!.

This is because Hy was first introduced by Edwin Hubble to explain the relation

Tt is sometimes called Friedmann-Robertson-Walker, Robertson-Walker, Fried-
mann—Lemaitre, or simply Friedmann metric. This equation was first derived in the 1920s
by the Soviet mathematician Alexander Friedmann; given its almost 100 years of existence,
it is rather (un)impressive that there is still no consensus in literature as to what it’s name
should be!
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between the recessional velocity of galaxies v (typically expressed in km s1)
and their distance to us d (typically measured in Mpc), known as Hubble’s

Law:

v = Hoyd. (A-3)
Nowadays, we know that Equation A-3 is not exact because H is not constant,
but it is approximately valid for nearby galaxies, as we will soon see. Typical
cosmological scales are set by the Hubble length, dy = cH; ', and the Hubble
time, t;; = Hy'.

It is worth mentioning that, currently, there is a troubling discrepancy
between the two main independent measurements of Hy. Observations of
Cepheids (pulsating stars) by the Hubble Space Telescope (HST) yield Hy =
74.03 £+ 1.42 km s=! Mpc~! [183]. On the other hand, CMB and BAO data
from Planck satellite have obtained a value of Hy = 67.4 + 0.5 km s~ Mpc™!
[180]. Although there are several proposals for resolving this tension (see [184],
for example) it remains a critical open problem in cosmology. Throughout this
work, we will adopt the value Hy = 70 km s~ Mpc™!, which is commonly
done in literature (at the end of the day, our results are independent of Hy).

Moving on, our next goal is to understand the phenomenon of cosmolog-
ical redshift, which is essential for this chapter. Suppose a distant source emits
two light pulses at times ¢, and t. + dt., which are observed at times ¢, and
t, + ot,, respectively. In other words, the pulses are emitted with frequency
we = 27/dt, and detected with frequency w, = 27/dt,. Choosing axes in which
these pulses propagate radially, we can take df2 = 0 in Equation A-1. Since
photons follow lightlike trajectories (ds* = 0), each pulse satisfies

dt dr
a(t)  V1—kr? A4

Integrating along the light ray trajectories, we notice that the radial part is

equal for both pulses:

/to dt /ro dr B /to+6to dt (A5)
te a(t)  Jre V1—Fkr2  Jurse a(t)
If we rewrite the last integral as
to+dto to to+dto tetote
/ =/ + — : (A-6)
te+6te te to te
we obtain
totdto (t tetdte (¢
/ o / @ (A-7)
to a(t) te a(t)

For small 6t and §t, (the time interval between two successive maxima of a

light ray, for example), this becomes
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ot, Ot
= e (A9
a(t,)  af(te)
which means,; in terms of the wavelength of the light ray,
Ao a(ty)
o . A-9
Ae  alte) (4-9)

Since the scale factor was smaller at the time of emission, this means the
observer will see a photon with a longer wavelength (i.e. a smaller energy) due
to the cosmological expansion of the universe.

The redshift z is defined as the fractional change in wavelength:

Ao — A
z_—c A-1
~ (A-10)

Therefore, if the observation is made today (a(t,) = 1), A-9 and A-10 imply?

z =

1+2= (A-11)

a(t,)
Although redshift strictly means the change in a photon’s wavelength,

we can interpret the cosmological redshift as a measure of distance or time.
Astrophysicists colloquially refer to “a source emitting photons which exhibit
a redshift of z when measured at the Earth” as simply “a source at redshift z”.
The higher the redshift, the further away the source is from us. Additionally,
when we observe sources at high redshift, we are seeing them as they were a
long time ago because of the time it takes for their photons to reach us. The
higher the redshift, the further we are looking into the past. Infinite redshift
corresponds to the Big Bang, while z = 0 corresponds to the present time.
Equation A-11 is valuable to us because it allows us to express the
evolution of the Hubble parameter H in terms of the redshift z. To achieve
this, we must take a look at one of the two Friedmann equations, which is a

direct consequence of writing down Einstein’s field equations for a perfect fluid
in the FLRW metric:

8rG kA 8xG
s Pty =3 Zi:p (A-12)

Here, A is the cosmological constant and p is the energy density of the

H2

fluid. In fact, there are three components which contribute to the universe’s
total energy density: matter (p,,), radiation (p,), and vacuum (p,). The
first two are included in p = p,, + p,, while the last is represented by the
cosmological constant term: py = ﬁ. There is also a term relative to curvature
(pr, = %), which is not necessarily an energy density, but must be accounted

for in non-flat universes. Each component has a different dependency on a(t)
2Although all of these calculations were made assuming lightlike trajectories, this is still

valid for particles with small masses, since the next-order term is proportional to m?2. Thus,
we will adopt the same (1 + z) factor for the cosmological redshift of neutrinos.
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as p; = pioa ™. To find this dependency, one should propose an equation
of state relating the fluid’s energy density and pressure, and write down the
conservation of energy using the energy-momentum tensor for a perfect fluid.
For convenience, we only present the results in this dissertation (see Table
A.1), and the reader is referred to [178], [179] or [185] for the details of these

calculations.

Table A.1: Energy density dependence on the scale factor following p;, =
pioa~ " for different components of our universe.

n;

Matter 3

Radiation | 4

Curvature | 2

Vacuum 0

Defining the density parameters
8rG e
Q= ﬁpi = Q;0a (A-13)

such that Y, 2; = 1, we can recall A-11 and finally write A-12 as

H(2) = Ho/Quno(1+ 2)% + Quo(1+ 2)4 + Qo1+ 2)2 + Quo,  (A-14)

where H(0) = H, and we have made explicit all z-dependencies. Since our
universe is (as far as we know) flat, we can take For our flat universe, we will
take € = 0. Also, because the local universe is matter-dominated (rather than
radiation dominated like the early universe), we can set €2, = 0 and be left

with the simpler expression

H(z) = Hoy/Quno(1+ 2)% + Qg (A-15)
which we will use throughout this work. Experimentally, we find that €2, o ~
0.3 and Q4 o ~ 0.7. We will adopt these values in all our calculations.

Some final remarks must be made regarding distance measures in cos-
mology. "Distance" is a tricky concept in an expanding universe, and there
exists several different notions of it. Nevertheless, all of them involve some
sort of integration over FLRW spatial coordinates. It will be useful to express

these integrals in terms of redshift instead, which can be easily done by using
Equations A-2, A-4 for £ = 0 and A-11:

Sy T R
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We have already introduced comoving coordinates in which distances are
constant instead of evolving with a(t). Associated to this coordinate system
we have the comoving distance

= d2
d.(z) = ,
(2) o H(2)
in contrast with the proper/physical distance d = a(t)d,. It is also common to

(A-17)

talk about the comoving volume,

V(z) = ;lﬂdi’(z), (A-18)
which preserves number densities of non-evolving objects as the universe
expands.

We can also measure distance by relating the radiated flux of objects
to their luminosity. The source luminosity if defined as the photon energy
emitted per unit time: L = NE/At, where E is the energy of a single photon
and N is the total number of emitted photons. The flux we measure is the
photon energy passing through a unit surface per unit time, which is related

to the source luminosity by taking into account cosmological redshift and time

NE(1+2)™! 1 L
F = = . A-1
< At(1+ 2) ) (47Td2> 4ed? (A-19)
The associated distance is called luminosity distance,

z d7
o H(z')

dilation effects:

dp(z) = (14 2)d. = (1 + 2)

(A-20)
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B
SFR and other Source Population Distributions

Two crucial calculations in this thesis are the neutrino and v-ray propa-
gation through intergalactic space (see Section 2.3 and Chapter 3, respectively,
for details). Although they are qualitatively very different processes, both re-
quire the source population distribution as an input in order to obtain the total
flux at the Earth. In other words, we must make an assumption for the number
of sources per unit volume as a function of comoving coordinates, F(r,0, ¢)
(units: [Mpc~3]). By assuming that these sources are extragalactic, isotropy
at large scales (2 200 Mpc, or equivalently, z 2 0.05) implies that F is solely
redshift-dependent: F = F(z).

This function can have radically different shapes depending on which
astrophysical objects we are dealing with. In this work, we consider sources
distributed according to the cosmic star formation rate (SFR)!, p.(z) (units:
Mg yr~! Mpc™@]). This is an adequate assumption to make since star-
forming regions are likely to harbor dense environments where protons can
be accelerated to ultra-high energies, producing TeV-PeV secondary neutrinos
and photons. This is the case for SBGs and GRBs, for example.

Multi-wavelength surveys across the entire electromagnetic spectrum
have allowed us to model the SFR with a ~ 30 —50% accuracy up to z ~ 1 and
within a factor of ~ 3 for 1 < z < 6 [186, 187]. GRB observations have also
allowed us to determine the SFR up to z &~ 7, with better precision [188]. We

use the fit from [188] parametrized by a continuous doubly-broken power-law

1 bn 1 cn 1/n
pe) =i () (BT e
where a = 3.4, b = —0.3 and ¢ = —3.5. The constants B ~ 5000 and

C ~ 9 correspond to spectral breaks at z ~ 1 and z =~ 4, respectively,

and n = —10 smooths the transition between the breaks (n — oo recovers
their sharpness). Figure B.1 explicitly shows this SFR fit for a normalization
po = 0.02 Mg, yr=! Mpc~3. Our assumed comoving space density has the same
shape, F(z) o p.(z), with its own normalization Fy, which our analysis is

!Technically, the SFR. is the rate of stellar mass formation (typically inside a galaxy).

The correct term for the density distribution of star formation in space and time is “star
formation history”. For simplicity, we use SFR to refer to to both concepts in this thesis.
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blind to (See Section 4.2.3).
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Figure B.1: Redshift dependence of the cosmic SFR density. The fit from Eq.
B-1 is shown by the orange line. The gray points and dotted line are the
compiled data and fit from [186]. The colored points are more recent high-z
data from this Figure’s source article [188] and references therein.

BL Lacs are an example of candidate sources following a very different
cosmic evolution than the SFR. We can obtain F(z) for BL Lacs by integrating
their luminosity function (number density as a function of redshift, luminosity

L., and spectral index I'):

Feun(z) = /F Fm /L Lm LF(z,L,,T) dL, dT . (B-2)
LF(z,L,,I') has been modelmel(ni us;ﬁrgnFermi data of > 200 BL Lacs [189].
Figure B.2 shows both the SFR and BL Lac distributions for comparison.
While the SFR dominates between 1 < z < 4, leading to a fully developed
~v-ray cascade for a large fraction of sources, the BL Lacs have peak density
at z = 0. This clearly reflects on the cascaded flux and, consequently, on the
results of our analysis: while SFR-distributed sources peak at ~ 100 GeV and
results in tension with the EGB data between 10 and 100 GeV, the BL Lac
flux is shifted to higher energies and presents tension with the last ~ 2 EGB

data points (see Figure 6 in [80]).
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Figure B.2: Comparison between the SFR [188] and BL Lac [189] evolution
functions normalized to unity at z = 0. The BL Lac function has been
parametrized using a luminosity-dependent density evolution model. Figure
reproduced from [80].

In contrast, a high-z class of objects which has been associated to the
production of ultra-high energy neutrinos is Population III stars [190]. Their
cosmic evolution has been modelled to extend from z ~ 13 up to z =~ 45 (see
Figure 3 in [191]), which surely guarantees that their 4-rays have undergone
the full electromagnetic cascade. Nevertheless, [80] has shown us that, although
the tension with EGB data can be seemingly avoided for populations confined
to z 2 3 with Ey, = 10 TeV, achieving the required neutrino luminosity budget
would be extremely challenging, to put it lightly.
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